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Abstract
In the myocardium action potentials are transmitted from-toedell through gap
junctions. These specialised junctionsypéa pivotal role in regulating the speed and
safety of impulse propagation by controlling the amount of depolarised current that is
passed from excited to na@xcited regions of the heart. In mammalian hearts gap
junction proteins connexin43, connexin40 damronnexin4d5 are eexpressed in
distinctive combinations and relative quantities in functionally specialised subsets of
cardiac myocyte. The functional consequences of these connexin expression/co
expression patterns in modulating impulse propagatiop@rdy understoodTo study
the relative importance of membrane excitability and electrical coupling in relation to
propagation velocitiesslones of theHL-1 mouse atrial myocyte tumour line were used
as anin vitro cell model. Five clones were characted for expression of myocytic
markers, calcium handling proteins and connexins, two of which (#2 and #6) displayed
large differences in conduction velocities using microelectrode arrays. To ascertain
which factor(s) werghe main determinants of speed ainduction, the membrane
excitability (voltagegated channels) and electrical coupling (gap junctions) between the
two clones were compared. Sodium, dnd Ttype calcium channels were present in
both clones buho significant differences were found in thgrent densitiesHowever,
large differences were seen in expression levels of connexin43, connexin40 and
connexin45. RNA interference combined with microelectrode arrays was employed to
establish the relative importance of each connexin in impulse gatipa. The results
indicate that electrical coupling by gap junctions is a major determinant of conduction
velocities in HL:-1 cell lines. Further experiments using RNA interference to suppress
the expression of proteins thought to play a role in the ragimtential parameters
should help in defining the part played by either the active or passive electrical

properties in action potential propagation.
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1.1.Intercellular communication

Intercellular communication is of paramount importance in multicellular organisms and
tissues permitting individual cells to interact with neighbouring cells and with cells at a
distance in a coordinated manner through aetya of modes of transmembrane
signalling (Yeager 2009; Herve et al. 2007pirect celtto-cell signhalling requires
intercellular junctions to be formed so mediating different types of interactions between
cells (Severs 1995)Intercellular junctions consist of specialised microdomains in the
apposing plasma membranes of neighbouring cells.tAifee main classes of junction
are: occluding junctions (tight junctions), anchoring junctions (desmosomes and

adherens junctions) and communicating junctions (gap junct{Sesers 1995)

The main focus of our study is on gap junctions whih @usters of transmembrane
channels that directly link the cytoplasmic compartments of neighbouring cells allowing
the passage of electrical impulses and exchange of various compounds such as
regulatory molecules less than 1kDa including metabolites,aod second messengers
(Gros and Jongsma 1996; Sohl and Willecke 20@gpjunctional communication

plays a key role in tissue homeostasis and regulation of growth, development and
differentiation(Severs eal. 2008) In the heart gap junctions mediate the orderly spread

of current flow from one cardiac myocyte to the next on which the sequential
contraction of the cardiac chambers depend¢Smvers et al. 2004aplterations in
electrical coupling brought about by changes in connexin expression and gap junction
organi sation referretltowg@sardgalkey uaacmhic
disturbances (arrhythmias) and contractile dysfunction. Thus a detailed knowledge of
the role of gap junctions is essential to our understanding of function in the healthy and

diseased heart.

1.2.Molecular and structural characteristics of gap junction channels

1.2.1.1dentification of gap junctions and connexins

The first structural evidence of gap junctions emerged from-sthation electron
microscopy between Mauthner cell synapses in goldfish brains described as a honey
comblike hexagonal arrays of closely packed subufiisbertson 1963)Further work

by Benedetti and Emmel¢1968)revealed hexagonal arrays across membrane sheets in

18



negatively stained preparations of isolated liver membranes but mistook them as
components of tight junctions (Figure 1.1 (A)). It was work by Revel and Karnovsky
(1967) that distinguished gap junctions from tight junctions by using an extracellular
tracer composed of oxgkd lanthanum salts which identified extracellular spaces in
electron microscope specimens. They were able to visualise cell junctions with a minute
gap between the external membranes in both the liver and heart. It is this gap that gives

gap junction itsxame. Figure 1.1 (B) shows a tkgaction view of a gap junction.

The development of freedeacture electron microscopy whereby the biological sample

is frozen and physically broken apart (fractured) revealing the internal organisation of
the exposed nmbrane(Severs 2007aynequivocally recognized tight junctions and
gap junctions as distinctive structures. A replica of the fractured membrane is made by
vacuumdeposition of platinum carbon. Subsequestiudies of these replicas
demonstrated that gap junctions are organised in patches of glasddyd particles
corresponding to earlier work by theection microscopy and negative staining studies
as seen in Figure 1.1 (QKreutziger 1968 Goodenough and Revel 197®reeze
fracture combined with the complementary replica technique in which the matching
replicas of each side of the fracture plane are vig\Besters 1995)evealed two sets of
membrane spanning structures, oneadaheof the two junctional membran@halcroft

and Bullivant 1970; Steere and Sommer 1972; De Maziere et al..188e the
original identification of gap junctions, several pedures have been developed such as
the use of detergents (e.g. sarkosyl deoxycholate) and biochemical analysis (e.g. sodium
dodecyl sulphatpolyacrylamidegel electrophoresis (SBDBAGE)) to isolate and purify

gap junctiongEvans and Gurd 1972; Goodenough and Stoeckenius 1972; Fallon and
Goodenough 1981 hese developments led to the first identification of connextires
protein components of gap junctions, in the liver (32 kiloDaltons (kDa)) and heart
(43kDa) (Manjunath and Page 1985; Revel et al. 1985; Green et al..188BF next
section | will present the essential nomenclature appbedonnexins and detail the

genes that encode them.
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Figure 1.1: Early views of gap junction channels by electron microscopy and free#eacture
Frontal views of gap junctions from rat liver plasnmaembranes negatively stained wi
phosphotungstate at 3. Gap junctions are seen as hexagonally packed subunits with atoer
centre distance of ~9 nm. (Image enhanced by rotation; x 1,667,000). Image reproduce
Benedetti and Emmeld@L965) Image (B)is a high magnification view of a gap junction. The norr
intercellular space (ics) is reduced to a gap (g) of ~2nm in the junctionalraesge reproduced fron
Revel and Karnovsky1967) The aggregated particles in the circled area in (C) represent €lc
packed gp junction hemichannels from the rat heart. As frefeaeture splits the membrane along
hydrophobic core, two types of views may be seen: clusters of particles attached to the protc
(P) face and corresponding pits attached on the exoplasmiadé&)image reproduced from Severs
al. (1993)
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1.2.2.Connexin nomenclature

The family of connexin genes comprises of 20 members in the mouse and 21 in the
human genome (Table 1.@$ohl and Willecke 2004; Laird 2006; Beyer and Berthoud
2009) The connexin family members serve a common purpose of permitting the
intercellular exchange of small molecules but fbactional channel properties are
attributed to the subset of connexins expressed in any one cellLiype 2006) For
example in the myocardium, Cx43 plays a key role in action potential propagation
(Severs et al. 2008Wwhereas in the lens, which is avascular, Cx43 shares the
respansibility in maintaining homeostasis and transparerfgyhite et al. 1994,
Shakespeare et al. 2009)

A new nomenclature system for connexin genes was decided at the International Gap
Junction Conference 2007 that recognises thedsusions of the gene family based on
DNA sequence comparison&idder 2009) A key feature of this system is that
orthologous genes in all mammalian species will have the same symbols whereas non
orthologous genes are assigned unique numbers. In brief, the new terminology retains
the use of theonnexin protein name written as the abbreviation Cx followed by a suffix
indicating the molecular mass in kDa. Many of the connexin genes have identifiable
orthologous pairs in both human and mouse (Table 1.1). There are exceptions with
certain connexingxpressed only in the mouse (e.g. Cx33) or the human genome (e.g.
CX25). Furthermore, orthologous connexins in different species may not only differ in
their molecular mass (e.gwouse Cx30.2 is the ortholag human CX31.9) but also in
expression (e.g.uman CX31.9 could not be detected in the atrioventricular node when
its mouse counterpart Cx30.2 is expresg&hl and Willecke 2004; Kreuzberg et al.
2009)

For identification of connexin genes a Greek letter classification is used. The genes
begin with a three letter codeading with Gj (gap junction) and a sufroup derived

from the Greek letter classification,(b, g d ande). This is then followed by a number
according to the order of discovery (e.g. Cx43 the first identified connexin gene of the
a-group is encoded &5jal). Although the connexin genes carry the same abbreviation
irrelevant of the species in human and mouse, to distinguish human connexins from

other species connexin genes and proteins are given capital letters sbdAlzend
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CX43 respectively. Througlut my thesis for clarity and convenience | will use the

term Cx where the species is irrelevant.

Table 1.1: Nomenclature of connexin proteins and genes in human and mouse

Human Mouse ) ] ]

oo Sere Sotom Sorc Tissue expressing th connexins
CX43 GJAL Cx43 Gjal Heart, Skin, Lung, Lens, Bone*
CX46 GJA3 Cx46 Gja3 Lens

CX37 GJA4 Cx37 Gjad Blood vessels
CX40 GJAS Cx40 Gjab Heart, Skin

—————————— Cx33 Gjab Testes

CX50 GJAS8 Cx50 Gja8 Lens

CX59 GJA9 (GA10) |  —— |

CX62 GJA10 Cx57 Gjalo Retina

CX32 GJB1 Cx32 Gjbl Liver, Nervous system
CX26 GJB2 Cx26 Gjb2 Liver, Skin

CX31 GJB3 Cx31 Gjb3 Skin
CX30.3 GJB4 Cx30.3 Gjb4 Skin
CX31.1 GJB5 Cx31.1 Gjb5 Skin

CX30 GJB6 Cx30 Gjb6 Skin

CX25 GJB7 | - | e Skin

CX45 GJC1 (GJAT) Cx45 Gjcl Heart, Skin

CX47 GJC2 (GJAL12) Cxa7 Gjc2 Nervous system

CX30.2/CX31.3| GJC3 (GJE1) Cx29 Gjc3 Brain

CX36 GJD2 (GJA9) Cx36 Gjd2 Retina, Nervous system
CX31.9 GJD3 (GJC1) Cx30.2 Gjd3 Heart
CX40.1 GJD4 Cx39 Gjd4 Deweloping muscle
CX23 GJE1 Cx23 Gjel N/A

The introduction of the new system led to same gene names having the same
abbreviation. These were changed and their former names are in brackets. The table is
adapted from(Laird 2006; Beyer and Berthoud 2009Lx43 is the most ubiquitously
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expressed connexin in mammals present in more than 35 different cell types including

astrocytes and smooth muscle cells.

1.2.3.Structure of the connexin gene and protein

Connexin gene structure

The genomic structure of connexin genes
untr ans| atWH) designgtedoas exgnq QE1) that is separated from a second
exon (exon 2) by an intronf @ariable size(Sohl and Willecke 2004; Oyamada et al.
2005; Beyer and Berthoud 200¥xon 2 contains the complete coding sequemce a
the 30 untr a#JsR) @&igusedl.2 (A§).gSIncerhe ihiBabidentification of
connexin gene structure many exceptions have been identified. For ex&jipldake

gene for Cx32, whtiUTRexand seguencesshatiare dltbmehp | e 5
spliced to exon 2 after transcription (Figure 1.2 (@yguhaus et al. 1995; Sohl et al.
1996) Alternatively spliced variants ofGjbl are driven by two #sue specific
promoters: (1) in hepatocytes and acinar cells Cx32 mRNA is made from promoter 1
upstream of exon 1 and (2) in Schwann cells transcription is initiated from promoter 2
upstream of exon 1{yamada et al. 2005Another example i6jcl (encoding Cx45)

as it contains t hrUdkRexenswirthe complatel reading fragne t w o
located in exon 3 (Figure 1.2 (QBaldridge et al. 2001; Jacob and Beyer 20&ince
Gjclcontains multiple exons, transcripts <c
UTR generated from either exon 1 or exon 2 dy @xon 2. Studies oGjal (encoding
Cx43) have identified six exUWIRs¢xonsflAtwe of
1E) and one containing the coding region (exon 2) and three alternative promoter
regions (Figure 1.2 (D)jPfeifer et al. 2004)As a result nine different mouggjal

MRNA have been generated through the use of different promoters and alternative
splicing. Tre d i f f-WTR conldprovide a major site for translational regulation by
providing a site for interaction with other proteins that can increase or reduce the
efficiency of translation initiation(Pickering and Willis 2005) For example
approximately 10% of &TR thamiRidases the prapensitn a
for the formation of a stable secondary structure (e.gpinastructure). This structure

could prevent the progress of the ribosome along the mRNA thereby inhibiting

translation initiation.
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(A) Gjb1 (Cx32)

(B) Gjb1 (Cx32)

...................

(C) Gjc1 (Cx45)

(D) Gja1 (Cx43)

Figure 1.2: Connexin gene structure

(A) is the most common gene structe whi ¢ h ¢ o n tUaR desgnated at gxonolri{El) ai
an uninterrupted coding region in exon 2 (E2) ugkjigl as an example. Some connexin genes cor
t wo or -UfRexan 1 Sequences that are alternatively spliced to exon 2 due to pimsdrom
tissuespecific promoters (B)Gjclc ons i st sUTR &xons (& and 2)&hat may be present v
the coding region (exon 3) in the mature mMRNA (C). Nine diffe@jatl mRNA can be generated &
t he pr ese AR (exorfs 1A td B) anchieédalternative promoter regions (D). The conne
protein encoded by the gene is in brackets. Image modified from Beyer and Bef200%) and
Oyamada et a[2005)

In many connexin genes the promoter is locat&830 base pairs upstream from the first

exon containing the transcriptional initiation s({@eyer and Berthoud 2009yVithin
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this region binding sites for transcription factors are present. Examples of ubiquitous
transcription factors include specificity protein family (Sp1/Sp3), TATA box binding
protein and activar proteinl (AP-1). Binding of these factors are important in the
basal transcriptional process and may also be important for large changes in expression
(Oyamada et al. 2005; Beyer and Berthoud 2088} instance at the onsgftlabour a
marked increase in the myometrial expressioGjafl mMRNA may occur througb-fos

production which interacts with AP (Piersanti and Lye 1995)

Connexin gene promoters bind transcription factors specific to the tissue type. These
include Nkx2.5GATA4 and Tbx5 which regulat&ja5 (Cx40) expression in the heart.
Nkx2.5 is also an important regulator @jal and Gja7 (Dupays et al. 2005)
Transcription factors can be specific for the cell type or more ubiquitous as
demonstrated for the differential express of Gjbl (Cx32). For example the P1
promoter contains binding sites for cell independent factors Spl/Sp3 together with
hepatocyte nuclear factd; a cell type specific promoter highlighting the different
mechanisms of transcript regulatifi<offler et al. 2002)

Transcription regulation is also governed by biological substances (elig.ayenosine
monophosphate (CAMP) and retinoids) or through the manipaolabbd signal
transducti on p acaténw/acegllsfactoriymphnocyteVénhiancds binding
factor and RafaFMAPK pathway). The majority of the work regarding gene
regulation has been carried out ustei@l. For instance cAMP has been shown to affect
Gjal expression by not only enhancing the gene promoter activity but also the
redistribution of Cx43 to the membraf@yamada et al. 2005¢AMP has been shown

to work in parallel with the Wnt pathway in enhancing the activity oGjatl promoter

P1 thereby increasing mRNA expressibran der Heyden et al. 1998Connexin
transcription could also be suppressed through epigenetic mechanisms such as
hypermethylation of DNA or histone acetylation of the DNA in promoter regions
(Beyer and Berthoud 2009)

Recently the role of microRNA (miRNA), which are non coding RNA (~22 nucleotides

in length) that mediate pestnscriptional gene silencing by either reducing translation
ormRNAstab | ity through annealing tcoUTRofmpl er
target mMRNA, has been highlighted in regulating connexin expre¢Biashati and

25



Cohen 2007)Anderson et al(2006) demonstrated that during muscle differeinbia
mMiR-206 and miR-1 forms base pairs witksjali n t-UT& th8réby inhibiting the
translation of Cx43 mRNA. In addition overexpressionnaR-1 may function as a
arrhythmogenic factor in humans with coronary heart disease and in rats with
myocardial hfarctions by postranscriptionally suppressingjal andKCNJ2(which is

a gene encoding the inward rectifying potassiurf) ¢hannel Kir2.1) affecting cardiac
conduction(Yang et al. 2007)

To conclude, connexin expression is a complex process controlled by multiple
regulatory mechanisms including transcription and-pastslation processes depending

on the tissue type and biological need of the cell.

Connexin protein structure

Connexins are classified as a family of proteins based on sequence similarity and
inferred transmembrane topologBeyer et al. 1990)Sequence analysis revealed a
significant amount of similarity (365%) between connexir{Bruzzone et al. 1996)n

certain cases (i.e. Cx43) a high degree of condervatross species is maintained. The
organisation of connexins was first proposed by Zimmer et(1087) using a
combination of proteolytic digestion and sttected antibodies and this has remained
largely unchanged since.

Connexins are integral membrane proteins spanning the raeenfour times to form

four hydrophobic transmembrane domains (designated M1, M2, M3 and M4) separated
by one cytoplasmic loop between M2 and M3 and two extracellular loops (E1 and E2)
(Figure 1.3)(Goodenough etlal1996; Sohl and Willecke 2004; Laird 2006)he
carboxyt and aminetermini of the protein are located in the cytopla@farris 2001;

Laird 2006) This topolog has only been validated for Cx3Zimmer et al. 987,
Goodenough et al. 1988; Milks et al. 198&x43 (Yancey et al. 1989and Cx26
(Zhang and Nicholson 1994ut no exceptions have been identified to date and so this

model has been extrapolated to all the family memigager and Berthoud 2009)
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Figure 1.3: Membrane topology of connexin proteins

A connexin is composed of four transmembrane domains (M1, M2, M3 ahdwtextracellular loops
(El and E2) with three characteristically spaced cysteine residues on each loop, a cytoplasmic Ic
an amineterminus (NT) and carboxyerminus (CT). Each of the domains has specific function
gating, phosphorylation anchannel makeaip, some of which are shown here. Image modified fi
Bruzzone et al(1996)

Amino acid sequence alignment of different connexins has revealed that the four
transmembrane domains, two extracellular domains (ongptixm is rat Cx31) and the
amincterminus are conserved between connexin family memtaisd 2006) The
sequences and the length of the cytoplasmic loop and cart@wryhus between
connexins are not conserved and are responsible for the diversity agreraiéfs in

molecular mass observed between conneiilasris 2001; Laird 2006)

There are different domains within the connexin structure that have speciic (Dle
each of the extracellular loops contain three cysteine residues that are involved in the
docking of connexons in apposing membranes by disulphide bridge formation; (2)

transmembrane domains form the channel and are critical determinants of tlog corre
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membrane topology of connexins; (3) cytoplasmic loops influence pH and chemical
gating properties; (4) amif@rminus influence the voltage gating and channel opening
and closuréMaeda et al. 2009nd (5) carboxyterminus influence pH,oltage gating

and unitary conductance and provides sites for-passlational modifications such as

phosphorylatior{Bruzzone et al. 1996; Harris 200

Based on their sequence homologies connexins are divided into subgrougs te.g.
and g) with respect to gene structure, degree of sequence identity and length of the
cytoplasmic loop as shown in Figure 1S8ohl and Willecke 2004; Koval 20Q6fror
example: (1) the length of the cytoplasnioop of thea connexins is approximately
double that of thé connexingBruzzone et al. 199@nd (2)a connexins have a larger

cytoplasmic loop and carboxtérminal tail(Yeager 1998)

Cx46
Cx50
Cx62 (mCx57) o
Cx59
Cx37
Cx43
Cx45
Cx47

' Cx31.3 (mCx29)
Cx40.1 (mCx39)

_(—‘ Cx31.9 (MCx30.2)
Cx36

Figure 1.4: Connexin sequence homology

Phylogram of 20 human connexins based on the sequence homology. Connexins are divided
main subgroupa andb with an additional group with intermediate honmjoOriginally proposed a:
a scheme for terminology of connexin proteins, this type of classification remains useful in the
of compatibility of different connexin types to form gap junction channels. The mouse cor

names that differ from the man orthologs are in brackets. Image reproduced from K20a6)

1.2.4.From connexins to connexons and gap junction charehs

Six connexin subunits oligomerise into a connexon or hemichannel. A single connexon
is composed of 24-helical bundles suggestive of the four transmembrane helices per

connexin subunit with a central aqueous cavity (Figure 1.5 (Bj)ger et al. 1997;
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1999; Verselis @09). Connexons from apposing plasma membranes interact across a
narrow extracellul ar space (06gapbd) to f
individual gap junction channels are arranged in hexagonal arrays that are often referred
to as O6gap!| @dGouoderodgloetal. 1996)

The structure of gap junction channels has been studied using nuclear magnetic
resonance, atomic force microscopy and-tad threedimensional image processing

by electron cryomicroscopf¥eager 2009)In brief, atomic force microscopyHoh et

al. 1993; Lal and ln 2001)and three dimensional crystallograpt®erkins et al. 1997)
revealed that the extracellular surface topology of a homomeric connexon consists of six
alternating peaks andalleys due to structural asymmetry between the extracellular
domains (Figure 1.5 (B)). From this is was proposed that the peak of one connexon will
fit into the valley of the other which requires a B¥ational stagger to dock (Figure 1.5

(C)) (Unger et al. 1997; Perkins et al. 1998his interdigitation of the peaks and
valleys significantly increases the potential number of bonds Hydrogen bonds,
hydrophobic interactions and ionic interactions) creating a tight interlocking structure

necessary for a functional channel and stal(#tysinsky and Perkins 2000)

Maeda et al(2009)determined the crystal structure of gap junction channels composed
of Cx26 at a 3.A resolution, which further highlighted key structural determinamts i
channel regulationThe study identified the first transmembrane helix to be the major
pore lining region in each connexin by forming a funnel at the channel entrance thereby
restricting the charge and size of the molecules entering it. In addition-tiemihal

region was shown to be crucial in regulating the gating of the ch@siima et al.

2008; Maeda et al. 2009or example Cx26 channels are known to close in response to
a positive potential, which in turn results in the movement of the helical portion of the

N-terminus forming a plug at the cytoplasmic entrance thereby closing the channel.
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(C) i

Figure 1.5: Connexin channel structure
Image A, left panel is aan faceview of a connexon showing only the transmembrane helical don

as viewed from outside the cell looking into the permeability pore (asterisk).tr@hsmembrani
domains correspond to M1 (blue), M2 (green), M3 (yellow) and M4 (red). Image reproducec
Koval (2006. Image A, right panel depicts a connexon structure within the plane of the p
membrane. Approximate sizes of the extracellular loops, transmembrane domains and cytc
regions are indicated. Image (B) is a reconstruction of split gap junctammels of Cx32 from 2C
crystals. From left to right, cytoplasmic, cross section, and modelled docked structure of a c
The peak and valley topology of connexons permits the formation of a channel sealed sufficii
enable electrical communicatioimage (C) is the alignment of two connexons to form junctic
channels. Connexins in the apposed plasma membranes (red and blue) are represented as
and twoa-helices within each connexin as circles. The figure on the right illustrates @met&tonal
stagger between the two connexons, causin@thelices of each connexon to align. Images (B) .

(C) are reproduced from Harrj2001)
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As mentioned earlier the intermolecular interaction between two connexons occurs
through disulphide bonds formed between the conserved three cysteine residues on the
extracellular loops (CgCXs3C in extrac8ular loop 1; CXCXsC in extracellular loop 2)
(Dupont et al. 1989; Hoh et al. 1993ohn and Revel 1991; Rahman and Evans 1991;
Foote et al. 1998)Studies on isolated hepatocyte junctions showed that mutations in
any of the six cysteine residues completely blocks-jgagtional conductances

highlighting their importance in channel tttron (Dahl et al. 1991; 1992)

Different comexins may be present within a given cell type. For example rodent
hepatocyte gap junctions contain both Cx32 and Cx26. These observations raise the
possibility that naturally occurring gap junction channels could be formed from more
than one connexin sufe (Sosinsky 1995) Figure 1.6 illustrates the different
connexon types that could be formed when two different connexin subtypes-are co
expressed: homomeric connexons composed of nglesiconnexin; heteromeric
connexons composed of at least two different connexins; homotypic channels when two
identical connexons dock and heterotypic connexons formed by the docking of two non
identical connexongCottrell and Burt 2005) In cells that express two connexin
subtypes, fourteen different homomeric and heteromeric connexons mafBianin et

al. 1997) And if each of these fourteen connexons were to form channels with each
other then this could yield as maas 196 (1% different channels. These structural
variants could provide a variety of channels with different permeabilities and gating
sensitivitieg(Harris 2001)
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Figure 1.6: Predicted configurations of connexons and gap junction channels formed from tw

Connexon

|]auueys uonoun( deg

different connexins

When two different connexins are express#tgoretically fourteen different connexons can
formed, two homomeric connexons consisting of one type of connexin and twelve heter
connexons consisting of two types of connexins (A). Image adapted from Brink(&0@F) The
docking of two homomeric connexons results in a homomeric/homotypic channels. Two hom
connexons of different connexin composition produce a homomeric/heterotypic channel al
heteromeric connexons form a heteromeric/heterotypic channel. Image was kindly gifted by ¢

Rothery.

Not all connexins are compatible and have the abititjotm functional gap junction
channels. To study compatibility a range of techniques has been used. The majority of

evidence for heterotypic and heteromeric channels have been basged wtno
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electrophysiological experiments using the dual voltage cléwphnique on paired
Xenopusocytes(Bruzzone et al. 1993; White et al. 19@8)d transfected mammalian

cell lines(Elfgang et al. 1995; Haubrich et al. 1996; Elenes et al. 2001; Desplantez et al.
2004)expressing different connexin subtypes.

Cells expressing a single connexin subtype areuttoired together and the gap
junctional condctance measured between the cell pairs. Fluorescence imaging using
different fluorescent markers (e.g. green fluorescent protein (GFP) and cyan fluorescent
protein (CFP)) has been used to distinguish cells expressing two different connexin
subtypes and th has been followed by confocal microscopy to visualise gap junction
formation (Hopperstad et al. 2000; Rackauskas et al. 200@ap junction channel
assembly and distnition from the different connexin types have also been studied in

living cells using fluorescent tracesalk 2000)

Evidence for heterotypic channets vivo comes from scanning trangsion electron
microscopy of intact and split liver junctions between Cx26 and ¢888insky 1995)

Other biological settings in which heterotypic channels have been identifiedanclud
Cx45Cx36 in the retingDedek et al. 2006and Cx32Cx26 in the central nervous
system(Altevogt and Paul 20045tudies on chimeric connexins whereby the different
domains (e.g. extracellular loops 1 and 2 and cytoplasmic loop) between two different
connexins are swapped indicated that corbgayi between homomeric connexons
likely depends on the specific motifs in the extracellular lopfkite et al. 1995;
Haubrich et al. 1996)

Experimenal data of multiple connexin eexpression and elmcalisation at the cell and
tissue level have come from double and triple labelling techniques. Examples include
Cx40, Cx43 and Cx45 in the atria and Purkinje fiMszzi et al. 1999; Severs et al.
2001) Cx40, Cx43 and Cx37 in aortic endothelial céfeh et al. 200Q)Cx45 and

Cx36 in the rodent retind.i et al. 2004b)and Cx30, Cx26 and Cx31 in the rat cochlea
(Nickel et al. 2009)It should be nted that multiple labelling by confocal microscopy is
only indicative of a possible docalisation within the same gap junction plaque.

Electron microscopy is required for definitive evidence ofamalisation.
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Co-immunoprecipitation and electrophysigloal experiments using cell pairs provided
evidence for heteromeric channels in endogenouskxpoessing tissue such as Cx32
Cx26 in the liver(Bevans et al. 1998 x46Cx50 in the lengJiang and Goodenough
1996)and Cx43Cx46 in the lungDas et al. 2001and transfected cell models such as
Cx40-Cx43 and Cx48°x43 (Brink et al. 1997; Valiunas et al. 2001; Martinez et al.
2002a; Desplantez et al. 2004eteromeric compatibility between connexins loosely
correspond to tha andb subgroups (Figure 1.4) although there are exceptions to the
rule (Koval 2006) For instance Cx29 that does not belong to either subgroup can form
heteromers withh connexin Cx32. Using sidireced mutagenesis it was found that
motifs that determine heteromeric compatibility include amino acid residues at specific
locations in the aminterminus and the cytoplasmic end of the third transmembrane
domain (Lagree et al. 2003)Although the fomation of heterotypic and heteromeric
channels give rise to gap junctions with unique biophysical properties theiinroles

are still unknowr(Cottrell and Burt 2005)

1.3.Gap junction life cycle

1.3.1.Connexin turnover

Connexins are dynamic shdrted proteins with a halfife of only a few hours,
exceedingly short compared to typical integral plasma membrane prgtairgs2010)

The clasical approach in studying connexin turnover involves peiisse studies
whereby cells are exposed to labelled metabolic precursors ¥&pnjethionine) for
short periods of time (pulse). This labelled compound is incorporated into the
connexins. Thentroduction of this label is followed by unlabelled compound (chase).
The label is tracked and the connexin formation and trafficking followed thereafter
(Laird et al. 1991; Laing and Beyer 1995; Beardslee et al. 1998; Musil et al.. 2000)
From such studies in rat cardiac ocytes the halfives of Cx43 and Cx45 are-2
hours and B hours respectivelfLaird et al. 1991; Darrow et al. 199F)owever there

are exceptions such as in cultured cells of the lens where two different kinetic pools of
Cx56 were identified, with halives of 23 hours and of -3 days(Berthoud et al.
1999) It is likely that the function of the longer hdilie pool is to maintain connexin
stability. The rapid ttcnover normally retained by connexins ensures cells are able to

govern the level of intercellular communication by modulating their assembly and
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degradation and rapidly respond to physiological stimuli that prolongs or enhances their
function(Laird 2006; Musil 2009)

1.3.2.Connexin synthesis, oligomerisation and transport to the plasma membrane

Gap junction channels are oligomeric and the connexin subunits musthésdeefore
delivery into the plasma membra(®egretain and Falk 2004; Koval 2008he early

stages of connexin biogenesis examined using afreell coupled transcriptien
translationin vitro approach showed that connexin polypeptides argar@ationally
integrated into the endoplasmic reticulum (ERalk et al. 1994; 1997; Ahmad et al.
1999) The only identified exception to this rule is Cx26, which has been shown to be
posttranslatimally imported to the ER membrane (Zhang et al 1996; Ahmad et al 1999)
and directly imported into the plasma membrane bypassing the Golgi ndferket

al. 1999; George etl. 1999; Ahmad and Evans 2002; Martin et al. 2001)vitro

studies usingN-glycosylation site tagging of connexins combined with protease
protection assays demonstrated that connexins integmatedro are in the correct
topological orientatior(Falk and Gilula 1998; Martin and Evans 200Ajthough no

clear mechanism in connexin membrane integration has been identified it is likely that a
molecular chaperone facilitates the process as connexins reach their folded and stable
state (Falk and Gilula 1998; Laird 2006)he formation of intedisulphide bridges
between the extracellular loops suggests that connexins are under the surveillance of
disulphideisomeraseglLaird 2006)

The precisdocation of connexin oligomerisation remains the subject of some debate.
Studies fromin vitro cell-free systems have reported that connexins assemble into
connexons within the ERFalk et al. 1994; 1997; Ahmad et al. 1999; Dasale2002;

Maza et al. 2003; 2005 owever treatments that block the HRGolgi transport (e.g.
brefeldin A disrupts the Golgi apparatus by vesiculating the membrane) did not interfere
with oliogmeric assembly thereby identifying a novel site for manltiassembly at the
trans-Golgi network for Cx43 and Cx4@Musil and Goodenough 1993; Koval et al.
1997; Musil 2009) A schematic diagram of the life cycle of connexins is shown in
Figure 1.7. Differences in the intracellular locatioh oligomerisation may differ
between connexins and even cell tyfdartin and Evans 2004; Musil 2009)here is

also experimental evidend®usil 2009) that the site of connexon assembly may be
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driven by connexin protein concentration such that overexpression shifts the
compartment in which assembly is initiated from thens-Golgi network to the ER
(Musil 2009; VanSlyke et al 2009). For instance in babynster kidney cells in which
Cx32 is overexpressed, electron microscopy revealed areas of unusual intercellular
distribution with doublanembrane gap junctions in the ER ahé nuclear envelope
(Kumar et al. 1995yhich was later confirmed by VanSlyke et gd009) This could

help explain inconstent findings in different experimental settings such as exogenous
overexpression in comparison to endogenous exprefisama 2006; Musil 2009)It is

also possible that connexon assembly is a progressive event where subunits begin to
express in the ER and the ERdlgi intermediate compartment with stable oligomers
being established in the la@olgi networkgLaird 2006; VanSlyke et al. 2009)
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Figure 1.7: Life cycle of gap junctions

The gap junction life cycle is a mulitep pathway involving connexin synthesis, trafficking to
plasma membrane, channel formation, gap junction maintenance, gap junction internalisat
connexin degradatiorConrexins furthermore interact with many protein partners, some of whicl

indicated in this overviewmage reproduced from Lai@005)

The plasma membrane is mainly composed of hexameric connexons confirming that

oligomerisation is completed in the Golgi and is a key determinamiéotrafficking of

36



connexons from the Golgi to the plasma membganet al. 1996; George et al. 1999)

This suggests a precise intercellularchrnism that distinguishes between proteins for
further trafficking and dispensable prot
control 6 of newly synthesise@usp2009)Ieis ns o
also likely there are quality control systems function in Golgi network that complements
the ER quality control pathway since in some connexike, Cx43, oligomerisation

takes place after exiting the Efrvan et al. 2002) Proteins that are incorrectly
synthesied or misfolded are degraded through andsBociated degradatioBRAD

process (Figure 1.{Ellgaard and Helenius 2003; Meusser et al. 2085)ce ERAD is

an important rachanism of connexin turnover either-ug downregulation of this
process would have a major effect on connexin protein levels and gap junction function
(Musil 2009)

Transport of connexons to the cell surface generally follows the conventional secretory
pathways: passage from the ER to the&hlgi intermediate compartment and from
there to the cis mediat andtrans-Golgi cisternae, theans-Golgi network and thence

to the plasma membran@/anSlyke and Musil 2000; Laird 2006; Musil 2009)
Intracellular trafficking is usually monitored using newly synthesised connexins that are
labelled with metabolic precursors or fluorescerdrkers such as chemiluminescent
aequorin, GFP and its cyan and yellow (YFP) varigBtsorge et al. 1999; Falk 2000;
VanSlyke and Musil 2000; M#n et al. 2001; Lauf et al. 2002)\pplication of drugs

that disrupt protein trafficking (e.g. brefeldin A) and the cytoskeleton (e.g. nocodazole
that disrupts microtubules) have also been used. Connexins exit the Golgi
predominantly in vesicular carrgeheterogeneous in size and shape that traffic along
microtubules to reach the plasma membréreuf et al. 2002; Thonsaet al. 2004;
Thomas et al. 2005Microtubules are not essential in facilitating connexin delivery but
rather improve the efficiency of the delivery proc€Esomas et al. 2001; Johnson et al.
2002b; Laird 2006)Recently the role of Efassociated chaperone protein 29 (ERp29)
has bee highlighted in the trafficking process by binding to and stabilising Cx43

oligomers facilitating its exit from the ER to ttrans-Golgi network(Das et al. 2009)

It is still discussed whether the fusion of vesicles occurs toaatk pf the plasma
membrane or whether the vesicles are specifically transported to the vicinity of existing

gap junction plaques. Studies using fluorescent tagged vesicles showed that insertion of
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connexons appears random with movement of connexonslliaierghe plane of the
plasma membranes and thus joining the periphery eéxisting gap junction plaques
(Lauf et al. 2002; Thomas et al. 2009)his is also supported by observations that
connexons are distributed as sing&ticles or small groups rather than large aggregates
(Lauf et al. 2002) Pulsechase labelling demonstrated that new gap junction channels
accumulate preferentially at the outer margins of gap junction plaques, with older ones
accumulating in the centre destined for internalisation and degrad&@imetta et al.
2002; Lauf et al. 2002Bupport for direct insertion was described by Shaw ¢2@07)

who noted that connexicontaining vesicles are trgorted directly along microtubules
arriving closely at the edge of gap junction plagues. During ischemia and oxidative
stress displacement of the end binding 1 protein fromntloeotubule plus ends not
only limited the microtubule growth pattern but atgeoluced connexin delivery to the
plasma membran@&myth et al. 2010Most likely, the degree of specificity of targeting
may depend on the cell type (e.g. polarised epithelial cells versugatamised cells),
physiological conditions (e.g. ischemia) @onnexin subtype (e.g. Cx2@ylartin and
Evans 2004)

In the life cycle, connexins interagtith numerous proteins of the cell machinery
(Figure 1.7)(Martin and Evans 2004; Giepmans 2006; Laird 20T@)s is particularly
apparent in the heart where connexin interacting proteins such as zonula octludens
(ZO-1) has been associated with regulating the formation and size of Cx43 gap
junctions (Hunter et al. 2005; Laing et al. 2007; Bruce et al. 20@8her examples
include the interaction of Cx43 withulbulin that links this connexin directly to the
microtubule network(Giepmas et al. 2001)and interactions with calcium (€2
dependent celhidhesion molecules such as lnd Ecadherin to help facilitate
connexon diffusion into the plasma membrédengen et al. 1991; Meyer et al.9P9

Kostin et al. 1999; Wei et al. 2008)/u et al. also demonstrated tl@&t43 delivery to

the plasma membr ane r e q-oribicaesin vaith Ncadherire r a c t
(Wu et al. 2003) It is likely that these adhesion molecules facilitate the docking of
connexons by bringing the membranes close enough to initiate connexon interaction
(Segretain and Falk 2004)
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The structure of the carboxigrminus in particular, give the opportunity for
intracellular proteins to interact with connexins, creating a platform for connexin
subtype or cell type specific regulation mechani¢8evers 2007b)To date numerous
connexin interacting proteins have been identified; for detagde@ws of this topic see
Giepmans(2006) and Herve et al(2007) The major categories of interaction are
recognised as: (Ihter-connexin interactionthat can lead to heteromeric or hetgpic
channel formation; (2)posttranscriptional modifierssuch as protein kinases and
phosphatases that participate in regulation of channel gating events and connexin life
cycle; (3) scaffolding and cytoskeletal proteinthat bridge the connexins to
microfilaments, microtubules and molecules such as cadherins and claudins to form a
junctional nexus; (4drafficking regulatorsthat regulate or facilitate connexin delivery,
assembly or internalisation such as caveolin 1 and 2 and ERp29, amguo@h
reguators and other moleculehat facilitate growth, modulate channels structure and
closure (Laird 2010)

1.3.3.Hemichannels and gap junctions

Once connexons are in the plasma membrane they can either form gap junction
channels by docking to another connexorfumiction as hemichanne(si et al. 1996;
Segretain and Falk 2004; Evans et al. 200&gr connexin oligomerisation is complete

the resulting hemichannel is thought to be in a closed configuration afestiam into

the plasma membran&vans et al. 2006; Laird 2006; Goodenough and Paul 2003)
Studies on Cx46 expressed Xenopusoocytes revealed that high contations of

cd* on the cytoplasmic side maintained hemichannels in their closed state but this
effect could be reversed in solutions with a low extracellul&f (Ebihara et al. 1995;
Evans et al. 2006)

The use of connexin mimetic peptides (e.g. Gap 26 and Gap 27) which are peptides
identical to a short amino acid sequence @dbnnexin subunit revealed that blocking
hemichannels inhibited aoscillations in smooth muscle celBora et al. 1999and
electrical couplig (Isakson and Duling 2005T here is also evidence that hemichannels
are utilised by cells in response to cell injury and metabolic inhib{fitwans et al.

2006; Goodenough and Paul 200Bpr example, in the heart during a stress response

ATP crosses the hemichannels and vasodilates the bloagls/&sslitating the increase

39



in amount of oxygen being deliverg@Headrick et al. 2003)Depending on the
physiological condition of the cell, a connexon becomes docked into a gap junction

channel or remains a hemichan(tdez et al. 2005)

Typically a single gap junction plaque is less than a 100nm to several micrometers in
diameter and contains a varying number of channels (less than a dozen to many
thousandg(Forge et al. 2003; Segretain and F2004) The mechanisms that mediate

gap junction channel aggregation are still unclear. It has been shown that connexons are
inserted into the membrane randomly through lateral diffusion. -Tapge microscopy

of gap junctions assembly shows that as thenerons move closer together in the
plane of the membrane plaque they suddenly fuse over their entire length indicating
some intrinsic affinity for each oth@falk 2000)

Structural aidies have investigated the composition of gap junction channels and how
channels composed of the different connexin subtypes are distributed within the plaque.
Simultaneous visualisation of -@xpressed connexins revealed that Cx32 and Cx26
from the samd subgroup were homogenously expressed throughout the plaque while
Cx43 of thea subgroup when paired with either Cx32 or Cx26 segregated inte well
separated domains. One of the mechanisms for segregation is that not all connexins are
compatible and compiility is dependent on the structural motifs encoded by the
connexin polypeptidéHaubrich et al. 1996; Foote et al. 1998; Lagree et al. 2003; Koval
2006) Another mechanism would be through the different affinities connexins have for
surrounding lipids or connexinraling proteingSegretain and Falk 2004; Cascio 2005;
Koval 2006) For example connexins (e.g. Cx43) have shown to associdtdipvit

rafts, which are specialised domains, enriched in cholesterol, sphingdfmasns and
Toomre 2000pnd colocalisation with lipid raft marker protein caveclin(Schubert et

al. 2002; Mograbi et al. 2003)ortioning into microdomains. It is also reported that
depending on the connexin its preference for certain lipid environments may vary

resulting in channel aggregation, mixing ogiegation.

1.3.4.Gap junction internalisation and connexin degradation

Since connexins have short hifes an efficient mechanism must be in place for their

internalisation and degradatigiusil 2009) Electron micrographs identified double
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membrane vesicul ar structures termed ©O6an

cells and in tissues which are proposed tdaarfragments of gap junctions en route to
degradation(Larsen and Hai 1978; Mazet et al. 1985; Severs et al. 198#8se
findings were confirmed by immunogold labelling using specific connexin antibodies to
establish that each vesicle contained substantial quantities of connexin protein (Figure
1.7) (Naus et al. 1993; Murray et al. 199Further evidence from fluoresceagged
connexins in live cells demonstrated the internalisation of Cx43 in only one of the two
cells from the plasma membrane into the cytopl@®wndan et al. 1999; 2001; Gaietta et

al. 2002; Falk et al. 2009%imilar studies of Cx4&FP transfected HelLa cells showed
that internalisation of gap junction vesicles also involves clattoated endocytosis
(Piehl et al. 2007; Gumpert et al0@). The intracellular vesicles of gap junction
membrane are thought to form by the invagination and pinching off of both junctional
membranes into the cytoplasm of one of the two cells without dissociating channels into
their component connexoiiSegretain and Falk 2004; Salameh 20@)ce inside the

cells the junctions are subdivided into smallersigles that are targeted by
endo/lysosomal pathway@iehl et al. 2007) However there are indications that
additional pathways exigbr gap junction removal. For instance annular junctions do
not facilitate the internalisation of small gap junctions from the plaque centre as
observed by Lauf et a{2002)and Gaietta et a[2002 and are even absent in certain
cell types (e.g. hepatocytes). It is also possible that annular junction formation is
dependent on the physiological state of the cell rather than being a constitutive
OhousekeepMumsig2d09pr ocess

Proteins are also degraded by lysosomes and proteos@aied 2005) Electron
microscopy has shown that annular junctions may be in close proximity and possibly
fuse to lysosonmeefor degradation by lysosomal enzyni@sn et al. 2003)Inhibition of
proteosomal degradation through-acetytleucytleucyknorleucinal treatment also
leads to the accumulation of Cx4i3aing and Beyer 1995; Laing et al. 1997; Musil et

al. 2000) and in the perfused rat adult hedBeardslee et al. 1998)nhibiting
proteosome activity also resulted in accumulatmin connexins particular in the
cytoplasm where majority of the proteosedependent degradation normally takes
place (VanSlyke and Musil 2002)It is likely that the proteosome pathway is
responsible for ERssociated degradation while the lysosomal pathway is primarily

responsible form degradation of membrane conngkiaisd 2006)
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1.3.5.Connexin mutations in human disease

Germline mutations of several different connexins are known to cause a number of
human diseases. Disruptions in intercellular communication due to faulty connexin
folding, oligomerisation, trafficking or docking have been idedi as the underlying
factors that lead to the manifestation of these diseases. | will briefly introduce a few
selected samples here; more comprehensive information and detailed clinical features

are available in recent reviews (e.g. Lg2608).

Mutations can occur anywhere in the connexenegy Mutations in the necoding
regions could affect elements that regulate transcription or interfere with the splicing to
generate mature mRNA. An example of this is Chromosonrtiakéd CharaceiMarie

Tooth disease, an inherited neurological disordewatterised by a loss of sensation
and progressive weakening and atrophy of the distal limbs. This is associated with
mutations inGJB1which encodes CX3@Bergoffen et al. 1993; Balurand et al. 2001;
Martin et al. 200Q) CX32 is expressed in Schwann cells and oligodendrocytes that
provide the cefto-cell communication in conjunction with other myeéssociated
proteins essential for the functional and structural integrity ofntlgelin sheath and
underpin nervous conductigiMartin et al. 200Q) Sitedirected mutagenesis of Cx32
resulted in aberrant trafficking and disrupted oligomerisa{ilartin et al. 2000;
VanSlyke et al. 2009)This leads to the failure of transfer of ions and small molecules
across the myelin sheaths and demyelinati@brams @&d Rash 2009) The
hemichannel open probability can also be affected by mutations. For instance a mutant
that increases the probability of hemichannel opening may cause cell death similar to
that suggested for CX32brams et al. 2002)

The majority of known connexin mutations are located within the protein coding region
(Beyer and Berthoud 2009). N@ense mutationsrdrameshift mutations result in the
loss of normal fullength protein because mMRNA translation ends prematurely. An
example in the 35delG mutation @JB2 (encoding CX26) resulting in deafness
(Carrasquillo et al. 1997)0ver 90 mutations in th&JB2 gene are associated with
inherited skin diseases and/or hearing l@saird 2006; Aasen and Kelsell 2009)

Transfection of corresponuy mutated forms of Cx26 all lead to reduced intercellular
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coupling either due to faulty assemlfMartin et al. 2000; Forge et al. 2008) failure
to dock(Thomas et al. 2003)

Gap junction channel properties including the permeability, selectivity and gating could
be also be altered by mutatiorfBeyer and Berthoud 2009)Dominantnegative
mutations may alter the specificity and compatibilities of thexaressed connexin. In

the skin Cx43 and Cx26 do not form heteromeric channels but several Cx26 mutants
associated with skin ddéase can inhibit Cx43 function via heteromerisai@ouan et

al. 2001) More than P autosomal dominant mutations in t88A1gene are known to
cause the rare disorder, oculodentodigital dysplasia, in which patients show craniofacial
abnormalities and malformations in fingers and t¢Pt#wznekas et al. 2009 patients

with oculodentodigital dysplasia, gap junction communication is thought to be markedly
reduced despite a functional CX43 wilgpe allele(Roscoe et al. 2005)n additon to
germline mutations, disease may be produced by the development of connexin
mutations within somatic cell@Beyer and Behoud 2009) Several mutant forms of
GJAS5 (encoding CX40) have been isolated from the hearts of patients with atrial
fibrillation suggesting somatic mutations ®@JA5may be responsible for some cases of
arrhythmia(Gollob et al. 2006)

Taken together, these findings highlight that mutated connexins may cause disease
through disrupting the connexin life cycle such thaeicellular communication is

markedly reduced.

1.4.Regulation of gap junction function

1.4.1.Electrical properties

Gap junction channels are voltage sensitive. Macroscopigugagonal currentlf) is
sensitive to: (1) transjunctional voltage defined as thenpiatedifference between the

two cell interiors and (2) the transmembrane potential which is the voltage difference
between the cell interior and the external medium, depending on the gBediaaskas

and Verselis 2004; Gonzalez et al. 2007)
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Development of the dual whekll voltage clamp technique has allowed accurate
resolution of the electrical properties of gap junction channels. This technigquéspe

the cells to be clamped at a fixed membrane potential and the gap junction current to be
recordedDesplantez et al. 2004) o0 begin with the membrane potential of both cells is
clamped to the same value. Thereafter the membrane potential of only one of the cells is
depolarised or hyperpolarised in a stepwise fashion to establishagesgtadient or
gapjunctional potential. From the current recordesl possible to calculate the
macroscopic junctional conductandéiis value is influenced by: (1) the number of gap
junction channels (N); (2) the open probabilitg)(Bnd (3) the channsbecific unitary
conductancéVan Veen et al. 2006; Moreno and Lau 2007)

Dual voltage clamp analysis has shown that, in homotypic channels, -stasely
junctional conductance is usually maximal when transjunctional voltage is zero. As one
cell of a cell pair is depolarised or hyperpolarised, conductance relaxes from the main
state to lower values. Junctional current is rarely abolished, even at high voltages a
voltageinsensitive component of junctional conductance remains. This relapoathi
macroscopic voltage sensitivity is commonly visualised by plotting all normalised gap
junctional current values measured at each depolarising and hyperpolarising voltage

step, fit to a Boltzman equation.

To establish the unitary conductance, the nemmdd channels between cell pairs has to

be reduced. To do so, treatments with-gagtional communication inhibitors such as
heptanol, octanol or halothane permitted the recordings of single channel behaviours.
After removing the agent, the channels ogeadually enabling single currents to be
recorded at a given voltage over time. By analysis of these single channel recordings,
unitary open conductances for individual channels can be determined. These values are
connexin isotype and channel specific.eThlectrical properties of connexins (e.qg.
Cx40, Cx43 and Cx45) have been studied most commonl{emopusoocytes and
cultured mammalian cells such as HelLa, N2a and RIN cells transfected with different
connexin subtypefDahl et al. 1987; Elfgang et al. 1995; Valiunas et al. 2000; 2001;
Elenes et al. 2001}rom these experiments it was determined that homotypic channels
composed of Cx45 exhibited the smallest unitary conductan88-40pS, whereas
Cx43 and Cx40 homotypic channels have values e1BIpS and 150200pS(Gros

and Jongsma 1996; Moreno 2004)
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The electrical properties of heteromeric and heterotypic channels have also been studied
in cotransfected cells to identify the functional significance of connexiexguession
patternsin vivo. Heterotypic dockig of Cx43Cx45 channels produced conductances
that were intermediate between that of the single unitary conductance for homotypic
Cx43 or Cx45 indicating a good association between the two conn@&tarses et al.

2001; Desplantez et al. 2004; Moreno 20Mimilar results were obtained for Cx40
Cx45 heterotypic channel®loreno 2004)and Cx30.2Cx45 (Kreuzberg et al. 2006;
Rackauskas et al. Q@b) The formation of heterotypic channels between Cx40 and
Cx43 remains controversial with conflicting resyfgang et al. 1995; Haubrich et al.
1996; Rackauskas et al. 200.7dpwever work by Valiunas et g2000)and Cottrell et

al. (2002) have reported the presence of heterotypic channels in cell pairs with
considerably reduced coupling compared with the homotypic conductances for Cx43 or
Cx40.

It has also ben shown that Cx45, Cx43 and Cx40 can form heteromeric connexons
producing channels with intermediate conductances or lower that what was observed for
their respective homotypic conductances. For example Cx40 and Cx43 form
heteromeric channels in -@xpresing HelLa cells with an average conductance that is
lower than values for homotypic channels of either conn@xaiunas et al. 2001)in

the A7r5 smooth muscle cell line that naturallyecgpres Cx40 and Cx43, a range of
unitary conductances distinct from homomeéramotypic Cx40 or Cx43 channels were
observedHe et al. 1999)Thus there is considerable scope for electrical properties to

vary according to the precise connexin makeof the channel.

1.4.2.The role of phosphorylation

Phosphorylation is a key regulatory element in the lifecycle ohexins and gating of
hemichannels and gap junction chann@arn-Cramer and Lau 2004; Laird 2005;
Solan and Lampe 2005)The carboxyterminus of connexins contains consensus
phosphorylation $es for multiple kinases such as protein kinase A, protein kinase C
and mitogen activated protein kinaggolan and Lampe 2005; Herve et al. 2007)
Phosphorylation of connexins has been primarily identified through shifts in their
electorphoretic mobility when analysed by SBAGE and the direct incorporation of
3p (Musil andGoodenough 1991; Laird 1991; Laing et al 1994; Cooper et al 2000).
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Cx43 phosphorylation has been the most extensively described to date. Cx43 is
typically detected as three bands derived from diffemmasphorylationstates; the
fastest migrating band regsents the newly synthesised connexin which is- non
phosphorylated (NP) and two slower migrating bandsa(i® B) which represent the
phosphorylated forms(Musil and Goodenough 1991)Treatment with alkaline
phosphatase confirmed that diffeces in molecular weight were due exclusively
phosphorylation. Pulsehase experiments showed that the NP form is trafficked to the
membrane where it is then phosphorylated and integrated into functional gap junction
plaques. It should be noted th@tosplorylation does not exclusively take place at the
membrane as some studies have shf®uranam et al. 1993; Solan et al. 20Q3ing
phosphospecific and epitoppecific antibodies it haseen established that differences

in the R and B mobility forms are derived from phosphorylation at different sites of the
protein(Musil et al. 1990; Solan et al. 2003; Solan et al. 2007; Solan and Lampe 2009)

Regulators of phosphorylation such as cAMP can mediate gap junctional
communication via an increase in synthesis, trafficking and assembly at the plaque
(Atkinson et al. 1995; Darrow et al996; Paulson et al. 2000AMP has been shown

to mediate its effects by adenylyl cyclase and protein kinase A leading to enhanced
assembly of gap junction plagu@aulson et al. 2000Activation of kinases is cell

type and cell stage specific andhighly sensitive to altered physiological conditions
such as the presence of growth factors such as platelet derived growth factor and

vascular endothelial growth fact@arn-Cramer and Lau 2004)

Phosphorylation also plays a very important role in disease particularly in ischemia.
During ischemia chages in phosphorylation includerapid shift (5 minutes) from the

P12 isoforms to the faster migrating NP isoform in CxX&®lan and Lampe 20090 his

loss in phosphorylation has been showrotour at various sites (e.g. S325, 328 and
330) and is typically observed in the gap junction plaques. In contrast to the decrease in
phosphorylation at sites S325, 328 and 330, an increase in phosphorylation bBa$368
alsobeenreported at the cell membranedathis is likely to contribute to a change in
channel permeabilitfSolan and Lampe 2009Pue to the increasing evidence that
Cx43 plays an important role in ischemia, its function in cardioprotecttas been
illustrated in ischemic preconditionirfgi et al. 2004a; Srisakuldee et al. 2009)these

studies ischemic preconditioning preserved the phosphorylation o€x43
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phosphorylation by activating protekinasee whereas hearts from Cx43 deficient mice
could not be preconditioneflLi et al. 2004a; Rodrigue3inovas et al. 2009)The
emergence of Cx43 as a therapeutic target will be discussed furdeation 5.5 othis

chapter.

Phosphorylation has been correlated with an increase oragecire hemichannels and

gap junction channel§Moreno 2005) For ingance the opening of a variety of
hemichannels (e.g. Cx43, Cx46) can be blocked by the activation of protein kinases
(e.g. protein kinase Gpaez et al. 2003Phosphorylation of rat Cx43 by protein kinase

C causes a shift in the channeltary conductance favouring a lower conductance and
lower permeability to Lucifer yellowiMoreno et al. 1992; 1994; Kwak et al. 1995;
Lampe et al. 2000)

1.4.3.Molecular and ionic permeability

Gap junctions are permeable to many biologically relevant molecules. Using a
technique called transport specific fracation Bevans et a[1998)demonstrated the
different permeabilites of connexins to biological molecules. Cyclic nucleotides such as
cGMP and cAMP readily pass from one cell to the next through gap junction channels.
However depending on the connexin type certain molecules are more efficiently
transferred than others. For instance cGMP passes more efficiently through heteromeric
channels composed of Cx32 and Cx26 than channels composed of Cx3Bewadys

et al. 1998)

Components of cellular signalling pathways are also spread through gap junctions. The
second messenger inositol 1fphosphate (Niessen et al 2002) is transferred with
connexin subtype specific permeabilities. Gap junctions are a&isngable to sSiRNA
molecules of a specific connexin subtype from -teltell thereby influencing gene
expression in neighbouring ce(lgaliunas et al. 2005Moreover Wallner et a(2009)

also demonstrated the transfer of miRNA via gap junctions in HelLa cells which
potentally represents a new mechanism for the control of gene expression by the

cellular environment.

47



Differences in ion selectivity by the connexin subtypes to dyes of varying molecular
mass and charge (e.g. Lucifer yellow, ethidium bromide and Alexa dyes)stvewn in

HelLa cells andXenopusoocytes transfected with different connexifidfgang et al.

1995; Cao et al. 1998; Valiunas et al. 2002; Weber et al. 2084)flux of fluorescent

dye through gap junctions is then measured by light microscopy to determine whether
cells are coupled by gap junctionghese studies revealed that channels composed of

each connexin display distinctive permeability properties.

Compared to classical ion channels, gap junctions are not selective for specific species
although they discriminate between anions and cationsy Beem to work as an
aquatic pore that enables ion exchange. Cx45 channels show equal permeability to
caesium and Kcations, but reduced flux for chloride ions indicating charge selectivity
(Veenstra et al. 1995)Further studies demonstrate that Cx40 channels are cation
selective(Beblo and Veenstra 1997\vhile channels composed of Cx43 exhibit no

overall selectivity for either anions or catigiWgang and Veenstra 1997)

1.4.4.Chemical gating

The role of C& in cell uncoupling had initially been established from experimental
data correlating loss of electrical and dye coupling to increased intracellGl40a%];
monitoredby the C&" indicator aequoritfRose and Loewenstein 1975; 1976his was

later confirmed in a number of cell types including cardiac cells, cultursdckels and
osteoblastgPeracchia 2004)its role in uncoupling may be particularly important in
protecting intact cells from membrane depolarisation and leakage of metabolites
throuch gap junctions by disconnecting them from damaged ¢(Rbskauskas et al.
2010) This processovies Y-mediftkdeinhibitom & intercefiutar
communication has been confieghin a number of cell mode{®e Mello 1975; Dahl

and Isenberg 1980; Neytand Trautmann 1985Although it is established th&ta”
affectschannel gating, thgCa®"]; that activates the gating mechanism is still unclear
and may depend on the connexin and cell type ranging from a concentration of-500nM
400mM (Peracchia 2004)The wide concentration rangeuld be due the variation in
effectiveness of the internal buffering systems and sometimes the incré@sé'jnis

too brief to activate the relativelylosv gating mechanism. To enable a functional

interaction betweerC&#* and connexins, clusters of negatively charged araiio
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residues would be required to face the cytoplasm. Among connexins only a single
amino acid residue (glutamate) faces the cytoplksated at the transition between the
fourth transmembrane (M4) domain and carbdryiminus. Despite there being six of
these residues per connexon to bindO&" this may not be sufficient to mediate
channel gating. It is likely tha€&"* acts throughan intermediate and one potential
candidate is calmodulifPeracchia et al. 1983; Torok et al. 1997)

Alterations tointracellular pH can also affect junctional conductafiagin and Warner

1977; Spray et al. 1981 Cellular uncoupling through pH dependent gating would
protect neighburing cells from the potentially damaging effects of intracellular
acidification. Sensitivity to pH varies among cell types and is in part related to the type
of connexin expressed. By using a method that monitors junctional conductance and pH
at differen levels of acidification, studies demonstrated that Cx32 is the least sensitive
to changes in pH and Cx50 was the most sendjtiveet al. 1993; Stergiopoulos et al.
1999) Connexin ceexpression could also affect the pH sensitivity with properties
unique to those of the individual conmex For example Gu et §R000)demonstragd

that mixing of Cx40 and Cx43 yields channels with increased sensitivity to pH. The
molecular mechanism of pH gating is likely to involve the connexin cytoplasmic loop
and carboxyterminal. Cx43 truncation abolishes pH sensiti\itju et al. 1993)but
co-expression bthe mutant connexin with the missing carbetgiminal sequence
restores pH sensitivity and gatifiglorley et al. 1996)Histidine residue at position 95

in the cytoplasmic loop has been proposed to be involved in pH gating since
substitution with a basic or unarged residue reduces pH sensitiyiEk et al. 1994)

The proposed mechanism is that {pt facilitates interaction of the carboxtgrminal

with a receptor domain elsewhere in the connexin molecule causing the channel to close
(Liu et al. 1993; Ek et al. 1994; Morley et al. 1996)

1.5.Gap junction function in cardiac tissue

Flow of electrical current between cardiac muscle cells is facilitated thrénuy
resistance pathways formed by gap junctions ensuring mechanical responses are orderly
and synchronous in the heé@reen and Severs 1993 ction potential propagation is
initiated in the sinoatrial node where it spreads through the atria (~1.2m/sec) to the

atrioventricular node (~0.05m/sec). This conduction delay in the atrioventricadar n
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ensures the ventricles contract after the atria. After this, conduction is accelerated
through the His bundle and Purkinje fibres 418/sec) before entering the ventricles
(~0.6m/sec) resulting in contraction. The precise orchestration of eleciiwahiough

the different tissue compartments is governed by: (1) cell morphology and size and (2)
specific expression and -@xpression connexin patterns. Disruptions in any of these

factors contribute to conduction abnormalities in the adult heart.

1.5.1.Gap junction organisation in the normal adult heart

In the working (contractile) myocardium, gap junctions are located at the intercalated
disc in discrete zones of interaction between adjacent plasma membranes together with
two types of adhesion junctions:)(fascia adherens, to which myofibrils of adjacent
cells are joined and (2) desmosomes, that serve as anchoring sites for intermediate
filaments that form a mechanical scaffold within the cell (Figure 1.8 (@)¢en and
Severs 1993; Severs et al. 200B)e intercalated discs are situated where the cells abut

in a steplike structure (Figure 1.8 (A)). This ensures that myofibrils of-&reind cells

are mechaically coupled via the fascia adherens junctions. -Beiction electron
microscopy revealed that gap junctions occupy intervening portions of the disk step that
lie parallel to the long axis of the cell. It should be noted that depending on the cell type
gap junction organisation may differ slightly as shown in Figure 1.8(#8) (C) For
example in the normal atrial myocardium, gap junction organisation is variable with
some confined to the intercalated disc as in ventricles while others show a spnead alo
the lateral aspects of the céBevers et al. 2004a; 2008)epending on the myocyte
subtype gap junction size may vary. For instance in nodal cedlsgdip junctions
composed of Cx45 are sparse and small in(@flzssonPevet et al. 189). Collectively

this organisation of intercellular junctions at the intercalated disc together with tissue
architecture (i.e. cell size and shape) results in the anisotropic propagation observed in
the heart ensuring conduction is faster in the longtldlirection than in the transverse

axis.
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Figure 1.8: Gap junction organisation at the intercalated disc

The intercalated disc in a cardiac myocyte shown by thin section electron microscopy € Ahrddn
junction types are indicated. Fasciae adherens occupy vertical zones of the disc, gap junct
desmosomes are located mainly at the lateral facing zones. Image reproduced fron(286@r:
Reconstruction of serial optical sections thgbuan isolated ventricular myocyte labelled for Cx
(green) illustrating the organisation of gap junctions in clusters at the intercalated disc in the
steplike configuration indicated by the line at top left hand corner (B). Image reproduce&éweens
et al. (2004b) Atrial cells are a lot slender than their ventricular counterpéEs. Gap junction
organisation is also a lot more varied while some are present at the ends of the intercalated
others are spread laterally (asterisks). Image reproduced from Severg2&08). The nuclei are

counterstained with propidium iodide in inegy(B) and (C).
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1.5.2.Connexin coexpression in the healthy heart

In mammalian hearts the main connexins expressed are Cx40, Cx43, Cx45 and Cx37
(Figure 1.9)(Gros and Jongsma 1996; Severs et al. 2088)vever Cx37 is restricted

to vascular endothelium where it is-empressed with Cx40 and as a result does not
participate in conductioVozzi et al. 1999; van Kempen and Jamgs1999; Simon

and McWhorter 2002)Therefore this investigation will be focussed on Cx40, Cx43 and
Cx45and thissugr oup wi | | be referred to as the

of my thesis.

Sinoatrial Node

Cx45
Left Atrium
Cx40, Cx43

Right Atrium
Cx40, Cx43

Upper Bundle
Branches
Cx45, Cx40

Atrioventricular Node
Cx45

His Bundle
Cx45, Cx40

Lower Bundle
Branches
Cx40, Cx45, Cx43

Right Ventricle
Cx43, Cx45

Left Ventricle
Cx43, Cx45

Purkinje Fibers
Cx40, Cx45, Cx43

Figure 1.9: Connexin coexpression patterns in the adult healthy heart
Connexins are cexpressedn a tissuespecific manner. Cx43 is predominant throughout the worl
myocardium, Cx45 is mostly found within the specialised conduction system, commeetprassed

with Cx40. Image adapted from Severs e{2008)

In the adult heart Cx43 is the most abundant isoform expressed in myocytes of the
working atrial and ventricular myocardium with exceptions being the sinoatrial and
atrioventricular nodal cells (Figure.9 and Figure 1.10 (A)jVozzi et al. 1999; van
Veen et al. 2001)In the atria Cx43 is cexpressed with Cx40 with low amounts of
Cx45 also present. Double label immunogold labelling demonstthegdCX40 and

CX43 are cdocalised within the same gap junction plaque (Figure 1.10(@)yers et
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al. 2001; Kanagaratnam et al. 200€x40 eyression is highly variable with levels in

the right atrium 2 to 3 fold higher than the I8flozzi et al. 1999; Dupont et al. 2001a)
Working ventricular myocytes lack detectable Cx40 despite its high levels of expression
during embryonic dvelopment(Gros et al. 1994; Vozzi et al. 1999; Coppen et al.
2001b) However in the HidPurkinje conduction system Cx40 is strongly expressed
where it forms high conductance channels with large gap junctions correlattmthe

fast conduction properties of this systé@ourdie et al. 1993; Gros and Jongsma 1996;
Severs et al. 2001)
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Figure 1.10: Immunogold labelling of CX40 and CX43 in the different myocyte subtypes
Immunogold thinsection electron microscopy demonstrated the presence of CX43 in the |
ventricles (A) and both CX40 and CX43aman atrial myocyte gap junctions (B). CX40 and CX
were differentiated by using gold particles of different width, 10nm and 5nm for CX40 and
respectively highlighted by the arrows. Image reproduced from Severg420GH)

Cx45 is expressed at low levels throughout the myagardncluding the HisPurkinje
conduction system where it ¢ocalises with Cx4QDavis et al. 1995; Coppen et al.
1998b; 1999; Vozzi et al. 1999; von Maltzahn et al. 20@xR45 is also the sole
connexin expressed in the sinoatrial and atrioventricular node forming small dispersed
gap junctiongdCoppen et al. 1999; Severs et al. 200Hese features together with the
low conduction properties of Cx45 channels indicate relatively poor coupling in these
areas(Elenes et al. 2001; Desplantez et al. 20@4jourth connexin, Cx30.2 has been
discovered in the mouse heart specifically at the sinoatrial and atrioventricular node but
its human ortholog CX31.9 was not detected in the workimgocardium and
conduction system(Kreuzberg etal. 2005; 2009) This also highlights species
differences in connexin expression particularly important when comparing small and
large mammals possibly reflecting the need for impulse delay according to heart size
(Severs et al. 2008)These differences need to be borne in mitnvextrapolating

functional data from animal models to the human.
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1.5.3.Gap junction remodelling and cardiac disease

Cardiovascular disease is the leading cause of death and disability in most industrialized
countries of the developed and developing worldstuPbances in cardiac rhythm
(arrhythmias) are a common, serious and often fatal complication of many forms of
heart disease. Electrophysiological studies have shown the most dangerous disturbances
of heart rhythm are rentry arrhythmias in the ventricleaused by slowed conduction

and conduction block. A rentrant circuit develops when the wavefront of propagation

is partially blocked at a given position, causing rotation around this point sertrye

into the site of original excitation in a repetéicycle(Kleber and Rudy 2004Since

gap junctions govern the electrical flow that leads to reatibn of the heart, the
question, first posed by Professor Severs and Green, was whether alterations of gap
junction organisation and connexin expression could play a role in abnormal impulse
propagation(Smith et al. 1991)Since that time, numerous studies have been conducted
to examine this hypothesis and have identified gap junctions and connexin expression to
be key contribtors to the arrhythmic substrate alongside factors such as membrane
excitability (i.e. voltagegated ion channels), cell size and tissue archite¢&aeers et

al. 2008)

Gap junction remodelling can be divided into two main categories: (1) altered
distribution or organisationfayap junctions and (2) alterations in the amount and type

of connexin expressg&evers 2009)

Gap junction remodelling in the ventricle

Myocardial infarction results in a significant loss of cellular communication in the
affected cells (Figure 1.11). Ultragtutral examination of the myocardial zone
bordering the infarct scar tissue showed extensive loss of CX43 expression and
organisation of gap junctions over the lateral surfaces of the cells first reported in
patients with endgtage ischemic heart diseasg Smith et al.(1991) (Figure 1.11).
Similar areas of gap junction disarray are also associated witstagedheart failure

due to idiopathic dilated cardiomyopatlfifostin et al. 2003)and in compensated
hypertrophy due to valvular aortic steno@f®stin et al. 2004)These patterns of gap
junction organisation have also been reported in animal models of ventricular heart

disease including yocardial infarction in ra{Matsushita et al. 1999nd dog(Luke
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and Saffitz 1991; Peters et al. 1997; Kieken €2@09) heart failure in the dogAkar et

al. 2007)and hypertrophied ventriclés rats(Uzzaman et al. 2000; Emdad et al. 2001)
Structural remodelling such as this is strongly associated with arrhythmia and slowing
of conduction which could potentially incathe risk of reentrant circuityPeters et

al. 1997; Jongsma and Wilders 2000; Severs 2009)

Infarct scar

Figure 1.11: Immunoconfocal microscopy of human ventricular myocardium from a patient
with end-stage ischemic heart disese

No CX43 signal can be detected within the infarct scar. In the surviving myocardium at the ba
the infarct scar CX43 immunolabel is dispersed over the lateral borders of the cells rath
showing the normal polarisation at the intercalatesk diighlighted by the enlarged picture. Ima

reproduced from Seve(2009)

Alterations in gap junction organisation are often accompanied by changes in Cx43
expression. Reduced CX43 protein and transcript levels have consistently beerdreport
in patients with heart failure irrespective of whether the condition is due to idiopathic
dilated cardiomyopathyDupont et al. 2001b)artery stenosis(Kostin et al. 2004)
hibernating myocardiunfKaprielian et al. 1998pr other etiologiegKitamura etal.

2002) In addition alterations in gap junction size and density have consistently been
identified as major features of gap junction remodelling. In the diseased human heart
reduced gap junction size has been reported in the hibernating myoc@f@iprielian

et al. 1998)and hypertrophyKostin et al. 2004}ogether with the decrease in overall
amount ofCX43 immunolabellingPeters et al. 1993; Kitamura et al. 2002; Kostin et al.
2003) Alongside the reduction in CX43, elevated levels of CXd&mada et al. 2003)
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and CX40 have been shown in ventricles of patients with congestive heart failure due to
ischemic cardiomyopath{Dupont et al. 2001b)The signifcance of increased CX40
and CX45 expression is still unclear but could represent a compensatory response to

failing levels of CX43.

Gap junction remodelling in the atria

The most common atrial arrhythmia is atrial fibrillation, a condition in which wes/ele

of electrical activity propagate in multiple directions leading to disorganised
depolarisation and ineffective atrial contractigdipes 1997) The condition is
associated with progressive electrical, contractile and structural remodelling, including
altered cell size and mitochondrial shape, loss of sarcomeres and perinuclear
accumulation of glycoger{Severs et al. 2004apAlterations of gap junctions and
connexin expression, in particular that involving Cx40, are reported to feature in th

remodelling procesiSevers et al. 2004a)

Studies on human atrial samples have revealed inconsisseitiisrconcerning the exact
nature of gap junction remodelling in atrial fibrillation. In comparing patient samples
with normal sinus rhythm to those with atrial fibrillation different studies report CX40
protein levels to be elevatéBolontchouk et al. 20013ignificantly reduced expression

of transcript, protein and immunosign@ao et al. 2003; Wilhelm et .aR006)or no
change in CX40 when examined by immunofluorescent labglKagagaratnam et al.
2004) and western blofTakeuchi et al. 2006)With regard to structural remodelling,

gap junction lateralisation, heterogeneity and alterations in gap junction number have
been reported in various studigxlontchouk et al. 2001; Kostin et al. 2002; Takeuchi

et al. 2006) Changes in junctimal proteins such as-thdherin and desmoplakin are
reported to show similar changes in distribution to those of QK48tin et al. 2002)
suggesting a spatial association between gap junctions and adhesive junctions during
their reorganisation at the plasma membrg&evers et al. 2004aptudies in goat
models of pacingnduced atrial fibrillation also identified heterogeneity in 40x
distribution with areas of low density Cx40 next to areas of higher (hormal) density
Cx40 and a reduced ratio of Cx40/Cx@an der Velden et al. 1998; 2000; Ausma et al.
2003) However no lateralization of Cx40 observed in human samples was noted.

56



Discrepancies between studies on atrial fibrillation arise from the use of different animal
models and species, different time courses when comparing samples, lack of antibody
specificity, use of different patient sugroups with different associated pathological
conditions and interpretation of the déRolontchouk et al. 2001; Kanagaratnam et al.
2002; 2004; Duffy and Wit 2008; Severs et al. 2008hile it is recognised that gap
junctions are contributing factors to the occurrence of atrial fibrillation, detiyghe

how their precise role requires more rigorous experimental approaches as proposed by
Duffy and Wit(2008)

One aspect not always fully appi&ted is the need to distinguish between gap junction
remodelling brought about as part of atrial fibrillation which potentially contribute to
the perpetuation of the condition and gap junction features that may increase
susceptibility to atrial fibrillabn in the first place. For example, analysis of patient
samples undergoing coronary artery bypass surgery without previous history of
arrhythmias revealed elevated levels of CX40 are associated with a higher risk of the
development of postperative atribfibrillation (Dupont et al. 2001a)n these samples

no difference in proteinrel MRNA for CX43 and CX45 were detected between the
atrial fibrillation and nowratrial fibrillation groups. To correlate connexin expression
with conduction velocities (CV) in the human atrium, Kanagarathnam ef2@02)
compared CX40 and CX43 expression quantified by immunofluorescent labelling to
atrial CV in patients undergoing cardiac surgery. Resultsvaetidhat an increase in
CX40 relative to the total connexin signal (CX40/[CX40+CX43]) is associated with a
decrease in CV. The reason for this decrease in CV when a connexin of high

conductance is expressed is not yet clear.

1.5.4. Transgenic mouse models of caiac connexins

Transgenic mice have been developed in which the expression of specific connexins is
ablated or one connexin type is substituted for another to study their roles in impulse

propagation and cardiac morphogenesis.
Transgenic Cx45 models
The pression of Cx45 is critical for the normal development of the heart. Replacement

of Cx45 with the lacZ reporter gene in transgenic mice resulted in heart failure and
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embryonic death at day X8umai et al. 200Q)Furthermore the mice displayed severe
defects in cardiac looping, vascular developments hedetdocardial cushion (also
known as atrioventricular canal or septal defe¢kguger et al. 2000; Kumai et al.
2000) When deletion of Cx45 is restricted to the myocardium, development of the
endocardial cushion is not disrupted but the mice still die from conduction block similar
to those observed in naronditional knockats (Nishii et al. 2003) In the developing
heart Cx45 is the earliest detectable connexin particularly in the conduction tissue and is
the only connexin to be cantiously expressed throughout the conduction system in the
adult heart(Alcolea et al. 1999; Coppen et al. 2001alAs a result functional
compensation by other cardiac connexins cannot occur in Cx45 knockout models. Over
expression of cardiac specific Cx45 in transgenic mice did not result in structural
malformations and contractile sfynction but did show enhanced susceptibility to
spontaneous and inducible arrhythmias and altered intercellular co(ipétgyyaku et

al. 2006) These results confirm the requirement of Cx45 in early cardiogenesis and the

maintenance of electrical coupling in adult hearts.

Transgenic Cx40models

Cx40 is a major determinant of cardiac development and electrical impulse propagation
in the cardiac conduction system. To examine the function of Cx40 in the developing
and adult mouse heart two independent approaches have been undertakenate gener
Cx40 knockout micdgKirchhoff et al. 1998; Simon et al. 1998)x40 knockout mice

often die just after birth or as young adults due to developmental malformations;
however many of the animals survive to adulthdkdchhoff et al. 2000; Gu et al.
2003) The type of abnormalities observed may be dependent on the genetic background
differences in the mice used to generate the mg@aiset al. 2003)Cx40 null mice
displayed a range of malformations such as tetralogy of Fallot, endocardial cushion
defects and myocardial hypertrop{iirchhoff et al. 2000; Gu et al. 20Q3%tructural
abnormalities were also observed in heterozygous knockout mice but generally
incidence of malformations was lower and less severe than for homozygous knockout.
Thus it appears that althgln Cx40 is not essential for cardiac morphogenesis, its

absence or limited expression increases the probability of cardiac malformations.

Animals which lack Cx40 show delays in impulse conduction in the atria,

atrioventricular node, His bundle and bunbdlanchegKirchhoff et al. 1998; Simon et
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al. 1998; Hagendorff et al. 29; Verheule et al. 1999; VanderBrink et al. 2000; Leaf et
al. 2008)in agreement with the distribution patterns of Cx4®ros et al. 2004)
Furthermore, increased incidence of spontaneous and/or pacing induced atrial
arrhythmias is appareiiKirchhoff et al. 1998; Hagendorff et al. 99; Verheule et al.
1999; Bagwe et al. 2005Recordings of electrical activation by optical mapping
showed an abnormal pattern of excitation and propagation in the right atria of adult
Cx40 knockout mice most likely due to the intraatrial conductionisigwnd the high
incidence of cardiac malformations found in these aniniBBsgwe et al. 2005)
Transgenic mice in which Cx40 was replaced by Cx45 resulted in slow conduction in
the left atrium but normal \Z elsewhere suggesting a chambpecific role for Cx40
(Alcolea et al. 2004) In Cx40 knockout mice no wugegulation was detected in
transcripts and protein levels of the other cardiac connexins Cx43, Cx45 and Cx37
(Kirchhoff et al 1998; Bagwe et al. 2005)

Results on impulse propagation differed from those obtained in the whole heant and
vitro cell models. To examine the functional relevance of Cx40/Cx48xpoession
Beauchamp et al2006) generated cultured strands of atrial myocytes derived from
Cx40 and Cx43 knockout mice and measured CV using optical mapping. In contrast to
observations made in the intact heart genetic ablation of Cx40 led to an increase in CV
with a higher amount of Cx43 expression at the plasma membrane although the total
Cx43 protein content remained unchanged. Kanagaratham @0@R) also reported
similar findings in human atria i.e. that decreased CX40/CX4&xpoession is
accompanied by a paradoxical increase in CV. Differences in CV measurements are
likely to depend on the experimentadsign and the connexin -@xpression pattern. It

is therefore plausible to obtain different results in a setting with reduced number of cells
(Beauchamp et al. 2006y in a restricted are of the atfldanagaratnam et al. 200@2)

comparison to the whole hediirchhoff et al. 1998)

Transgenic Cx43 models

The first transgenic mouse to be established was the germline deletion of both Cx43
alleles (Reaume et al. 1995)'he mice survive to term but die at birth from severe
malformations of the right ventricular outflow tract which prevents blood flow to the
lungs (Reaume et al. 1995Despite morphological abnormalities, the foetal Cx43

knockout heart is still able to function normally most likely due to the presence of Cx40
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and Cx45 during embryonic development since conducii@s dot exclusively require
Cx43 channelg§Reaume et al. 1995; Van Kempen et al. 1996; Delorme et al. 1997;
Alcolea et al. 1999)Studies on electricaimpulse at various stages of embryonic
development revealed no difference in CV at embryonic day 12.5 in Cx43 knockout and
control mice(Vaidya et al. 2001)At embryonic day 15.5 there is gross reduction in CV

in the right ventricle of the mutants and in both ventricles at embryonic day 17.5 which
corresponds to a dowmnegulation of Cx40 expression. There als@slnot appear to be

any significant alterations to total Cx45 expression in Cx43 knockout (daoteson et

al. 2002a)

Electrophysiological analysis of intercellular communication in cultured Cx43 knockout
mice showed a reduction of 60% in macroscopic junctional conductance, aohpair
contractility and loss of dye coupling compared to wild type d&lak et al. 2004)
Quantification of Cx40 and Cx45 mMRNA transcripts showed no alterations in
compensation to the lack of Cx43. A study by Beauchamp €2@04)on ventricular
myocyte strands from germline Cx43 knockout mice provided further information on
CV after the loss of Cx43. In this system, impulse propagation was reduced by 97%
corresponding to a reduction in tramsgtional conductance on cell pairs by a similar
amount. Analysis of the single channel properties identified the presence of Cx45 to be
the sole conductor in these myocytes after Cx43 knockout. Data from this work confirm
that Cx43 channels are the pripai conductors in ventricles of the mouse heart but
conduction can still be maintained by low levels of Cx45 in the absence of Cx43 albeit

at slow velocity.

To investigate the role of Cx43 specifically in the myocardium, Gutstein €Qfl1a)
generated mice with a cardieestricted inactivation of Cx43 using the Cre/Lox system.
The mice were born with a normal heart and contractile function. Despite the 90% loss
in Cx43, CV was markedly slow but propagation was stdintained until the onset of
spontaneous ventricular tachycardia leading to premature death at two months after
birth (Gutstein et al. 2001a)rhis suggests that although basic heart function can be
maintained for a limited period throlmghe expression of Cx45, Cx43 is critical in the

formation of the arrhythmogenic substrate.
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Heterozygous Cx43 mice have also been developed in neonatal and adult hearts which
survive and breed normallfzuerrero et al. 1997)he level of Cx43 in heterozygous

mice is approximately 50% of the normal amount of CX&ierrero et al. 1997,
Thomas et al. 1998; Beauchamp et al. 200B)e levels of Cx40 and Cx45 were
unaltered in Cx43 heterozygous heai@uerrero et al. 1997; Thomas et al. 1998;
Beauchamp et al. 20Q4hlowever Johnson et g2002a)did report a reduction in the
amount immunosignal area occupied by Cx45 in Cx43 both in heterozygous and
homozygous knockout mice. Data on ventricular CV in Cx43 heterozygous mice vary
considerably with studies either reporting slowedtsieular conductiorfGuerrero et al.

1997; Thomas et al. 1998; Gutstein et al. 20@Hi)e others detected no change in CV
(Morley et al. 1999)Furthermore Thomas et #1.998)reported no alteration in CV in

the atria of Cx43 heterozygous mice suggesting that Cx43 conduction plays a
subadinate role in atrial conduction. Effects of diminished Cx43 expression accelerate
the onset and increase the incidence of arrhythmias when exposed to acute regional
ischemia(Lerner et al. 2000)

Using outbred cardiarestricted knockout mice it was possible to study the gradual loss

of Cx43 in the hear{Danik et al. 2004)No change in propagation was detected in
animas expressing O 40% of Cx43. Reducti on:
Cx43 protein content was decreased to 18% of the control levels and 80% of these mice
were inducible to lethal ventricular arrhythmias. Further studies in these eardiac
restricted kockout mice suggested that a mismatch in the coupling between the
Purkinje fibres (unaltered levels of Cx40 and Cx45) and the Cx43 deficient ventricular

myocytes lead to altered activations and wavefront colligiglwsley et al. 2005)

Taking these findings together, there is now clear evidence that gap junction
remodelling and altered patterns of connexin expression do occur in certain categories
of human heart disease and corresponding changes in animal models cause arrhythmia.
In paticular, reduced expression of ventricular Cx43 and hence alterations in the ratio
of co-expression of different connexin types is of critical importance. Changes in
connexin expression/eexpression ratios will be explored in greater depth in the work

reported in this thesis.
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1.5.5.Role of antiarrhythmetic peptides on gap junction communication

As discussedn the section above, gap junct®plays apivotal role in facilitating
action potential propagatioand disturbances intheir expression and distributio
contribute to conduction abnormaliti€Bhein et al. 2010)Currernt antiarrhythmetic
therapy (e.g. ion channel blockgis hindered through a lack of efficiency and side
effects, creating the need for a new generation of didgsvVuyst et al. 2011)In this
section | focus otthe key compoundghat have been developed to improve gap junction

communication.

In 1980, Aonuma et al. identified a natural antiarrhythmetic peptidd? A bovine
atrium, whichincreasedsynchrontation between embryonic chicken cardiac myocytes
(Aonuma et al. 1980)Since this discovery numerous derivatives have been synthesised
of which AAP10 was cheen as the lead peptide. AAP10 8@hm) functions by
increasing gap junctional conductance as shown in dual vdedlesoltage clamp
studies performed on guinea i@hein et al. 2001andhuman atrial cardiac myocytes
(Hagen et al. 2009)This increase in conductance was via: (1) preventing the
dephosphrylation of Cx43 and promoting the phosphorylatiof Cx43 at serine 368
though protein kinas€-a leading to the opening of the gap junction chanrBis
Vuyst et al. 2011pand (2) inhibit the removal of Cx43 from the cell membrane and/or
enhances the formation of functional chann@hein et al. 2001)In addition to
increased conductance AAP10 enhanced metabolic couplssgssed by Lucifer
yellow dye transfer(Hagen et al. 2009)The influence of AAP10 on intercellular
communication was not a sudden effect but rather a progressive increase in conductance
(5-10 minutes)lIt should be noted that APP10 is connexin specific and only improves
electrical and metabial coupling in Cx43 and Cx45 coupled cells but not in Cx40

coupled cellfHagen et al. 2009)

Since the discovery oAAP10, the compoundhas beenwas chemically modified
through a rotatiofinversion to produce ZP123 (rotigaptide). Rotigaptide improves
electrical coupling in aimilar manner ® AAP10 by increasing Cx43 synthesis and
phosphorylation and by decreasing disgradationStudieson animal models showed
that rotigaptide prevented: (1) increased dispersion of action potential duration during

ischemia and acidosis; (2) conduction shogviin ischemia; (3) rentrant ventricular

62



tachycardia one to four hours after left anterior descending ligation in the open chest
dog model and (4yeperfusioninduced arrhythmias due to the-opening of the
occluded arteryDe Vuyst et al. 2011)The effects of both AAP10 and ZP123 on infarct
size have also been studied on a rat and dog model. Treatment va#ptlies resulted

in a significant reduction in the infarct size together with increased gap junction

expression in the diseased afdaugan et al. 2 Hennan et al. 2009)

More recently GAPL34 a small dipeptide analog of ZP123 has been developed which
has reduced atrial fibrillation with no effect on heart rate and arterial pressure in a dog
model. However the mechanism of improved gap junct@mmunicationis unclear

since there is no change in Cx43 and Cx40 transcript levels:X3ARs currently under
clinical trials (phase 1 is complete) to be the first orally available gap junction modifier
(De Vuyst et al. 2011)It should be taken into consideration that experimental and
theoretical cell models show that action potential propagation can fail ircawgdled

cells if these form a large mass receiving a limited amount of current from a smaller
sourceunder these conditions, reducing coup
conduction blockRohr et al. 1997; Rudy and Shawd¥® Thusthereduction of Cx43

to decrease couplingpuld be part of a protective response that increases the safety of
conduction in the diseased heg@evers et al. 2008 ollectively these results illustrate

the potential of antiarrhythmetic peptides to improve gap jundtmramunication

1.5.6.Action potential generation and propagation and gap junction remodelling

in theoretical models

The passage of electrical impulses through the myocardium can be considered as a
reactiondiffusion system whereby action potentials generdig individual cells in
response to a suprathreshold current stimulus creates a voltage difference between the
excited and resting tissue. This potential difference then drives the action potential to
excite the resting tissue thereby supporting the dpodaexcitation in a wawike
manner(Kleber et & 2001; Kleber and Rudy 2004)

Action potential generation
In the cells of the sinoatrial and atrioventricular node the action potential shape is

different to those observed in atria and ventricles (Figure 1.12 (A)). The action potential
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upstroke is sl since C4" ions are the major contributor for excitation since these cells
express little or no sodium (Na current (Dobrzynski et al. 2007)The resting
membrane potential is more depolarisésD(nV) compared with atrial and ventricular
cells (~80mV). Nodal cells undergo periodic oscillations of their membrane potential
giving a slow depolarisation phase whittives the membrane voltage from the end of
the repolarisation phase of an action potential towards the threshold potential where
upon the next action potential is initiat¢fangoni et al. 2006) This pacemaker
potential provides the sinoatrial node with automaticity and the capacity for
spontaneous rhythmical self excitation. The hyperpolarisaiont i vat ed 6f unn
(I) has been implicated as the primary source of slow diastolic depolarising current
(Herrmann et al. 2007; Verkerk et al. 20@vhich activates at the termination of an
action potential and deactivates durthg upstroke of an action potent{8larbuti et al.

2007; DiFrancesco 2006; Bucchi et al. 2006)type C&" channels expressed in all
cardiac tissue displaying automaticity including the sinoatrial could also be a potential
candidate in providing the automaticifiylangoni et al. 2006; Takebayashi et al. 2006;
Vassort et al. 2006)
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Figure 1.12 Membrane excitability currents that generate an action potential

Heart rhythm is initiated in the sinoatrial node (SAN), the natural pacemaker region in mammals
produces electrical impulses that spread across the right (RA) and left atrium (LA) and towa
atrioventricular (AV) nde where its velocity is reduced before passing on to the left (LV) and right
ventricles(A). Representative action potentials are shown from sinoatrial node and atria (left) an
atrioventricular node and ventricles (right), respecti@ly. Voltagegated ion channels responsible 1
generating a cardiac action potential (B). The four main phases of the action potential are the res
upstroke (0), plateau (2) and final repolarisation (3) pHaapidly activating K currents such alg, ard
Ixur @re responsible for very rapid initial repolarization (phasdlig. slow upstroke @he end of phase !
in pacemaker cells, such as the sinoatrial node, is shown as a broken line. The inward Gurenats
andls, are shown in yellow boxes;dlrsodiumcalcium exchanger (NCX) is also shown in yellow. T
outward currentshach, Ik, ltor kur ke, @ndlgs are shown in gray boxetmage reproduced from Natte
and Carlssoi{1997b)

In the atria and ventricles N the main crrent responsible for the initial phase of the

action potential and in membrane excitability and conduction (Figure 1.12 (A) and (B))
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(Shaw and Rugl 1997) The influx of N& ions into the cells depolarises the cell
membrane and is responsible for the very rapid upstroke of the cardiac action potential.
The speed at which Nanters the cells determines the upstroke velodW/dtnay)-
Membrane defarisation activates the-type C&" channels which not only contributes

to the maintenance of the action potential plateau but is an essential component for
muscle contractior(Fozzard 2002) Under normal conditions the intracellular Zta
[Ca®™]; is low in the cell. Upon membrane depolarisatiorf Gantry through the type

Ccd* channels triggers Ghrelease from the sarcoplasmic reticulum (SR) through the
ryanodine receptor (RyR) a process termed” @aduced C&' release (CICR). The
combination of C# influx and release raises the f{Qasufficiently for a large amount
ofC& t o bind to the myofil ament protein t
contractile machiner{Bers 2002) The plateau phase of the action potential is followed

by the repolarisation phase. This process relies on the slow inactivation of *he Ca
channels and the opening of thé ¢ghannelgWidmaier et al. 2006; Grant 2009Jhe
outward flow of K ions from the cell returns the membrane potentials to its resting
state.During this final phase muscle relaxation also takes place via a decreasé&jn [Ca
allowing C&" to dissociate frontroponin. C&" removal from the cell is facilitated by:

(1) thesarceendoplasmic reticulum G&ATPase (SERCA) that pumps Tdack into

the SR; (2) N&C&" exchanger (NCX) that pumps €aut of the cell in exchange for
importing Nd into the cell at aratio of 1:3;(3) plasma membrane &EaATPase
(PMCA) that removes CGafrom the cell and (4) mitochondrial Eauniport that
uptakes C# into the mitochondrigBers 2@2). Figure 1.12 (B) is a schematic diagram

of the ionic currents involved in generating the action potential.

Action potential propagation

After electrical excitation the transmission of action potential is facilitated through gap
junction channels. Ira theoretical, multicellular ordimensional fibre of myocytes,

i mpul se propagati on can -aids i nHeber and Rudy n  t
2004) During propagation an excited celll é
nei ghbouring celll which acts as a O0si nkt¢
amount of charge must passrfrahe source to the sink in order to bring the latter to the
threshold of depolarisation to trigger an action potential. At threshold, the sink becomes
the source to a further cell downstream thereupon perpetuating the process of impulse

propagation.
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The ®urceandsink relationship can be described in terms of the safety factor (SF) of
conducti on. Th adinghsionless pdranfeterrihatdndicates thie margin

of safety with which the action potential propagates relative to the minimum
requiremets for sustained conductiéiiShaw and Rudy 1997puccessful propagation
requires a SF of 1 whereby the source charge matches the currentrégthe sink to

reach the threshold of depolarisation. If more current is generated by the source than is
needed by the sink, the SF increase above 1 and conduction continues efficiently.
However if SF falls below 1, conduction is impaired and block egtur.

To elucidate the precise relationship between ion channel fluxésa(idal-type C&")

and gap junction modulation of SF and excitability Luo and Rudy developed a useful
ventricular cell model(Luo and Rudy 1994)The three main parameters used to
characterise conduction were: (1) CV; (2) SF for conduction and (3) thédi.
Figure 1.13 (A) presents the response to reduced membrane excitabiliégrepsing

the availability of N& current. The upper plot in Figure 1.13 (A) shows that decreased
membrane excitability reduced CV and the SF of conduction. The lower plot in Figure
1.13 (A) shows that reducing the maximal conductance of thecidaent rsults in a
steep decrease in giltnax. By reducing the Naconductancegys) only a modest drop

in CV (1/3 of control values) was observed before conduction failure.

When the intercellular coupling was reduced initially there was a significant inénease
SF (Figure 1.13 (B), upper plot) although there is a decrease in intercellular coupling
causing a concurrent reduction in CV. The#ffitax also increased in a similar fashion

to the SF with the progressive uncoupling of cells (Figure 1.13 (B), low8r fhe N&
channel kinetics remained largely unchanged indicating that alteration to depolarising
membrane current was not the cause of the elevated SF afdt.gy Rather, these

data demonstrate that intercellular coupling is a prime determinane cotirceand

sink relationship within a multicellular fibre, which directly feedback on the properties

of the membrane current.
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{A) Decreased membrane excitability (B) Decreased intercellular coupling
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Figure 1.13: Effects of reduced membrane excitability and intercellular coufing on conduction,
SF and maximum upstroke velocity

Image (A), top panel shows the relationship between velocity (solid line) and safety factor (
line) with reduced membrane excitability. CV decreases threefold to 17cm/sec before con
block. Image (A) bottom panel shows the steep decrease in action potential upstroke \
(dV/dtnay as thegya is reduced. Image (B), top panel shows the relationships between velocity
line), safety factor (broken line) and reduced -gaptional condatance. Conduction velocit
decreases 206fld to 0.26cm/s before conduction block occurs. Image (B), bottom panel shov
relationships between action potential maximum upstroke velocity,chi@ents and gajunctional
conductance. Reduced coupling Hétle effect on membrane currents, but significantly increa

action potential upstroke velocity. Images reproduced from Shaw and(Re@ly).

Upon entering a cell at the sink location, the source current will depolarise the
membrane and initiate an action potential. By reducing the intercellular coupling, the
proportion of charge that remains in the sink cell increases imorekat that which may

pass further downstream i.e. the sink volume is decreased. This elevates the amount of
current available for local depolarisation, whereby SF angddt\.x increase. At much

higher levels of uncoupling, the resultant delay of chargester from the source to the

sink means that more of the Nand C&" channels responsible for action potential
generation will inactivate before threshold is reached. This leads to the sharp reduction

in SF and dW/dtmax shown in Figure 1.13 (B). Whemaoupling is sufficiently high
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enough, conduction block will therefore occur. During reduced coupling ttypd.

C&"* channel plays a major role in sustaining conduction whereby there is a switch of
intrinsic membrane processes from a*Nased upstroke ta C&" based one. This
interplay between membrane and gap junction factors may mean that under some
conditions one change (reduced coupling) may compensate for another (reduced
excitability) (Shaw and Rudy 1997)

One of the key features of the model proposed by Shaw and @948y) is that
conduction can persist following profound reductions in intercellular coupling albeit at
much lower velocities due to the increase in SF. This could also explain the
observations in transgenic mouse hearts which have shown that almodeteomp
ablation of connexin expression is required to promote arrhythmias. The theoretical
model suggests that reductions in intercellular communication could enhance safe
propagation by diminishing souremdsink mismatches. This was proven by Rohr et

al. (1997)using a very small volume of cells (source) connected to a large mass cells
(sink) (Figure 1.14). Under control conditions the source was unable to depolarise the
large sink due to a souremdsink mismatch resulting in a unidirectional block.
However the same source is freely able to depolarise the sink when partial uncoupling is

induced so diminishing the souraedsink mismatch.
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control

superfusion superfusion washout

washout | ' washout washout

Figure 1.14: Optical mapping of successful conduction across a souread-sink mismatch

through reduced intercellular coupling

(A) video micrograph of the patterned growth myocyte culture used in this experiment. A r
myocyte strand (source) neighbours a large rectangular myocyte monolayer (sink). (B) dep
recording system used to measure conduction. The graaledr scale reqgsents the strength of ¢
action potential fired by cells. Red colour denotes$ided action potential; dark blue means ther
an absence of depolarisation. (C) shows that under normal conditions, substantialisdsiok

mismatch causes conductidblock within the myocyte strand. In (D) cells have been parti
uncoupled by brief (1.5 minutes) superfusion with the gap junction inhibitor palmitoleic

Conduction is now successful. (E) further superfusion with inhibitor, causes complete urganpl
conduction block. (FH) demonstrate that as the inhibitor is removed and coupling is slowly res
conduction is again successful and dependent on the degree of coupling. (I) after washout
complete coupling is regained and unidirectioc@hduction block is restablished. Image modifie
from Rohr et al(1997)

In vivo, prominent examples of soura@dsink mismatches are the sinoatrial node
atrial tissue and the Purkinje fibventricles. At these locations, a small source must

provide a large enough charge to activate depolarisation of a large mass. A
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characteristideature of the diseased human ventricle is a heterogeneously reduced level
of Cx43 expressior(Severs et al. 2004b; Dupont et al. 2001bhis may lead to
premature activation through dispersion of action potential durations, mismatches of
sourceandsink relationships and local conductioelalys or block(van Rijen et al.
20006). Although heterogeneously altered levels of connexin expression contribute to
conduction abnormalities by causing large differences in electrical coupling, the exact
relationships between intracellular resistance, CV and the specific expression of Cx40
Cx43 and Cx45 at these locations are yet to be determined.

1.6.HL -1 cell model to study impulse propagation

The functional correlates of connexin-egpression are difficult to elucidaite vivo due

to: (1) the various cell morphologies/physiology in thendiaction system; (2) the
technical difficulties of measuring CV in specific regions of the heart and (3) the
impossibility of changing levels of expression. Although work on transgenic mice has
given valuable insight on the functional consequences of gonmxpression in the
healthy and diseased heart, the inability to modulate connexexmression ratios
makes their uses limited. In addition computer simulations relating intercellular
coupling and conduction cannot resolve the precise contributiongapfjunction
channels which display a variety of functional properties. Therefore in parallel with
such studiesn vitro cell models that permit the manipulation of connexin expression
(e.g. RNA interference) to mimic eexpression patterns foumal vivo would open new

opportunities to advance our knowledge.

In my work thein vitro system used to determine the role of each connexin and
combination of ceexpressed connexins that occur in the normal heart was the cardiac
cell line HL-1.

1.6.1.Development of the H.-1 atrial cell line

The growth of cardiac muscle cells is classified into two stages of development: (1)
embryogenesis during which the cells divide and; (2) postnatal development when
functional demand on the heart is met by cell entaegd rather thaproliferationwith

a complete loss in the ability of the cells to divi@einhelper et al. 1990; Borisov and
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Claycomb 1995) As a result isolated neonatal or adult cells are unable to survive
passaging in culture while retaining their differentiated phenotype. &mpts to
develop a cardiac cell line that maintained kbagn proliferation, several studies have
looked into the transfection of large T oncogene of the monkey papovirus simian virus
40 (SV40)(Amsterdam et al. 1988; Pfeifer et al. 1998)s thought that the SV40 large

T oncogene induces cell proliferation by its ability to complex with and repress the
activity of tumour suppressor proteins pRb and p53 involved in regul&igncell cycle
(Lanson, Jr. et al. 2000Using this technique Claycomb et al. produced transgenic mice
expressing the SV40 T oncogene under the control of a tissue specific human atrial
natiuretic factor (ANF) promoter resulting in atrial hyperpla@aeinhelper et al. 1990;
Borisov and Claycomb 1995ANF, a peptide hormone synthesised and stored in
cardiac atria functions in regulating extracellular fluid volume and electroffiekl

1988)

The atrial cells under the coaotrof an ANF promoter termed AT were highly
differentiated and exhibited rhythmic contractile activ{{gteinhelper et al. 1990;
Lanson, Jr. et al. 1992However as the cells were tumederived the hyperplastic
growth (up to 3660% of the host body mass) svkethal to the mice. In addition AT

cells could only be maintained through sulianeous transplantation into syngenic
animals and could not be passaged in culture or recovered from frozen (iitts
1988; Steinhelper et al. 1990)o overcome these difficulties the HLcell line was
isolated from an ATL subcutaneous tumour and cultur@@laycomb et al. 1998 Cells

from the excisedigsue were plated in gelatfibronectin coated flasks and grown in an
atmosphere of 5% Cfat 37°C. Once cells reached confluency, cultures were split 1:3
and under selective conditions (e.g. retinoic acid and norepinephirine) were highly
proliferative aml allowed at least 240 passage while retaining a differentiated phenotype
(Claycomb et al. 1998)

HL-1 cells share several characteristics with primary cultures of cardiac myocytes.
Electron microscopy revealed the cells were abundant in nascent myofibrils and areas
rich in glyoogen typical of mitotically active cells. At the various passages tested all
cells possessed perinuclear Alntaining g a n u |-tgps myosth heavy chain,
muscl e speci fic d e s mi Hypei cartlisz r agtie canda €xd3 f |

(Claycomb et al. 1998)Electrophysiological studies confirmed the presence of
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functional voltagegated ion channels (e.g. inward and delayed rectifierlKand T

type C&" andly), [C&"]i release from the SR and spontaneous action potef8aisani

et al. 2002; Claycomb et al. 1998; Akhavan et al. 2003; Xia et al. 2004)genes
expressed inthe HL-1 cells are depicted diagrammatically in Figure 1.TGese
features, together with their ability to retain or maintain their differentiated
characteristics during continuous passage in culture, make them amidial model

to study various geects of cardiac cell biologyVhite et al. 2004)

I Ca, L Ica' Y lf

e D/QH
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a—actinin
desmin
o—myosin heavy
chain

a—actin

1 ca™

QQ,
XN

o— and B—adrenergic receptors

Cx43

NCX) ¢ 3 Na*

Figure 1.15: Schematic depiction of the key characteristic features in a Hl1 cell

The HL-1 cells dispay a cardiac phenotype with the expression of a number of cardiac my
markers such as-myosin heavy chain amal-actin, both key components of the contractile appare
Cells expressed ANF granules normally secreted by atrialineliso in respone to stressful stimul
such as hypoxia and hyperglycemia. They were also able to generate action potentials shov
they express the necessary ion channels required for excitability (SOdm{ (Ic,,) and TFtype
(Icap Céa*, potassiumlg) andhyperpolarisinga c t i vat ed 6lf))uCelts yigplayedi [€); «
oscillations indicative of a functional SR and*Chaandling proteins. Hil could be a useful model t
study the role of various receptors in cell signalling pathways suahasdb-adrenergic receptors. ,
number of transcription factors are also expressed such as Nkx2.5, -@BA&Myc, Tbx-5 and
MEF2C. Collectively these featured make the-Hkell line a usefuin vitro model to study cardiax

physiology and pathophysiology. Imagmdified from White et al(2004)
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1.7.Scope of thesis

| set out to investigate the functional significance of distinctive connexexpression
patterns characteristic of the different myte subtypes. Using the HL cell model we
were able to manipulate connexin expression using RNAI technology and assign CV to
each of the different connexin combinations using microelectrode arrays (MEA). To
address the role of connexin expression in ilsgyropagation this investigation was
performed with the following objectives in mind:
1. To subclone the HL1 cells due to heterogeneity of the original cell line
2. To characterise voltaggated ion channels mainly involved in cell
depolarisation and [G§; release which are key components in action potential
generation and contractile activity.
3. To examine connexin distribution patterns;ecgression ratios and investigate
the possible gap junction channel types in terms of connexin compaosition.
4. To detemine CV in the HEL1 clones, homogeneity of wavefront propagation
and pacemaker location.
5. To manipulate connexin expression levels and determine the effects of altered
expression on CV.

General methods that were routinely used to fulfil the goals ofnhesiigation are
described in Chapter 2. These include cell culture procedures, immunofluorescent
labelling and confocal microscopy, western and northern blotting. The main body of the
experimental work is presented in Chaptefa Zhese chapters each ¢aim a focused
introduction, a description of the specific methods undertaken for the particular
investigations, the experimental results and a concise discussion. Some of the
techniques that were specific to the work in a chapter are described in narevden

used.

The HL-1 cells needed to be cloned to create more homogenous populations in order to
relate experimental data to the chosen gene expression and exclude differences due to a
heterogeneous cell line. It was important to establish that th& elanes were able to
express functional voltaggated ion channels and the relevant*Gendling proteins
determined by whole cell patedtamp and northern blotting respectively confirming the

clones were of cardiac myocyte origin (Chapter 3). Gap jonakpression levels and
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connexin ceexpression patterns were analyzed by western and northern blotting and
immunofluorescence confocal microscopy (Chapter 4). Action potential propagation
was measured in all the HL clones using MEA in combination wittptical mapping
(Chapter 5). To correlate connexin expression to CV, RNAIi using short interfering
RNA (siRNA) was used to decrease connexin expression (Chapter 6). The functional
consequences of altered connexin expression levels were assessed b 8diE#nary

of the main findings, their significance and future directions for this study are discussed
in Chapter 8.
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CHAPTER 2.

General methods

76



2.1.Introduction

This chapter gives a detailed description of all the general procedures used throughout
theinvestigationsuch asmmunocytochemistry, western blotting, and northern blotting

for the characterisation and functional assessment of thel Hlones. Specific
methodological detail such as the optimisation of the microelectrode arrays and RNA
interferenceare given in theelevant individual chapters. All chemicals and reagents
were supplied by Sigmaldrich and VWR unless otherwise stated and were of the

highest analytical grade.

2.2.Cell culture techniques

2.2.1.Culture maintenance of the HL-1 clones

All sterile procedures were céed out in a laminar flow safety cabinet. The HL

clones were cultured in Claycomb medium supplemented with 10% foetal bovine serum
(FBS), 4mM Lglutamine, penicillin (100 units/ml), streptomycin (100mg/rabd
10eM norepinephrine mai nt a;an3g°g. Ailistofghea at n
reagents used to prepare the Claycomb medium is presented in Table 2.1. Cultures were
maintained at high density and split every four to five days when confluency was
reeched and cells were visibly contracting under microscope examination with the
exception of clone 2. Flasks were jp@ated with 0.02% gelatin, 5mg/ml fibronectin in
distilled water (dHO) to help cells adhere to the surface and be passaged repeatedly
while maintaining their contractile phenotyf#/hite et al. 2004)To passage a 25ém

flask, the cell monolayer was washed with phospbaféered saline (PBS) and
incubated with 2ml of 1x trypsi&EDTA (5mg/ml trypsin, 2mg/ml EDTA, PBS¥or
approximately 3 minutes at 37°C for partial detachment of cells. The trypsin together
with cellular debris produced by the cells was removed by aspiration and replaced with
fresh trypsin (0.5ml). The flask was returned toitiebator for a further 5 minutes for
complete cell detachment. Trypsin activity was blocked by 1x trypsin inhibitor from
glycine max (soya bean) at a ratio ofmi@er 1cnf of cells. Flasks were rinsed
thoroughly with Claycomb medium to ensure high oetlovery and a new flask seeded
approximately by a 1:2 or 1:3 dilution.
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For experiments where a specific cell density was required, cells were trypsinised as
above, centrifuged (130gmax, 5 minutes room temperature) in serurbdteecco'’s
Modified EagleMedium (DMEM). The cell pellet was rguspended in the appropriate
volume of Claycomb medium and seeded in the suitable culture vessels (e.g.-24 well

plate and 35mm dishes).

Table 2.1: List of reagents used ¢ prepare the Claycomb medium

Reagent Concentration
Total protein 261mgl/l
Bovine albumin 48.85mg/l
Nonessential amino acids 0.1mM
Fetuin 165mg/ml
Transferrin 31.8mg/ml
Retinoic acid 3 0 @/m
Human insulin (recombinant) 15mg/|
Long RIGF-1 (recombnant) 0. dIm
Long EGF (recombinant) 0. dlm
Cholestrol 1.96mg/mi
Linoleic acid 0.78mg/ml
gOleyl-b-pala-phosphatidylcholine 1.96mg/ml
Ascorbic acid 0.3mM

Table modified from White et a2004)

2.2.2.Cryopreservation of the HL-1 clones

For freezing, sutronfluent cell monolayers in 75¢nflasks were detached as above
with the proportion and volumes of trypsin and trypsin inhibitor adjusted; centrifuged
(130gmax, 5 minutes room tempera&uand the cell pellet reuspended in 5ml FBS
containing 5% dimethyl sulphoxide (DMSO) (v/v). Aliquots of 1ml were transferred
into cryovials before freezing é80°C for a maximum of 24 hours and subsequentlong
term storage in liquid nitrogen. For resly cryopreserved cells were thawed at 37°C,
diluted in Claycomb medium and plated in a 25dtask. Medium was changed4
hours posseeding to remove any dead cells and prevent any DMSO toxicity. Thawing
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of each aliquot resulted in an approximately4B0% confluent 25ciflask after one

day in culture.

2.3.DNA Engineering to obtain probes for northern blot

2.3.1.Preparation of freshly saturatedE. coli ER2925 cells
Freshly saturated cells were prepared by inoculating 20ml of -Betitani (LB) broth

(10g/l bactotryptone wl/v, 59/l bacto yeast extract w/v, 10g/l sodium chloride wl/v,
100pl 10M sodium hydroxide v/v) with 5@0 of frozen ER2925 cells (New England
BioLabs) overnight at 37°C with shaking at 350rpm using a rotary shaker. For future
use and londerm stoage freshly saturated bacteria were frozen889°C in 1ml

aliquots after addition of glycerol at a final concentration of 15% (v/v).

2.3.2.Preparation and transformation of competentE. coli ER2925 cells

The calcium chloride method originally described by Gokeal. (1972was used to
prepare and transform competet coli to allow the cloning of various DNA
fragments.The principle behind this technique is that bacterial cell membranes are
permeable to chloride ions but impermeable t6*@ms. Thereby as the chloride ions

enter the cell, water molecules accompany the charged particles causing the cells to
swell. Through this altation of the cell wall, bacteria are more likely to incorporate
plasmid DNAand suclc el | s ar e s ai dA freshly dataratedl ER2605 e t e r
culture stored at80°C was thawed and 250ul of cells dispensed into a 50ml falcon tube
containing 25ml LB brth. The culture broth was incubated at 37°C on a rotary shaker at
350rpm for approximately 2 hours. When an optical density of 0.3 when read at 600nm
was reached, the culture was immediately cooled on ice f@0Xf@inutes. This was to

ensure the number ofable cells per 1ml did not exceed®tt@erefore preventing the
bacteria from entering the late log phase of growth which decreases transformation
efficiency. Cells were pelleted by centrifugation at 1500gmax for 10 minutes at 4°C,
rinsed thoroughly with0.1M icec ol d cal cium <chloride (0.
centrifuged. From this stage the bacteria were competent and all plastic ware used
during experiments had to be iceld to maintain competency. The resulting pellet was

re-suspended in 1ml of O0.1Malcium chloride using iceold tips and incubated

79



overnight on ice at 4°Go reach maximal competency and increase transformation

efficiency.

50ng of purified plasmid DNA was used for each transformatiosuspended in a
maximum volume of 10ul Tri€DTA (TE) (10mM tris w/v, 1mM EDTA v/v) pH 8.

DNA was first transferred to a sterile 14ml rodmottomed tube (Falcon 2059) and
stored on ice for 30 minutes. Using-celd pipette tips, 200ul of competent cells were
added to the DNA, gently mixed and inculzthten ice for 3045 minutes. Cells were
heat shocked for exactly 90 seconds at 42°C. 800ul of LB broth was added to the cells
and incubated for a further 45 minutes at 37°C with agitation at 250rpm to allow cells to
recover and initiate expression of thepaailin resistance gene encoded by the plasmid.
Transformed cells were selected by plating up to 200ul of the transformed mixture onto
LB-agar plates (1.5% agarose w/v, LB broth) containing 100ug/ml ampicillin and
incubated overnight at 37°C. Positive tofs were prepared with cells transformed
with 25ng ultra clean plasmid DNA (pcDNA 3.1 V5/His A, 5.5kB). This protocol
typically yields 13 x 10 transformed colonies per 1ug of supercoiled plasmid DNA.
Cells transformed without plasmid DNA were used agative controls. The resistant
colonies were transferred using a bacteriological transfer loop to 50ml falcon tubes
containing 15ml LB broth and incubated overnight at 37°C with agitation at 250rpm to
obtain a freshly saturated culture. Cultures werees@e for successful transformation

by smaltscale DNA preparations (mupirep) and/or used to inoculate larger cultures

for largescale plasmid DNA production (magirep).

2.3.3.Small-scale preparations of plasmid DNA (miriprep)

For smallscale isolations anthpid screening of the clones, mpreps were used to
yield up to 50y DNA. The alkaline lysis method initially described in 1979 by
Birnboim and Doly was used for isolating plasmid DNl of culture was transferred

to a 2ml Eppendorf tube and spun at 22,000gmax forinutes at room temperature.
This step was repeated twice using a total of 6ml of the freshly saturated culture. The
bacterial pellet was rsuspended in 200 of alkaline lysis solution | (25mM tris pH 8

w/v, 50mM glucose w/v and 10mM EDTA v/v) by vigus vortexing to give a
homogenous suspension. 400f alkaline lysis solution Il (2M sodium hydroxide vl/v,

1% sodium dodecyl sulphatéSDS) w/v) was added to the cell suspension and
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incubated for 30 minutes with gentle rocking. At alkaline pH and inptiesence of
SDS the cellular membranes and proteins are solubilgset] the plasmid DNA
denaturedThe cellular debris and genomic DNA was precipitated by the addition of
3001 alkaline lysis solution Il (5M potassium acetate w/v, glacial acetic acidwith

gentle shaking and incubation on ice forl® minutes. Potassium acetate helped
neutralise the alkaline solution enabling thenaturing of singlestranded DNA to
doublestranded DNA. This is a selective process whereby only small circular plasmid
DNA can renature and dissolve easily in solution and precipitate the dodecyl sulphate
protein complexes. A white insoluble precipitate forms consisting of chromosomal
DNA and SDS/protein complexes that weeenoved by centrifugation at 22,000 gmax
for 5 minutes. The supernatant containing the plasmid DNA was transferred to a fresh

tube.

Plasmid DNA was extracted with 1 volume of phenol buffered to pH 8 and then with 1
volume of chloroform:isoamyl alcohol (25:1) v/v. Samples were vortexed vigorously to
derature the protein and remove contaminants that would interfere with the restriction
digestion step later in the procedure. The chloroform helped separate the phenol and
agueous phases. The aqueous phase was collected after centrifugation at 22,000gmax
for 5 minutes. Plasmid DNA in the aqueous phase was precipitated by mixing with an
equal volume of propaB-ol v/v followed by incubation at20°C for 1 hour. After
centrifugation the DNA/RNA pellet was washed with 1ml of 75% ethanol v/v and
vortexed. Pelletsvere recovered by centrifugation, -diied and resuspended in 3

of TE pH 8 with 259/ml RNase A to digest contaminant RNA. Clones were screened
using restriction endonucelease digestion and agarose gel electrophoresis as described in
section 5 of thishapter.

2.3.4.Large-scale preparations of plasmid DNA (maxprep)

To obtain large amounts of pure plasmid DNA rareps were used giving a yield of
1-3mg from a 500ml culture. 1@0of cells from a freshly saturated culture containing
the plasmid either ket 4°C or freshly thawed fror80°C was seeded into 500ml LB
broth with ampicillin 10@g/ml and incubated overnight at 37°C on a rotary shaker at

250rpm. Cells were collected by centrifugation (1500gmax, 15 minutes) in 50ml falcon
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tubes with the supernatadiscarded after each spin and replaced with a further fresh
50ml culture until all the culture was collected in a single tube. The final pellet was re
suspended, lysed and debris precipitated in alkaline lysis solutions | (10ml), II (20ml)
and Il (15m) respectively. Debris was removed by centrifugation at 1500gmax for 15
minutes at 4°C and the supernatant divided into 2 fresh 50ml falcon tubes. Nucleic acids
were precipitated using 0.6 volume (of the 45ml of alkaline lysis solutions) of pBpan

ol with incubation at room temperature for-18 minutes and centrifugation at
4000gmax for 15 minutes at 4°C.

Pellets were washed in 10ml 75% ethanol andergrifuged (4000gmax, 15 minutes
4°C). The alcohol was carefully aspirated and pellets briefhdraed before re
suspension in 2.5ml TE pH 8. 2.5ml of 5M lithium chloride was used to precipitate high
molecular mass RNA. After centrifugation at 4000gmax for 10 minutes at 4°C the
supernatant was transferred to a fresh 15ml falcon tube, and nucleic aciEls we
precipitated with 1 volume (5ml) of prop&rol and centrifuged (4000gmax, 10
minutes 4°C). Pellets were rinsed in 75% ethanol arckém&ifuged. To remove any
remaining RNA contaminants, pellets werestspended in 560 TE pH 8 containing
25ng/ml RNase A and incubated for 45 minutes at room temperature. To purify plasmid
DNA, samples were precipitated with 600ul of polyethylene glycol (13% PEG vlv,
1.6M sodium chloride) for 15 minutes and centrifuged (22,000gmax, 10 minutes 4°C).
PEG selectively pragitates plasmid DNA leaving short RNA and DNA fragments in
the supernatant. Small pellets weresuspended in 400 TE pH 8 and extracted with
phenol pH 8 (1 volume). Samples were thoroughly mixed by vortex and centrifuged
(22,000gmax, 10 minutes). Thepper aqueous phase containing the DNA was
collected, purified with 408k phenol:.chloroform (1:1 v/v ratio) and -eentrifuged
(22,000gmax, 10 minutes). The aqueous phase was further purified with 1 volume of
chloroform. After centrifugation the upper aqusophase was recovered and the
plasmid DNA was precipitated with 180of 10M ammonium acetate and 30Qof
propan2-ol with incubation on ice for 15 minutes. Pellets were recovered by
centrifugation at 22,000gmax for 10 minutes at 4°C, washed iml 7506 ethanol, re
centrifuged for 5 minutes and airied. Purified plasmid DNA was guspended in
200m of TE pH 8 and the optical density determined at a 1:250 dilution. Samples were

measured at an absorbance of 260nm and 280nm. An optical density oR&@hat
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(A2e0) is equivalenttdc 0 e g o f DNA and purity of the

ratio of Apsg/Azgo. Pure plasmid DNA preparation gave a ratio of approximately 1.8.

2.3.5. Restriction endonuclease digestion
Analysis of the plasmids obtained from mimnd maxipreparations wasaried out
using restriction endonuclease digestion and the resulting bands visualised using

agarose gel electrophoresis.

As a general rule in enzymatic digestions the concentration of enzyme used should
never exceed 10% of the total volume and 1 unit ofymezwill cut Ing of a 3Kb
plasmid in 1 hour at 37°C. For miprep analysis ~1 (1ng) of DNA from the 3@i of
mini-prep culture was digested in a total volume ofM2€ontaining 10 units of the
appropriate enzyme (Roche) in the corresponding restrictiagnge buffer (up to a
maximum of 21) (Roche) and dkD for 1-2 hours at 37C. The restriction enzyme was

the last component added to the mixture preventing any possible damage caused by

contact with the undiluted buffer.

2.3.6.Agarose gel electrophoresis

Analyss of the restriction digest was carried out by agarose gel electrophoresis. An
agarose gel of 1% shows good resolution of DNA fragments of between 500bp and
5000bp in size. A 1% agarose (LE, Analytical grade, Promega) w/v gel containing 1x
Tris acetateEDTA (TAE) buffer (40mM trisacetate pH 8, 1mM EDTA) v/v and
0.5mg/ml ethidium bromide v/v was prepared. Ethidium bromide was used to visualise
the DNA during electrophoresis because of its ability to intercalate between the stacked
bases of DNA. di of (~02ug) DNA was loaded per lane from an@Qestriction
digestion mixture to allow visualisation of the electrophoretic pattern. Samples were
prepared in 0.1 volume of 10x loading buffer (0.1% xylene cyanole w/v, 0.1%
bromophenol blue w/v, 50% glycerol v/v,.5% SDS w/v, 1x TAE v/v) and
electrophoresed in running buffer containing 1x TAE v/iv andwrbl ethidium
bromide v/v at a voltage of 100V. DNA markers of known fragment size were also run
on the gels to analyse accurately the size of the digest prodwatssets of markers

were used. Lambda DNA cut with EcoRI and Hindlll (Sigma) gives clear bands
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between 21,226bp and 125bp in size. pBR332 DNA cut with Haelll gives bands
between 587bp and 123bp in size. DNA bands were visualised using an UV

transluminatoand recorded on Polaroid film.

2.3.7.Recovery of DNA to be used as probes

To purify DNA inserts to be used as probes coding sequences were removed from the
plasmid DNA by restriction enzyme digestion and isolated by agarose gel
electrophoresis. As an examppegeparation of the probe used to detect mRNA for the
L-type C&" channel is described in Figure 2.1. In brief the plasmid map-fgp& C&"
channel had two restriction sites flanking the coding sequence for EcCoR1 and EcoRV.
Each enzyme cut the plasmidthbse single sites. Digestion was carried out using 9ug

of pClneo L-type, 10 units of each EcoR1 and EcoRV and a restriction enzyme buffer

that was compatible with both enzymes.

Digested fragments were resolved by agarose gel electrophoresis. The geépared

using a 1% lower melting point (~65°C) agarose w/v in 1x TAE anagdnd ethidium
bromide v/v. DNA fragments were visualised using a UV transluminator and the bands
of correct size were cut out of the gel using a clean razor blade. The geWwhand
transferred to an Eppendorf tube, diluted torBOE pH 8 and melted at 75°C fefl0
minutes. Samples were vortexed extensively to ensure all the DNA was solubilised and
snapfrozen in liquid nitrogen. Samples were thawed at room temperature wilougy
vortexing and the agarose removed by centrifugation (22,000gmax, 10 minutes 4°C). In
this condition agarose forms a tight pellet and the DNA remains in solution. DNA was
precipitated with 0.1 volume 3M sodium acetate pH 5.2 and 1 volume of pPegan

and recovered with centrifugation (22,000gmax, 10 minutes 4°C). The DNA pellet was
washed with 5081 75% ethanol, centrifuged 22,000gmax, 10 minutes 4°C) and
solubilised in 381 TE pH 8. There is an approximate 25% loss of DNA during the
probe recoveryhat needs to be taken into account to ensure the final concentration of
DNA is at 2.5ug/pl.
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Figure 2.1: Plasmid map of L-type C&’* channel

The plasmid map containing cDNA for thetype C&" channel hasvio restriction sites flanking th
coding sequence for EcoR1 and EcoRV (A). Plasmid digestion was carried out using res
enzymes EcoR1 and EcoRYV in the enzyme buffer compatible for both enzymes and the fre
resolved in low melting point gel eleophoresis (B). The smaller of the two DNA fragme!

(2136bp) in the gel was cut with a sharp blade and precipitated for northern blot analysis.

2.4. Analysis of mMRNA expression by northern blotting

Northern blotting was used to detect and quantify the mRisnscribed in the Hil

clones in relation to Gahandling proteins and connexin expression.

2.4.1.Sample preparation

Cells were grown in 200mm dishes and cultured to the required densities. Cultures were
washed in PBS and | ysed anidinium thideydnateonv, S o |
25mM sodium citrate pH 7 w/v, 0.5% sodium lauryl sarcosinate w/v, 1% 2
mercaptoethanol vjvto solubilise all cellular components and denature endogenous
RNases that are released during cell lysis. Samples were scraped intpganbé&f

tubes and stored #20°C until further use.
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2.4.2.RNA extraction and quantification

All glassware used for RNA extraction was baked overnigihit88PCto remove any

contamination by RNases.

RNA was extracted using thacid guanidiurrphenoichloroform (AGPC) technique
(Chomczynski and Sacchi 198With modifications. After cell lysis in Solution D,

RNA was acidified with a 0.1 volume of 2bbdium acetatgpH 4 and precipitated with

1 volume phenol pH 4.5 and 0.2 volume chloroform:isoamyl alcohol (25:1 v/v). This
step separates the RNA into the aqueous phase from DNA and protein which is retained
in the phenol phase at acidic pH. Samples wereexed extensively, left to stand on ice

for 15 minutes and centrifuged at 22,000gmax for 15 minatdSC. The RNA was
precipitated from the aqueous phase with 1ml preépahfor 1 hour or overnight at

20°C. The pellets were recovered by centrifuga(@h000gmax, 15 minutes 4°C) and
solubilisedi n 400 ¢ | of S o | tptecipdgated With 0.IRVElAdMme wia3¥ r e
sodium acetatpH 5.2 and 1 volume of prop&hol and incubated for 1 howt -20°C.
Samples were centrifuged (22,000gmax, 15 minutes 4°C) angetteds washed in
750¢ |l 75 % . @heRaA pellets wéres recovered by centrifugation asd
suspendedn 100% formamide (3@ O ¢ | ) . Formami de provi de:c
environment for RNA and protection against degradation by RNases. Samples were

stored at20°C for longterm storage.

To measure the concentration and purity of the RNA extracted, samples were diluted
1:400 in TE pH 8 and the absorbance measured at 260nm and 280nm. A reading of 1.0
optical density at A&oi S equi val ent to 40¢eg/ ml of R
Aosd/Azgo IS used to assess RNA purity and ago g0 ratio of 2.0 is indicative of

highly purified RNA.

2.4.3.Northern blotting

RNA was denatured and separated according to size in a denaturing formaldehyde
agarose gel. For each sampleg®f total RNA was diluted im volume of & 100%
formamide and mixed with an equal volume of RNA loading buffer (40mM MOPS pH
7-7.5 wlv, 10mM sodium acetate v/v, 36 % formalin v/iv, 2mM EDTA v/v, 0.02ug

ethidium bromide v/v, 10% tracking dye v/v) and denatured at 75°C for 10 minutes.
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Samples (161) were loaded on a 1% agarose gel (1% agarose w/v, 20mM MOPS pH 7
7.5 w/v, 5mM sodium acetate v/v, 18% formalin v/v, 1ImM EDTA v/v) and run at 70V
in running buffer (20mM MOPS pH-7.5 w/v, 5mM sodium acetate v/v, 18% formalin
v/v, ImM EDTA v/). Formaldehyde maintains RNA in a denatured state by forming
unstable Schiff bases with single imino groups of guandine residues. After migration the
18S and 28S ribosomal RNA subunits on the gel were visualised under the UV
transluminator and recorded étolaroid film to quantify the amount of nucleic acid
present. The gel was equilibrated twice in a plastic container with 10x saline sodium
citrate (SSC) (1.5M sodium chloride, 150mM sodium citrate pH5J on a rocker for

30 minutes each. The RNA gel waapillary blotted overnight in 10x SSC onto a
Hybond N nylon membrane (Amersham) using theugeitlustrated in Figure 2.2. After
northern blotting the membrane was rinsed briefly in 2x SSC (300mM sodium chloride,
30mM sodium citrate pH-7.5) and driedhoroughly at 37C. RNA was crosg$inked to

the membrane by UV irradiation on a transluminator for 5 minutes before further
processing. This was the optimal time developed in our lab to ensure each membrane
could withstand more than one round of hybridsatand washing without the
significant loss of the bound nucleic and subsequent hybridisation signal.

Absorbent paper

10x SSC .
Buffer Filter paper
I Nylon membrane
Formaldehyde gel
Wick

Figure 2.2: Apparatus setup for northern blotting procedure
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2.4.4.Probe synthesis and hybridsation

For each hybridisation 250ng of DNA probe was diluted in 30pl ultpure water
(MilliQ) and denatured at 95°C for 10 minutes. The DNA was used as a template to
synthesise radioactive probes using a Mega Prime DNA Labelling kit (Amersham, GE
Healttcare) and a-**P-labelled dCTP radionucleotides prepared according to
manufacturerds instructions. Uni ncorpor a
chromatography using a Micro Bipin 30 chromatography column (prepared
according t oinsmations francBieRad)eThe hg/bridisation buffer was
prepared containing 7% SDS, 0.5M sodium phosphate, and 1mM EDTA. To prevent
any SDS from precipitating the buffer was pvarmed at 65°C for a minimum of 30
minutes in a hybridisation oven with gentocking. Membranes were blocked in the
warmed buffer for a further 30 minutes to which the radiolabelled probe was added and
incubated overnight at 65°C. After hybridisation, membranes were briefly rinsed in 2x
SSC, washed twice with 0.5x SSC (75mM swdlichloride, 7.5mM sodium citrate pH
7/7.5) and 0.1% SDS at 65°C for 1 hour per wash and placed in clear a plastic envelope.
Membranes were exposed usingDMAT imaging films (Kodak) in intensifying screen

cassettes (Amersham)-80°C.

Membranes were dghridised in a boiling solution of SDS 0.1% in ulpare water
(MilliQ) and left on a rocker until room temperature was reached. This step was
repeated until no, or minimal, radioactivity was detected using a Geiger counter and the

membranes ready to belmybridised with a new probe.

2.5. Analysis of protein expression by SD®AGE and western blotting

Sodium dodecyl sulphate polyacrylamide gel electrophoriesis-f8&E) and western
blotting was used to detect:

(1) Total connexin expression

(2) The ratio of junctionkto nonjunctional connexins

(3) Connexin ceexpression ratio

(4) Coimmunoprecipitation studies on connexon interaction and

(5) Effects of RNA interference on connexin expression
This technique utilizes the specific binding of SDS to proteiough its hydrophobic
alkyl chain at a ratio ot.4g SDS per 1g of protein to form a #ikke micelle structure.

88



This unique property gives the denatured protein a large net negative charge
approximately proportional to its mass. The denatured proteins are then separated
accordng to sizeusing gel electrophoresis, which are then immunoblotted onto a
membrane and the target proteins detected using the appropriate primary and secondary

antibodies.

2.5.1.Sample preparation

Total connexin expression

Cells were seeded in either 60mm eishor 6well plates and grown to the required
confluency. Cultures were washed twice in PBS and lysed in solubilisation buigr SB
(20% SDS w/v, 0.1M Tris pH 6.8 v/v, 10mM EDTA v/v) at a ratio ofilper 1cnf of

cells. Cell lysates were sonicated (LSlnmator, Heat systerridltrasonics, Inc) at high
power for 1015 seconds to shear the genomic DNA and reduce viscosity. The solution
was allowed to clear and ADmM was removed for protein quantification before storage
at-20°C.

Differential solubilisation of junctional and nonjunctional connexins

To assess the ratio of junctional to fanctional connexins, cells were initially treated
with mild nonionic detergent Triton XLOO that was able to solubilise single connexons
and molecular connexins withbwausing them to dissociate into their component
connexingMusil and Goodenough 1991)unctional connexons that are still docked as
channels are resistant to solubilisation with Tritod00. The final step was to treat the
remaining celluhr material with SDS that solubilises the remaining connexins, which

represent the connexin present at the junction.

Cells were seeded in swell plates and grown to full confluency. Samples were
scraped directly from the medium in which they were cattuising a cell scraper and
transferred to a 15ml falcon tube. The wells were rinsed thoroughly with complete
DMEM (10% FBS, 4mM LEglutamine, penicillin (100units/ml) and streptomycin
(100mg/ml)) to recover any remaining cells and added to the falcon @dis. were
centrifuged at 700gmax for 5 minutes at 4°C and the supernatant carefully aspirated
with minimal disruption to the pellet. Cell pellets werestespended in 2ml of complete
DMEM and transferred to a 2ml Eppendorf and centrifuged (22,000gmamniges
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4°C). The medium was aspirated and the cell pellet was washed in PBS and centrifuged
(22,000gmax, 5 minutes 4°C). Cell pellets were directlguspended iisolubilisation

buffer containing Triton X100 (1% Triton X100 v/v, 40mM Tris pH 8 v/v, 150M

sodium chloride v/v, mammalian protease inhibitor cocktail 1:250 v/v (Sigma)) at a
ratio of 5M per 1cnf of cells. Samples were homogenised by vortexing and sonication

at low power.

To solubilise the nofunctional connexons samples weareubated onde for 30
minutes with vortexing every-50 minutes. Samples were centrifuged at 22,000gmax
for 30 minutes at 4°C after which the supernatant containing thgunotional
connexons was removed and kept on ice. The remaining pellet was lysed directly in
SBy in exactly the same volume that was used to solubilise thejumational
connexons. Samples containing the junctional connexons were sonicated at low power
until the pellet was dispersed and left to clear at room temperature. To provide an
estimate fortotal protein content an equal volume of the junctional andjumactional
samples were mixed together which was used later for protein estimation. For ease of
use later during SD8AGE sample preparation, each the samples obtained from the
two extractionsteps were mixed with an equal volume of detergentubilisation

buffer containing Triton X100 or SBy) to give a final concentration of 1 volume SDS:

1 volume Triton X100. For example 30ul of sample from the TritorlB0O extraction

was mixed with 30l SBy. This was crucial because a difference in detergent
concentration will affect the migration of protein during gel electrophoresis.

Co-immunoprecipitation

For ceimmunoprecipitation to study connexon interaction the extraction procedure
used was varsimilar to that used for the differential solubilisation technique described
above. Cells were initially treated with mild detergent Trited 00 followed by lysis in

urea that causes the gap junctions to split into their component membranes, thereby
dissociating gap junction channels into their respective connexons while preserving
their structuréManjunath et al. 1984; Zimmer et al. 1987; El Aoumari et al. 1990)

In brief cells were scraped directly in the medium, washed®®B$ and lysed in

solubilisation buffer containing Triton -X00 as described above. Samples were
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centrifuged (22,000gmaxd0 minutes 4°C) and the supernatant removed. At this stage
10pl of sample was taken for protein estimation. The insoluble pellet waspended

in solubilisation buffer containing urea (4M urea v/v, 1% Tritod00 v/iv, 40mM Tris

pH 8 v/v, 150mM sodium chloride, and mammalian protease inhibitor cocktail 1:250
v/v). The volume used was exactly the same as that used to solubilise {o@ctamal
connexons. The pellet was dispersed by sonication and the sample incubated with gentle
vortexing for 1 hour at room temperature. Any denatured connexin was removed by
centrifugation (22,000gmax, 30 minutes 4°C). The supernatant was retained for

immunoprecipitation described in Chapter 2, section 6.

2.5.2.Estimation of protein concentration

Protein concentration in the lysed samples was measured using tHRaBi®C
colorimetric assay based on the original method by Lowry €19h1) The reaction is
based on two reactions; (1) the protein reacting with the alkaline copper tartrate
(solution A) and (2) the subsequemduction of Folin reagent (solution B) by the
copper treated protein. Colour development is primarily due to amino acids tyrosine and

tryptophan producing a blue colour with an absorbance of 750nm.

All samples were diluted either 1:10 or 1:20 (v/v) widh,O giving a final SDS
concentration of 1 or 2%. For the standard curve, 1mg/ml bovine IgG standard was
prepared from a stock solution of 2.5mg/ml in the appropriate IgG standard buffer to
give a final detergent concentration equivalent to that of thelsamJsing this 1mg/ml
solution, serial dilutions of 0.5, 0.25, 0.125 and 0.0625mg/ml were prepared in dilution
buffer. A blank (0 mg/ml) was also prepared usingd28f dilution buffer. The IgG
standard and dilution buffer used was dependent on thecestrgprocedure and the

exact volumes for each of the detergents are listed in Table 2.2.
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Table 2.2: Buffers used for protein estimation

Extraction procedure IgG standard buffer Dilution buffer
. 40ul 1gG sol. + 55ul dHO +
Total protein 950ul dH,O + 50ul SBy
5l SByo

] ] o 40yl 1gG sol. + 50ul dHO + 900ul dH,O + 50ul SBe+ 50ul

Differential solubilisation ) .
5ul Triton X-100* + 5ul SBy Triton X-100*
) o 40yl 1gG sol. + 55ul dHO + _

Co-immunoprecipitaion 950ul dH,O + 50ul Triton X100*

5ul Triton X-100*

*Triton X-100 = solubilisation buffer containing Triton-200

For the assay, 20 of the diluted standard or sample was added toril@0Solution A'
(prepared by mixing 2@ of Reagent S with 1ml Solution Apllowed by 8001 of
Solution B. Samples were mixed thoroughly and the colorimetric reaction was left to
develop for 3845 minutes at room temperature. The absorbance of each standard and
sample was read at 750nm. An example of how the quantificatiopevetsmed on the

samples using the 1gG protein standard solutions is described in Figure 2.3.
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(A) Standard (ug/pl) Absorbance (nm)

0 0
0.125 0.061
0.25 0.121
0.5 0.232

1 0.447

(B) _ 057 'y =0.4448x + 0.0054

£ _ : ;

£ 044 Xx=protein concentration(ug/ul)

9 y = absorbance (nm)

S 0.3-

¥e]

o

» 0.2+

o

<

0.14
0 L] L] L] 1
0.2 0.4 0.6 0.8 1.0
Protein concentration (ug/ul)

(C) Sample Absorbance

1 0.142
x = (0.142 - 0.0054) / 0.4448

protein concentration of sample 1 = 0.307pg/ul

Figure 2.3: Typical standard curve for the Bio-Rad DC assay using the IgG standard

Using the BieRad DC colorimetric assagbsorbances of the known standard protein concentra
(1-0.125mg/M) (A) were measured at 750nrhis datawas used to plot a linear regression Hwi
protein conc e ratisraad absorbance on thefases (B). Xhé resulting equation (y =
0.4448x + 0.0054) from the linear regression was used to calculate the protein concentration ir
las illustrated in (C).

2.5.3.SDSPAGE

Sample preparation

All sampleswere prepared in loading buffer, as shown in TableaB®ircubated for 45
minutes at 37°C to ensure complete protein denaturation. SDS functions by disrupting
noncovalent interactions within a polypeptide chain releasing the individual protein
molecules and solubilising them in a detergent solution. Samplesalger&reated with

reducing agent -nercaptoethanol to break all the disulphide bridges formed between
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cysteine residues of the protein. Bromophenol blue loading dye allowed protein
migration to be visualised since it moves through the gel at approxinibtelgame

speed as glycine the smallest known amino acid.

Table 2.3: Loading buffers used for sample preparation

Extraction procedure Loading buffer
Total protein extraction/ 965ul By + 25 2mercaptoethanol + 10ul
Co-immunoprecipitation bromophenol blue

500p! SBy + 465ul Triton X100* + 25pul 2

mercaptoethanol + 10ul bromophenol blug

Differential solubilisation

*Triton X-100 = solubilisation buffer containing Triton-200

Gel preparation

Gels were pepared according to Laemn{ll970) using theHoefer Mini Gel system.

The key advantage of using this system is that it concentrates all of the protein
compl exes within a sample into a very sn
resolution. SDS was present in all gels and buffers at a coatientof 0.1% to ensure

the proteins retain a reike structure during migration.

The percentage of acrylamide used for gel electrophoresis was determined by the
molecular mass of the target proteins. For example proteins of smaller size that would
move rapidly through a gel require a higher percentage of acrylamide with a greater
degree of crosbnking thereby slowing protein migration. To detect connexin
expression a 12.5% separating gel (12.5% acrylamide v/v, 375mM tris pH 8.8 v/v, 0.1%
SDS v/v) wasprepared to which 0.05% ammonium persulphate v/iv and 0.005%
N,N,N',N'-tetramethylethylenediamind EMED) v/v was added to polymerise the gel.
The preparation was poured between 1mm glass and metal plates leaving a gap of
approximately 3.5cm from the top thfe glass plate for the stacking gel. The separating
gel was layered with 1ml of prop&aol on top of each gel to flatten it. After
polymerisation the alcohol was removed and the gels were rinsed thoroughly with
dH,O. A 4.5% stacking gel (4.5% acrylamigés, 125mM tris pH 6.8 v/v, 0.1% SDS

v/v) with 0.1% ammonium persulphate v/v and 0.01% TEMED v/v was poured directly

on top of the separating gel and- 15 18 well combs inserted. The individual gels
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were separated and transferred to the Hoefer geimyrapparatus (Mighty Small I
SE250/SE260). The upper and lower reservoirs were filled with 1x electrophoresis
running buffer (0.192mM glycine w/v, 25mM trizma base w/v, 0.1% SDS v/v). To
estimate the molecular weight of protein samples coloured moleunal&ers Precision

Plus Protein Kaleidoscope standards,-Bexd)diluted in the same loading buffer as the
samples were run on each gel. Figure 2.4 shows the distribution of these markers on a
typical gel. Unused lanes were filled with identical volume®bading buffer to ensure

all samples migrated at the same rate and the width of the bands was constant.
Electrophoresis was initiated at 60V (~15mA per electrophoresis chamber) until the dye
front reached the separating gel when the voltage was increagd@@ 150V (~50mA

per electrophoresis chamber) and terminated when the bromophenol blue front was
approximately 0.5cm from the bottom of the separating gel.

250 kDa
150

100
75

50
37

25
20

15
10

Figure 2.4: Precision plusmolecular mass stadards for western blot procedure

2.5.4.Western blotting and immunodetection of protein expression

Protein transfer

Protein samples were electrophoretically transferred onto polyvinylidene fluoride
(PVDF) membranes (Millipore). While gel electrophoresis wdsntp place PVDF
membranes were cut to a similar size of the gel, wetted in methanol and equilibrated in

transfer buffer (192mM glycine w/v, 25mM trizma base w/v, 10% methanol v/v, 0.01%
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SDS v/v) for a minimum of 1 hour. Prior to assembly of the transfesrapus the nylon
scouring pads, blotting paper and equilibrated membranes were immersed in transfer
buffer that had been pwoled on ice. To ensure efficient transfer the PVDF
membranes were gently rubbed to remove any bubbles. The gel was rinsed iquickl
transfer buffer, set up in a sandwich (Btad) as shown in Figure 2.5 and placed in a
prefilled tank containing the preooled transfer buffer. Protein transfer was carried out

overnight at 6V/cm with stirring in the presence of a cooling device.

Electrode plate

Plastic Holder

Scouring Pad

Blotting Paper

A

PVDF membrane
Gel

A

-ve > +ve

Figure 2.5: Apparatus setup for western blotting procedure

The direction of current flow is indicated below the apparatus diagram.

Immunodetection

After transfer, membranes were briefly waskéth dH,O. Membranes were incubated

in blocking solution (20mM tris pH 7.6 v/v, 150mM sodium chloride v/v, 0.1% tgeeen
viv, 4% non fat dried milk w/v) for 1 hour at room temperature. All primary and
secondary antibodies were prepared in blocking solutembranes were incubated
with the relevant primary antibody, as shown in Table 2.4, for 2 hours with the
exception of the Cx45 antibody which was left overnight at 4°C. Membranes were
washed (three times for 10 minutes) with -trisffered saline (TBSYween buffer
(20mM tris pH 7.6 v/v, 150mM sodium chloride v/v, 0.1% twgerv) to remove any
unbound primary antibody.
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Alkaline phosphataseonjugated secondary antibodies, as shown in Table 2.5, were
added to the membranes and incubated for 1 hour. Meedbraere washed (three
times for 10 minutes) with TB$ween followed by a final wash (three times for 15
minutes) in TBS (20mM tris pH 7.6 v/v, 150mM sodium chloride v/v) to remove the
tweeny that causes a smearing effect of the insoluble precipitate.bkéem®s were
developed using an alkaline phosphatase buffer (100mM tris pH 9.5 v/iv, 100mM
sodium chloride v/v, 5mM magnesium chloride v/v) containingnigl 5-bromao4-
chloro-3-indolyl-phosphate (Promega) and 880ml nitro-blue-tetrazolium (Promega)

for 45 minutes at room temperature. The reaction was terminated by washing the

membranes in dD and placed between filter paper to dry.

Table 2.4: Primary antibodies used in western blot studies

Primary Host o Sample protein
. Company i Dilution .
antibody organism required

Cx40
Santa Cruz Goat 1:500 0.1250.5ug
(polyclonal)
Cx43 _ _
Sigma Rabbit 1:1500 0.51ug
(polyclonal)
Cx45 Ql4E
Mouse 1:50 15-20ug
(monoclonal) | (MAB19-11-5)
Invitrogen .
Z0-1 Rabbit 1:1000 10-15ug
(61-7300)

Table 2.5: Secondary antibodies used in western blot studies

Secondary Host o
) Company _ Dilution
antibody Organism
Rabbit IgGalkaline )
) Pierce Donkey 1:2000
phosphatase conjugated
Goat IgGalkaline ) _
] Pierce Rabbit 1:2000
phosphatase conjugated
Mouse IgGalkaline )
Pierce Goat 1:2000

phosphatase conjugated
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Coomassie blue staining

Equal loading of protein samples was verified using a total protein content staining. For
staining, gels were loaded wisbng of protein and dried between sheets of gel drying
film for long-term storage. After electrophoresis, the polyacrylamide gel was immersed
in a coomassie blue solution (0.1% coomassie blue w/v, 50% methanol v/v, 5% acetic
acid v/v) overnight with getd rocking at room temperature. The following day the gel
was destained (50% methanol v/v, 10% acetic acid v/v) to remove any background dye
and washed in diD until all protein bands were visible and the remainder of the gel

was transparent.

Membranes rad coomassie blue gels were scanned and digital images recorded. Protein

quantification was performed using Sigma gel (Jandel Scientific).

2.6. Quantification of Cx40 and Cx43co-expression ratio using thev5 tag

To quantify the relativeexpression levels dfx40to Cx43 a system was established in

our laboratoryby Dr N. Thomasand Dr G. Rowlinsorthat usd Hela cells transfected
either with Cx40, Cx43 or wit h(Ravlindbbetdt ag
al. 2007; Thomas 2007)The V5 tag encodes two separate components: (1) a V5
epitope, which is a 14 amino acid sequence derived from proteins of the Simian virus
type 5 (SV5) and (2) a polyhistidine peptide strefthe V5 tag providel a common
epitope enablingthe same antibody to detect different moleculBlse amounts of
taggedconnexns were then standardised using the V5 signal intensity and thereafter the
taggel and untagged connexingere detected together using specific amnnexin
antibodies.This allowed us to calculate the levels of native Cx40 and Cx43 in these
transfectants. The Hela cell lysates were then diluted such that each sample contained
an idenical number of connexinnits per unit volume. These standardised lysatese

loaded alongside the test samples for detection and quantificahie quantification
techniquealso permitted the comparison between membranes blotted at different times.
As an example, quantification of the Cx40 and Cx43egpression ratio in clone 6

(total, junctional and nejunctional fractions) is described in Figuré.2
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(A) Cx40 Cx43

o -3
--Z0 > Z®
<« 50kDa <« 50kDa
<« 37kDa "~ <« 37kDa
(B) Standards Protein loaded (ug) Density
Cx40 0.125 663
Cx43 0.055 592
(C) Cx40
Sample Protein loaded (ug) Density Cx40 (au)
Clone 6 J 0.5 817 123
Clone 6 NJ 0.5 728 110
Cx43
Sample Protein loaded (ug) Density Cx43 (au)
Clone 6 J 0.25 1321 89
Clone 6 NJ 0.25 1593 108

Figure 2.6: Quantification of Cx40 and Cx43 ®-expression ratio is clone 6

Two western blot gels were preparkxhded withthe same samplélone 6)detectingfor Cx40 and
Cx43 in thejunctional (J) andontjunctional (NJ) fractions (A)In both the gel®.1251g of the Cx40-
V5tag and0.55m of Cx43-V5tag werealso loadedwhich ensured each of the standards containe
identical number of connexin molecules per unit voluf#g. These values for protein loading we
established from work previously done in the (Rowlinson et al. 2007; Thomas 200Densitometric
analysis was performed dhe samples and standaf@and C) Thedensity values obtained from tt
standads (Cx40: 712arbitrary units (au) and Cx43996au) werethen used to calculate the relativ
expression levels of Cx40 (C, top panel) and Cx43 (C, bottom parttle samples (e.g. CR4&lone 6
junctional ((817¢100)/663 = 123al

2.7.Protein interaction studies using cammunoprecipitation

Co-immunoprecipitation is a biochemical technique used to determine pprtéain
interactions. The technique uses an antibody to precipitate the target protein-and co
immunoprecipitate interacting proteimsntibodies that are specific for the protein they
are raised against are bound to protein A or G (Piencgjobilized on croséinked
agarose resirProtein A and G are proteins of microbial origin that bintheofragment
crystallizable (Fc) region of mammalian immunoglobulin molecules. The main

difference between the two molecules is in their binding specificities and affinities. In
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our studies we used protein A for polyclonal rabbit antibodies-@@B and antZO-

1) and protein G for the polyclonal goat @xdntibody and monoclonal mouse Cx45
antibody.Beadswith the bound antibodies are added to a cell lysate and the proteins
specific to the antibodies are precipitatédter desorption of the proteiantibody
complex, the cammunoprecipitated protein(slac be identified by SD®AGE and
western blot. All ceimmunoprecipitation experiments were performed with Dr K.
Grikscheit.

Immunoprecipitation protocol

Proteins were extracted into their junctional and-jumetional fractions and the protein
content esimated. For cemmunoprecipitation, the junctional fraction extracted in
solubilisation buffer containing urea was desalted using théRB® R6DG desalting

gel. Desalting was necessary to remove the urea as it significantly reduces the binding
efficiency of the antibody to both the beads and any specific interacting proteins in the
lysate. 1ml of the BidRad desalting gel (packed volume) was added to Zeba spin
columns (Pierce) and centrifuged at 1000gmax for 4 minutes. To equilibrate the
columns, solubilisation buffer containing Triton 400 was added and the column
centrifuged for 2 minutes at 1000gmax. Buffer that had passed through the column was
discarded. An additional 2 minutes of centrifugation (1000gmax) was required to ensure
complete removal ofhe dead volume of buffer. This ensured when the samples were
added to the column the starting volume was equal to the final volume. The junctional
sample was added to the column and collected after centrifugation (4 minutes,
1000gmax).

All samples (jundbnal and nofjunctional) were preleared before use in <o
immunoprecipitation experiments in order to reduce-specific binding to Protein A

or Protein G resin. For prdearing 25ul of Protein A or G resin was washed twice with
PBS and once witlsolulilisation buffer containing Triton X.00. The sample was
added to the beads and incubated at 4°C for 2 hours on a rotary mixer. Samples were
separated from the beads by centrifugation (2 minutes, 1000gmax 4°C) and were then

ready for ceemmunoprecipitation

For each communr eci pi tation reacti on, 25¢l of

with PBS and recovered by centrifugation (1000gmax, 2 minutes 4°C). This step was
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repeated twice. After washing, Protein A or G resin was added to the relevant primary
anti body {ba@y feereaction in EmhRBS and mixed on a rotary shaker for
1.5 hours at room temperature. When using the monoclonal Cx45 antibody that was
produced in our laboratory, a volume of 1ml culture supernatant from the antibody
producing hybridoma was usederpcoimmunoprecipitation reaction. The mixture
containing the beads and antibody was washed twice with PBS and once with
solubilisation buffer containing Triton -X00. Any residual solubilisation buffer
containing Triton X100was removed by centrifugatiq1000gmax, 2 minutes 4°C) to
prevent dilution of the mixture. 160 0 0 ¢ | -cleafed sampde was incubated with the
beadsantibody mixture overnight at 4°C on a rotary mixer. The following day samples
were centrifuged (1000gmax, 2 minutes 4°C) and tigehatant (unbound fraction)
collected. Before the protein complexes (bound fraction) were desorbed, the samples
were washed five times witholubilisation buffer containing Triton -£00. Loading

buffer was added to the beads and vortexed for 30 sedwated at 95°C for 5 minutes

and the beads removed by centrifugation (1000gmax, 5 minutes). The bound fraction
was collected in the supernatant. The volume of electrophoresis loading buffer
(containing 20% SDS) used was dependent on the volume of lyggitealty added to

the beads. For example 30ul of lysate will be mixed with 30ul of loading buffer.

Proteins were detected by SIPAGE and western blot as described in section 5 of this
chapter. For each blot negative controls were loaded containingalflihe beads(2)
antibody with the beads and (3) beads with the sample. This was necessary to help
identify bands derived from the beads (Protein A or G) and immunoglobulin chains of
the antibodies.

2.8.Morphological characterisation using immunofluorescentlabelling and

confocal laser scanning microscopy

Immunoconfocal microscopy was used to study the expression patterns of various
cardiac phenotypic markers and the localisatioidcalisation of gagunction proteins
Cx40, Cx43 and Cx45.
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2.8.1.Preparation and fixation of cells

Cells were cultured and grown to the required density on gdibtonectin coated
13mm plastic coverslips (Thermanox) in a\2éll plate. Plastic coverslips were used as
an alternative to glass to improve cellular attachment and distnibacross the surface.
Immunolabelling requires four major steps: (1) fixation of cells; (2) blocking of non
specific binding sites; (3) application of primary antibodies and (4) application of

secondary antibodies.

Fixation: Cells were washed twice BBS containind.5mM calcium chloride to help
maintain cellular adhesion through ‘Caependent adhesion molecules. Depending on
the antigen being examined and the properties of the antibody required for labelling two
methods of fixation were used: (1)dication of icecold methanol (~0.5ml per well for

10 minutes at room temperature) fixes cells by precipitating cellular proteins and
permeablising the membranes simultaneously and (2) addition of 2% paraformaldehyde
(freshly prepared in PBS) for 20 mirstat 4°C fixes cells by forming covalent bonds
between the formaldehyde groups from the reagent and the free amino groups of the
cellular proteins thereby creating a scaffold. Formaldehyde has an advantage over
alcohol fixation as it provides a greaterepervation of cellular architecture and
intracellular markers. After formaldehyde fixation cells were washed in PBS and
required a membrane permeabilisation step using 0.5% Trit@A0Xin PBS for 15

minutes at room temperature.

Blocking: Following fixation cells were washed thoroughly with PBS and treated with
blocking solution (1% bovine serum albumin (BSA) w/v in PBS) for 1 hour at room

temperature to prevent n@pecific antibody binding.

Primary antibody incubation Cells were incubated with the appriate primary
antibody diluted in blocking solution at either 37°C for 2 hours or overnight at 4°C. For
the Cx45 antibodies, incubation was always overnight at 4°C. See Table 2.6 for

information regarding the primary antibodies used in this study.

Immurolabelling using two or three primary antibodies on the same sample was also

applied in the study, which included: 1) two or three connexin subtypes and 2) zonula
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occludensl (ZO-1) with a single connexin subtype. For the connexin triple labelling
(Cx40/Cx43/Cx45) the connexin antibody was applied first followed by the appropriate
speciesspecific secondary antibodies linked to fluorophores of different spexga (
FITC and Cy3). The following protocol for labelling was used.

(1) Cx45 antibody

(2) Guinea pig IgGCY3 antibody

(3) Cx43 antibody

(4) Mouse IgG FITC antibody

(5) Cx40 antibody

(6) Rabbit IgG CY5 antibody
For the ZQG1/ connexin labelling, the connexin antibody was applied first followed by
the anttZO-1.

Secondary antibody incubatian Cells were washed thoroughly twi PBS and
incubated in the corresponding fluorophemnjugated secondary antibody diluted in
blocking solution at either 37°C for 1 hour or overnight at 4°C. For the double labelling
a mixture of the appropriate specisecific secondary antibodies wespplied
simultaneously and incubated overnight at 4°C. See Table 2.7 for information regarding
the secondary antibodies used. Coverslips were washed extensively in PBS and left
overnight at 4°C before mounting.

Coverslips were removed from the wells gsitlean forceps and the excess PBS was
removed by pressing the edges of the coverslips against a paper towel. For mounting
plastic coverslips were sandwiched between a glass slide and plastic coverslip with drop
of Citifluor (Agar Scientific) mounting medm on either side and sealed with nail

varnish ready for analysis.

Controls To confirm the specificity of labelling, omission of the primary antibody in

the presence of the secondary antibody was inspected for background fluorescence. For
multiple labeling negative controls included using each primary antibody with
matching and nomatching secondary antibodies. All secondary antibodies were
confirmed to be species specific for their individual primary antibody. A variety of

experiments were also condedtfor each multiple labelling protocol to optimise the
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order and combination for primary and secondary antibody application and the

incubation conditions.

2.8.2.Confocal laser scanning microscopy

Immunolabelled sections were examined using a Leica TCS 4Daaé&serscanning
microscope. Indocarbocyanine (CY3), cyanine 5.18 (CY5) and fluorescein
isothiocyanate (FITC) fluorophores were excited by wavelengths of 568nm, 647nm and
488nm channels respectivelyjnages were recorded by singte sequential dual/fie-

channel scanning. For multiple labelling, signals were assigned corresponding colours
and co-localisation of these signals resulting from the superimposition of the two
colours gave a third colour. For examplelgoalisation of red and green resulieda

yellow signal.Each image was presented as projection views of a number of optical
sectonsofd0. 5em thickness (when wusing a 63x |
whole depth of the sample.

2.9. Statistical analysis

Statistical analyses were carried oging Microsoft Excel and GraphPad Prigetsion

4.00. Comparison of a pair of data sets was performedayunpairedt-test, and
comparison between groups of data with -wray analysis of variange Tukey 0 s
multiple comparison test.Statistical differenes were judged significant at p < 0.05.

Data was expressed as mean + standard error of the mean and n signifies the number of

times an experiment was repeated.
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Table 2.6: Primary antibodies used for immunocytochemistry

Primary antibody Company Host organism Dilution
Cx43
Chemicon Mouse 1:250
(monoclonal)
Cx40
Santa Cruz Goat 1:250
(polyclonal)
Cx40 .
S15C (R84) Rabbit 1:250
(polyclonal)
Cx45 Ql4E
Mouse 1:25
(monoclonal) (MAB19-11-5)
Cx45
Q14E(GP42) Guinea Pig 1:250
(polyclonal)
Z0-1
Santa Cruz Rabbit 1:250
(polyclonal)
U-actinin .
Sigma Mouse 1:250
(monoclonal)
Desmin
Sigma Rabbit 1:250
(polyclonal)

Table 2.7: Secondary antibodies used for immunocytochemistry

Secondary antibody Company Host organism Dilution
Mouse IgG
Jackson Goat 1:250
CY3
Rabbit IgG
Jackson Donkey 1:250
CY3
Goat IgG _
Jackson Rabbit 1:250
CY3
Mouse IgG
Jackson Sheep 1:250
FITC
Rabbit IgG _
Chemicon Donkey 1:250
CY5
Rabbit IgG
Jackson Donkey 1:250
FITC
Guinea pig IgG .
Chemicon Donkey 1:250
CY3
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CHAPTER 3.

Do the HL-1 clones behave like atrial myocytes?
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3.1.Introduction

The understanding of cardiac action potential generation and propagation has been
hindered by a lack of cellular models that allow simple molecular interventions such as
plasmid transfection.Cardiac function is commonly studied in isolated cardiac
myocytes, including those from transgenic animals. However-temg cultures of
myocytes isolated from adult hearts lead to progressive changes in phenotype, as the
cells move through ddifferentiated and ralifferentiated states, limiting their uses
(Mitcheson et al. 1998; White et al. 200&pme of these limitations can be overcome

by using he cardiac muscle cells HL derived from proliferating atrial myocytes Al

(Field 1988) The HL-1 cells have the ability to divide and retain a cardiac myocyte
phenotype(Claycomb et al. 1998)Several studies have illustrated the biological and
electrophysiological features of the original HLcell line including the ability to
generate action potentials and to express a number of cardiac myocyte markers such as
Umyosin heavy chain, desmin and connexin43 (CX&®ycomb et al. 198 Sartiani

et al. 2002; Akhavan et al. 2003; Xia et al. 2004)e generation of the Hi1 cell line is

described in greater detail in Chapter 1, section 6.

The HL-1 cells are tumouderived and are likely to contain cells blocked at various
developmentastages of differentiatioiTrosko et al. 1993and therefore cultures are
functionally heterogeneou$o overcome this problem Dr Dupont selected clones from
low-density HL-1 aultures that were visually beating and therefore showed evidence of
electrical automaticity and functional cellular ‘aregulatory systems. More
homogenous cell lines were established in this way. This was essential so that
experimental data could be @y attributed to the chosen variation of gene expression

and to exclude differences due to a heterogeneous cell line.

The purpose of the work described in this chapter was to produce a general description
of the newly generated HL clones to ensure thealisplayed phenotypic characteristics
consistent with cardiac cells that could be used to study impulse propagation. We show
that the HL1 clones: (1) display cardiac specific filamentous proteirectinin and
desmin which contribute to cell shape andrpmological integrity; (2) expresthe
transcripts forC&* handling proteins including -type C&" channel, sodiurtalcium
exchanger (NCX), ryanodine receptor 2 (RyR2) and sancioplasmic reticulum G
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ATPase (SERCA) which are key components of cafluC&" homeostasis and
excitationcontraction (EC) coupling; (3) display rhythmic release of intracelluldf Ca
((C&"]) and have caffeineeleasable stores indicating a functional sarcoplasmic
reticulum (SR); 4) express functionabn channel proteingivolved in the upstroke and
plateau phases of an action potential andd{Splay thehyperpolarisatioractivated

60f unny 6 Il)cinvolve@ mtthe @eneration and control of the slow diastolic

Opacemaker potenti al 0.

3.2.Materials and methods

Cell cultureprocedures were routinely followed as described in Chapter 2, section 2.
Northern blot was used to measure the mRNA levels ofC#é handling subunits
(Chapter 2, sectio®). Immunoconfocal microscopy was performem analyse the
expression patterns warious cardiac phenotypic marke@h@pter 2, sectio8).

3.2.1.Sub-cloning

To obtain homogenous cell lines, clones from the originallHiell line were selected

for their ability to spontaneously contract. Cells were split at very low density (1:250,
1:500) and although most of the cells never divided, some could be visualized as
colonies after B weeks in culture. Further daily microscopical examination revealed
several colonies of cells that were spontaneously contradtivege were isolated using
cloningrings, grown and passaged at a ratio of 1:3. Of the six clones obtained (clone 1
to clone 6), clone 5 did not survive the cloning procedalenes 1 and 2 stopped
contracting upon passaging and clones 3, 4 and 6 maintained a stable contractile
phenotypeThe appearance of spontaneous contraction was dependent upon the time in
culture, with clone 6 displaying spontaneous contraction withir2Q5wours after
seedingwhile cells from clones 3 and 4 required growth to almost full confluengy (3
days). The dorcloning was performed by Dr E. Dupont.

3.2.2.Patch-clamp technique

The patckclamp technique in the whektell configuration was used to study the active

membrane electrical properties (ionic currents, action potential) in clones 2 and 6. There
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are two modesn patchclamp: (1) voltage clamp and (2) current clamp which will be

discussed later in this section.

Preparation of cells

Cells were seeded at low density in Claycomb medium on géilatonectin coated
35mm glass bottom dishes with a 14mm microwethim centre (MatTek Corporation).

It was important to seed the cells at low density to ensure single cells were obtained.
This was achieved by suspending a 25cnilask of confluent cells in 5ml Claycomb
medium and adding 5000m of the cell suspensioto every 35mm dish prepared.
Experiments were always performed£8 hours after seeding to allow the cells time to
recover from the trypsin and no later than 72 hours. This is because after a few days

cells seeded for patatlamp experiments become flattand more fragile.

Electrophysiological apparatus

All electrophysiological experiments were performed using an AxogzBclsystem

(Axon Instruments). Pipettes wepallled fromborosilicate glass capillaries (GC150F

15, Harvard Apparatus LTD) using a rlmmntal puller (DMZ Universal, Zeitz
Instruments GmbH). They were then fire polished and when filled with pipette solution
had a tip resistance of-& MW. The filled pipette was connected to a x0.1 gain
headstage amplifier (H3, Axon Instruments) by a lger-silver chloride (Ag/AgCl)

wire. The reference earth electrode was also made using an Ag/AgCl wire and placed in
the superfusion chamber while connected to the headstage amplifier ground terminal.
The Ag/AgCl wires were made fronpolytetrafluoroethylee-coated silver wire
(Goodfellow, Cambridge Cambs). The chlorided Ag wire functions as a redox electrode
with a reaction between silver metal (Ag) and its salt, silver chloride (AgCI). To
chloride the wires some of the insulation coating was removed angith exposed to
concentrated domestic bleach overnight. The electrodes are simple to produce,
inexpensive and are generally not toxic to the biological preparations and have stable
potentials. They allow the current to be transformed from a flow ofrelectat the
electrode to a flow of ions in solution by means of a reversible chemical reaction

completing the circuit (Equation 3.1).



Equation 3.1: Electrode reaction
Ag+Cl- a8 AgCl+e

Ag = silver; ClI" = chloride ionsAgCl = silver chloridee = electrons

A Faraday cage was used to isolate the microscope and the pipette head stage from
electrical noise (usually 50Hz) from various sources (e.g. computer and power cables).

Whole-cell configuration in single cell and cell pairs

There are a variety of patadiamp configurations that can be used to study ion
channels. See Figure 3.1 for a summary of the pasrhp configurations available. In
this investigation all experiments were performed usingwhele-cell configuration,
which allows the cytoplasmic and extracellular ionic environments of the cell to be

controlled and modified.
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Gigaseal
configuration

Application of negative pressure
using a syringe

ruptures the pull the
membrane patch membrane
|

Whole-cell
configuration

pull the
membrane

detachment of
membrane

cytoplasmic bridge
collapses

Whole-cell Outside-out Inside-out

recording recording recording
Figure 3.1: A summary of the patch-clamp configurations available to study ion channels
After a gigaseal configuration has been established a variety ofgatap configurations can be forme
depending on what you want to study. For example activity of all the ion channels in a cell membr
be studied sing wholecell configuration when the membrane under the pipette tip in gigaseal forn
is ruptured. Outsideut and insideout configurations refer to the extracellular and intracellular sid
the membrane, respectively, and out refers to the Hatlthese configurations only the patch

membrane attached to the pipette can be studied, which reduces the amount of ion channels stud

The cell preparation was first placed onto the stage of the inverted microscope (Nikon
DiaphotTMD). The pipetteconnection to the amplifier was achieved by a pipette
holder that allowed a syringe to be attached. This could provide small positive pressures

to the pipette fluid to remove any contaminants from its tip and ensure a clean contact
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with the cell membrandJsing a coarse manipulator, the pipette was lowered into the
bath solution and a small oscillating test pulse of 10mV for 10ms was delivered down
the patch electrode resulting in a visible square current pulse on the oscilloscope (Figure
3.2 (A) and (B)) At this stage the junctional potential caused by the difference in ion
composition in the pipette and bath solution was compensated and then assumed not to

change during the course of the experiment.
Using Ohmdés | aw (Equat wasnalclated.) t he pi pet|

Equation3.2.0hmés | aw
V=R3|
V = voltage;R = resistancgl = current

To form the wholecell configuration the pipette tip was positioned near the membrane

of the cell under study using a fine manipulator. When the tip of the pipette touched the
cell membrane, a little suction was applied using a syringe to form a high resistance seal
or gigaseal (®). A good seal was crucial for: (1) preventing any leak current passing
between the patch pipette and adjacent membrane and (2) decreasing recording noise
that may affect data analysis. The pipette current produced by the initial test pulses
decreased indicating an increase of the pipette resistance due to the seal between the
pipette and the cell membra(ieigure 3.2 (C)) Once the current recording indicated the
formation of a good seal, the whatell configuration was achieved by rupturing the
small patch of membrane in the pipette mouth using a small amount of suctiedappli
by the syringe or a 6zap 6 nsoAfterthé wholeeelli ¢ a |
configuration was formed, the pipette and cell membrane capacitances were
compensated by zeroing the capacitive curréfitgure 3.2 (D) and (E))Current data

was epressed in terms of current density, by normalisation to the cell capacitance and
expressed as pA/pF. The size of the pipette current is related to the surface area of the
cell and as a general rulenflis equal to 1cfof cell membrane. Peak currentsreve
measured during the voltage protocols and current densities (pA/pF) were obtained by
dividing the peak current by the cell capacitance obtained from the Clampex function.
Once the wholeell configuration was established two modes of recording, voltage

clamp (to record currents) and current clamp (to record voltage) could be applied.
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Figure 3.2: Pipette current responses to the voltage test pulse during the different stages of t
whole-cell formation

A small oscillating rectangular test pulse of 10mV for 10ms was applied (A) resulting in a
current on the oscilloscope (B) when the pipette was placed in theAsathe pipette neared the c«
membrane there was an increase in the current mesistgC) until a gigaseal configuration w
formed (D). Wholecell configuration (E) was established after the application of a little neg

pressure.

Single cell voltage clamp

The technique of controlling the voltage across a cell membrane and mgathai
transmembrane current was first developed in the 1940s by Cole and Marmont and later
used by Hodgkin and Huxley to describe the initiation and propagation of action

potentials in neurongHodgkin and Huxley 1952)Under voltage clamp, the current
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flowing across the cell membrane is measured by means of a feedback system that
maintains a set potential difference between the two electrodes (pipette and bath
electrode). The current required to maintain the membrane potential at a command
voltage is egal and opposite to the sum of the transmembrane ionic fluxes through ion
channels (e.g. sodium (NaC&", potassium (K) channels) and electrogenic symports,

antiports and ctransporters (NCX\Na'- K* ATPase).

A series of voltage clamp protocols welesigned to activate the specific ion channels

under investigation. These will be described in greater detail in the results section.

Current clamp During current clamp experiments cells were at their resting membrane
potential. Current pulses (positive negative) 22ms in duration were applied to the

cells to elicit action potentials. These were performed by Dr. T Desplantez.

Data acquisition

Experimental protocols for voltage and current clamp were controlled using the
Clampex version 6.0.3. Data wamalysed using Clampfit 8.2 (Axon Instruments),
Microsoft Excel and GraphPad Prism and n signifies the number of cells patched. Data
acquisition rates were typically 3.33kHz with the amplifier filter set to record a medium
bandwidth (Frequency = 300Hzpata obtained was acquired simultaneously on an
IBM compatible computer running Clampex. Signals wdigitised using a 1-Dit
analoguedigital converter (Digidata 1200b, Axon Instruments) interfacing between the
computer and apparatus. For the purposedlustration membrane currents in the
figures were further filtered using a lgpass Gaussian filter for clarity.

3.2.3.[Ca”"]; measurements

C&* transients were measured in Hlclones with the fluorescent €andicator fluo4
(Molecular Probes, InvitrogenJhe C&" measurements were performed with Dr K. T.
MacLeod.
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Preparation of cells
Cells were seeded at a 1:3 dilution in Claycomb medium, on 35mm glass bottom dishes
with a 14mm microcells in the centre. All experiments were performed 48 hours after

sealing.

Ca’* staining and confocal laser scanning microscopy

Stock solutions of fluet AM (50mg) were prepared inlimethyl sulfoxide(DMSO)

(50m) and thoroughly mixed. 1 of the stock solution {Bgy/ml of medium) was added

to the cell preparation and ingated in an atmosphere of 5% £& 37°C for 20
minutes. The carboxylate groups on Fluare transformed into acetoxymethyl acetate
esters forming flugt AM, which is membrane permeant. Once inside the cell the
acetomethyl acetate groups are hydrolysed ubyquitous intracellular esterases
producing the C#d-sensitive polyanion, flug. Any dye remaining in the loading
solution was washed off with phosphdneffered saline (PBS) and replaced with fresh
Claycomb medium (G4 concentration in Claycomb mediun®.2g/l). Cells were
incubated for a further 20 minutes in an atmosphere of 5%a€®7°C to ensure de
esterification was complete before being mounted on a confocal laser scanning
microscope (BieRad Radiance 2000) for analysis. For the controls, cefpgrations

were perfused with normal Tyrode and fluorescence measured across groups of cells
using line scans at an excitation wavelength of 488nm and a recording wavelength of
520nm. When required, cells were also treated with caffeine (10mM) (addesbhd a

to the normal Tyrode solution) by rapid perfusion to demonstrate cafieie@sable
stores of C&. The intensity of fluorescence recorded was dependent on the amount of
dye loaded into the cells and tr@ef];.

Confocal data acquired was analysesing ImageJ, Clampfit 8.2, Microsoft Excel and
GraphPad Prism.

3.2.4.Experimental solutions

The extracellular solutions used for patthmp and €& '] measurements had an ionic
composition that mimicked that of extracellular flurdvivo or in culture. Amodified
Tyrode solution containing a high'Koncentration was also used to measur@uring
experiments the cells were continuously perfused with Tyrode solution°@tadid
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rapid solution exchange was assured by a grdgdymultisolution exchangeystem

See Table 3.1 for the composition of exttad intracellular solutions used.

Specific currents flowing through ion channels were identified using pharmacological
methods. Current flowing through the cardiac form of thé blaannel (Ngl.5) is
sengive to 1mM procaine hydrochloride, which was added as a powder to normal
Tyrode. Mibefradil (5uM) was used to inhibit the low voltagmted Ftype C&
channels (C#8.2) and nifedipine (10uM) was used to identifytype C&" channels
(Cal.2). Mibefradiland nifedipine were prepared as stock solutions in DMSO at a
concentration of 20mM. The final concentration of DMSO in the superfusate was less
than 0.1%. No DMS@nediated effect was observed. Caesium’G&mM) was used

to blockl; which was added as@owder to the modified Tyrode. Solutions containing

the ion channel inhibitors were always freshly prepared before use.

Table 3.1: lonic composition of the extracellular and intracellular solutions

Reagent Normal Tyrode (mM) | Modified Tyrode (mM) | Pipette solution (mM)
(pH 7.4) (pH 7.4) (pH 7.2)
Sodium chloride 140 140 10
Potassium chloride 4 25
Calcium chloride 2 2 1
Sodium pyruvate 2 2
Glucose 5 5
Magnesium chloride 1 1
HEPES 5 5 5
Bariumchloride -- 2
Nickel chloride -- 2
Potassium aspartats -- -- 130
EGTA -- -- 10
MagnesiumATP -- -- 3
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3.3.Results

3.3.1.Morphological characterisation of the HL-1 clones

Figure 3.3 illustrates the cellular morphology of two of the clones 2 (A) and By(B)
phase contrast microscopy. Both clones had a similar cell size and shape. As expected
for an immortal cell line, the Hil clones were able to proliferate in cultu@ones 2

and 6 had an average cell capacitance of 15pApE 26) and 13pA/pF(n = 29)
respectivelyNo significant difference was observed in the cellaciance betweethe

two clones (p > 0.05) Highlighted in image (B) is a cell undergoing mitosis
demonstrating that the cells can be serially passaged.

Figure 3.3: Phase contrast micrographs of clones 2 and 6

Phase contrast images of clones 2 (A) and 6 (B) isolated from the origirhlcell line. Both clones
displayed similar (homogenous) characteristics in cell size and shape. r€leeiri (B) is a cell
undergoing mitosis.

As mentioned above, of the five clones isolated, clones 1 and 2 lost the ability to
contract upon passaging. To try to explain these differences in contractility,
immunofluorescent labelling was performed teualise the sarcomeric and cytoskeletal
organisation in a nenontracting (clone 2) and contracting (clone 6) clone. Cardiac
specific filamentous proteina-actinin and desmin were expressed at high levels as
expected for a cell of myocytic origin (FiguB4). These two markers were chosen

because botla-actinin (located at the-disc of the sarcomeric assembly) and desmin



(plays an essential role in muscle architecture) are specific for muscle cells (e.g. cardiac

and skeletal muscle).

There were clear sible differences in the organisation afactinin between the two
clones. Clone 6 displayed the classic sarcomeric organisation with thebaleted
patterns in comparison to clone 2, where #iactinin was associated with the cell
membrane (Figure 3.4A) and (B)). Desmin was present as a fibre around the nucleus,
however the intermediate filaments appeared more delicate and finer in clone 2 (Figure
3.4 (C)) than in clone 6 (Figure 3.4 (D)). The fibres in both clones were larger than what
is observed imeonatal myocyte&Zhang et al. 2005)
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Figure3.4: | mmunof | uor es-aainntandldesmieih ¢lones 8 and6 U

The wupper panel ar e i-aotinin mcloren Z (d)caad 6 (B).nThageevse
visi bl e diff er enc e-actninibetwedneahe two ganes.i Goae 6 dipgth the
classic sarcomeric organi s at traotinin wasassooateg \aith
cell membrane. The bottom panel are images for desmin clone 2 (C) and 6 (D). In both

desmin was associated as a fibre around the nucleus.

3.3.2.Molecular characterisation of Ca’* handling proteins

The amounts of mMRNA coding for the major proteins involve€é#i" handling were
analysed by northern blot in all HL clones and compared to RNA extracted from a
adult mouse heart (Figure 3.5). Level§ t ranscri pt exspbungefsi on
the L-type C&" ¢ h a n nyesubunit Of the Ttype C&", RyR2 and SERCA2 were
similar in clones 1, 3, 4 and 6 and in the mouse hkadlone 2 transcripts for NCX,

Uic subunit of the ttype C&" channel, RR2 and SERCA2 were expressed at lower



levels in comparison to the mouse heart. The probes labelled a single mMRNA band at the
size expected. Different exposure times were required to obtain similar signal intensities
but this also helped to estimate théatige levels of transcript expressed in the-HL
clones. Normalised expression of mRNA for each of thé" Gandling proteins is
summarised in Table 3.2. The values were compared with the mouse heart noted as
100% and expressed as a percentage of thiev@ = 2). The RNA samples were
stained with ethidium bromide to visualise the 18S and 28S ribosomal RNA bands,
check the equivalent loading of samples and measure the molecular mass of the bands

obtained.

Clones

NCX

L-type

T-type

RyR2

SERCA2

< 28S

Ethidium bromide < 18S

Figure 3.5: Transcript analysis of Ca’* handling proteins in the HL-1 clones

Northern blot analysis of total RNA extracted from the-Hklones and mouse heart (indicated on
of the picture). Membranes were hybridised with probes for NG¥pe C&" channel, ftype C&"

channel, RyR2 and SERCA?2 as indicated on the left of the picture. Membranes were stain
ethidium bromide to visualize the ribosomal RNA bands 18S and 28S, check equivalent loa

samples and measure the molecular mass dfahds.
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Table 3.2: Summary of transcript analysis of C&* handling proteins

normalised to the adult mouse heart

Size of Exposure
Probe ) 1 (%) 2 (%) 3 (%) 4 (%) 6 (%)
band time
NCX ~ 7kB 4 hours 78+10 | 384 70+£5 66 +4 64+1
L-type ~ 8kB 4 hours 85+14 | 25%7 61+9 74+9 | 6810
T-type ~ 5kB 1.5 hours 109+23| 80+11 | 93+£17 | 81+16 | 1046
RyR2 ~ 16kB 24 hours 65+4 29+8 95+9 61+9 45+ 2
SERCA2 ~ 4kB 4 hours 58+1 221 119+9 | 75%2 82+7

3.3.3.Rhythmic oscillation of [Ca®*]; in clones 2 and 6

Cells were loaded with the €asensitive dye fluet and [C&]; fluctuations were
monitored by confocal imaging in line scan mode. For each experiment a single line
scan was placed over a groupaefls and the resulting &atransients measured for
13.3s (each line scan was completed in 1.33ms and 10,000 lines were collduted).
fluorescence measured was average pixel value from the cells along the line of
interest. Therefore the measuremenidl be influenced by changes in background
fluorescence and cellular debris floating across the line during the recording period. The
size of the @nsients will also be affectdry the synchroisation of the cells whereby if

in one cell the transient amrs before that in the neighbouring cell the average
amplitude will be affected. To circumvent these problems line scans were only

performed in stable areas of the cultarel on cells beating synchronously

Figure 3.6 (A) and (B) illustrates the chasgin fluorescence intensity of fi4b
measured in cells displaying spontaneous rhythmic oscillations 8f{iaclones 2 and

6 respectively.Fluorescence changes were normalised to the background (resting)
fluorescence (FAF. No significant difference was found in the amplitude §€a*];
transients in both clondslone 2: 1.7 £ 0.05 Fgclone 6: 1.8 0.04 F/k; p =03; n =

5 and 6 respectively)
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Figure 3.6: Confocal line scan images of & transients in clones 2 and 6
Traces (A) and (B) show spontaneous rhythmic oscillatidi€a’"]; in clones 2 and 6 after staining with fido Quantification of the traces showed that both clones h

comparablg[Ca’"]; release(clone 2: 1.7 + 0.05 /i, ; clone 6: 1.8+ 0.04 F/i;; p = 03; n = 5 and 6 respectivelyThe values for [C4]; release were represented
fluorescence changes normalised to the background (resting) fluorescente=(/the purposes of illustration, recordings were fiiteusing the Butterworth {Bole filter)

with a-3dB cutoff filter at 60Hz.




However there were significant differences in the time course of#iétransients
between the two clones including ttime to peak (clone 222+ 27ms clone 6:59 +
2ms p < 0.0001 n =5 and6 respectively) time to 50% relaxation from the peak (clone
2: 382 £40ms clone 6: 154 6ms p < 0.0@1; n =5 and6 respectively)and time to
90% relaxation from the peak (clone 2: 54459mns clone 6: 39 14ms p = 0.002; n

=5 and 6 respectively)

SR C&" content was assessed with the rapid application of 10mM caffeine to the
extracellular solution and monitoring the resultant*Galease (Figure 3.75ince all
recordings were performed on spontaneous €ansientsnecavea of this study was

that we were unable to determine if the SR?*Cwas depleted from the previous
contraction.In both clones application of caffeine evoked a rapid increas@aft
release into the cytoplasm by similar levi@®ne 2: 1.8 + 0.12 Filone 6: 2.0+ 0.14

F/F; p = 0.3; n = 4 and 5 respectivelyjhe effects of caffeine were reversible upon

perfusion with Tyrode anfCa?"]; returned to control levels.

e
r
14 Clone 2
*
2.
w
L
i Clone 6
10mM caffeine 5s

Figure 3.7: Caffeine-releasablestores in clones 2 and 6
Clones 2 and 6 have caffeingleasable intracellular stores of XaWhen 10mM caffeine wa

applied to the cells marked by the arrow there was an increase’ih [€eels by similalevies

It should be taken into account thRluo-4 is a nomratiometric dye whereby the
fluorescence intensity is sensitive to factors such as: (1) calcium buffering aitbih

(2) homogeneity of the dye loading; (3) incomplete hydrolysis of the conjugated cell
permeah ester and (4) photoblelaing (Paredeset al. 2008) To eliminate these
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variables, ratiometric dyes need to be considered (e.g-lnflr future experiments
which function by undergoing a shift in either their excitation or emission wavelength
upon C&" binding (Paredes et al. 2008Jhe [C&"]; is then alculated by ratioing the
fluorescence intensities at the two wavelengths.

3.3.4.Action potential characteristics in clones 2 and 6

Action potentials were recorded from cells in clones 2 and 6 under \wélbleurrent
clamp conditions. Figure 3.8 shows aital action potential recorded upon stimulation

of 1Hz. It should be noted that action potentials were recorded in only one cell patched
in clone 2 since a large proportion of cells elicited no action potentials even after
electrical stimulation. Howevaells in clone 6 always produced action potentials upon
stimulation. Clone 6 had a mean action potential duration measured at 50%
repolarisation (APk) of 17 = 6ms with an overshoot of 28 + 5mV (n = 4). Clone 2 had

a resting membrane potential that wasrendepolarised 0f43 £ 6 mV (n = 20)
compared with clone 6 aB7mV £ 2mV (n = 25).

e
o
1

|

Membrane
potential (mV)
) N
bl

-40
bl Clone 2
one
-804 100ms
40
S 20
5= 0
o0 |
E'g -20- I
22 40 |
=70 \
o . o \
60 \
-80-
100ms Clone 6

Figure 3.8: Action potential characteristics in clones 2 and 6
A typical action potential recorded from clones 2 andur@ler wholecell current clamp with

stimulation at a frequency of 1Hz.
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3.3.5.Characterisation of voltagegated ion channels in clones 2 and 6

L-type C&" currents

To assess the function of some of the ion channels knowing their relative amounts of
mRNA we ugd wholecell patchclamp techniques to examine their"Caurrents. The

Cd"* current data was kindly provided by Dr N. Ullrich. A series of voltage steps from a
holding potential o£50mV up to 60mV were evoked to elicit thetype C&" current
Figure 3.9(A). The voltage dependence and pharmacological sensitivity of-tizeel

cd* current recorded in clones 2 and 6 is illustratedFigure 3.9 (B)and (C)
respectively Both clones showed evidence of nifedipsensitive inward currents
suggesting the psence of Ltype C&" channels (Figure-9 (B)). Subtracted currents
were obtained from the normal Tyrode trace minus the nifedipine sensitive trace. The
plots of the mean data from the subtracted current that yield a cuoléage
relationship (V) showed no significant difference in the maximum sizes of the currents
in both clones (clone 20.89 + 0.07 pA/pF; clone 60.86 + 0.04 pA/pF; p=0.7; n=5

and 14 respectively). However maximal current activation was obtained at different
voltages (clone 210mV; clone 6-10mV). Currents from clone 6 had a more negative

reversal potential when compared to clone 2.
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Figure 3.9: Voltage-gated L-type C&* currents recorded from clones 2 and 6

Cells wee clamped at a holding potential €§0mV and a series of voltage steps were impc
(represented by the dashed lines) to 60mV at 10mV increments (A). Current traces were r
when cells were perfused with normal Tyrode [NT] and nifedipine in clo(i®) 2and clone 6 (C)).
The subtracted current represented the traces recorded in normal Tyrode trace minus the
containing nifedipine. The currembltage (FV) curve was plotted using the subtracted current va
expressed as current density (pA/pHyere was no difference in the maximum sizes of the nifedif
sensitive current (clone 20.89 + 0.07 pA/pF; clone 60.86 + 0.04 pA/pF; p=0.7; n=5 and :

respectively).

T-type C&" currents

T-type C&" currents were evoked by voltage clamepst from a holding potential of
80mV to a prestep of-40mV and subsequent steps to 40mV in 5mV increments (Figure
3.10 (A)). Clones 2 and 6 both had mibefrasdihsitive inward currents that peaked at
25mV as shown in Figure 3.10 (B) and (C) respectivéhis was somewhat more
positive than a typical fype C&" current which has a peak current at arot8@mV
(Vassort et al. 2006y here was no significardifference in the maximum sizes of the
mibefradilsensitive current (clone 20.94 + 0.04 pA/pF; clone 60.89 = 0.03 pA/pF;

p = 0.3; n = 8 and 10 respectively).
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Figure 3.10: Voltage-gated T-type C&* currents recorded from clones 2 and 6
Depolarising voltage pulses fronrB0 to a prestep of -40mV followed by 5mV increment
(represented by the dashed linesOmV (A) was used to evoketype C&" currentsfrom clones 2

(B) and 6 (C) shown together withe respective current obtained in the presence of mibefrac
membrane holding potential e40mV was used to inactivatbe Na" channelsl-V curves plotted or

the subtracted current (pA/pF) demonstrated a peak inward current obtaiabthslt Therewas also
no difference in the maximum sizes of the mibefradihsitive currenfclone 2:-0.94 + 0.04 pA/pF;
clone 6:-0.89 + 0.03 pA/pF; p = 0.3; n = 8 and 10 respectively).

Na’ currents

Representative Nacurrents are shown in Figure 3.11 for botlongs 2 and 6.
Sequential voltage clamp steps were imposed from a holding potentibl2@hV to

50mV in 10mV increments (Figure 3.11 (A)), to fully activate thé Marrent. Cells

were clamped at120mV to ensure thé&la™ channels were closed and ready ® b
activated. The fast inward current obtained from clones 2 and 6 was sensitive to 1mM
procaine resulting in an almost complete block (Figure 3.11 (B) and (C) respectively).
In the presence of procaine clone 6 often showed some remnant of an inward current
activating in similar ranges as that observed fof* @arrents. The-V curves were
plotted from the subtracted current of the normal Tyrode and procaine traces. In both
clones Na currents were activated at a threshold-@@mV. There was no significan
difference in the maximum values of the activated current (cloré72 + 6.1pA/pF;
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clone 6:-85.0 £ 14.3 pA/pF; p = 0.6; n = 15 and 9 respectively). Currents were
maximally activated in clone 2 aBOmV and in clone 6 at20mV in clone 6. The

reversalpotential appeared to be very similar in both clones (clone 2: ~55mV; clone 6

~60mV).

(A) so0mv 1
A20mV— F/——— |
(B) soopA[ (C) 500pA[
50ms 50ms
NT NT
Procaine w—-————j\//——————* Procaine ——————r——————
Subtracted Subtracted
current current
I (pPA/pF) I (PA/pF)
10 10+
T T T T 1 \"/ (mV)
20 40 - 60

-100-
Figure 3.11: Voltage-gated N& currents recorded from clones 2 and 6

Cells were clamped at a holding potential-820mV and a series of voltage steps were impc
(represented by the dashed lines) to 50mV at 10mV increments (A). Current traces were r
when cells were perfused with normal Tyrode (NT) &f@ channel blocker procaine (blue traces
clone 2 (B) ad red traces for clone 6 (C). TheVlcurves were plotted for both clones with |
significant difference in the current size of the procaassitive currents (clone 2Z/7.5 + 6.1pA/pF;
clone 6:-85.0 + 14.3 pA/pF; p = 0.6; n = 15 and 9 respectively).

I+ currents

Cells were voltage clamped and hyperpolarised for 1.5s from a holding potential of
40mV to more negative potentials ranging fre@® to-130mV in 10mV increments.
Representative current traces recorded from clones 2 and 6 are shown in Bigre 3

and (B) respectivelyls current was not present in any of the cells patched in clone 2 (n
= 20). Clone 6 had an inward current that slowly activated with time upon
hyperpolarisation to more negative potentials. We observed a complete block of the
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current elicited at peak activation-df30mV by perfusing the cells with 4mM T his
effect was reversible by perfusing the cells with modified Tyrode. Teurve shows
the C$ sensitive current (modified Tyrode current subtracted from tAe@eert) as a
function of the holding potential and we observed a peak current activatid3? of
4pA/pF; n = 16. In clone & was not present in every cell, but we did observe a non
inactivating inward current with an amplitude that increased as the poteatame
more negative similar to those present in the originallHtell line (Sartiani et al.

2002). These currents were confirmed to béi@snsitive.

(A) -40mV — —
_130mv D o i Com ) G ' i
(B) 250pA [
MT T e
200ms
(C) 250pA [
MT

Subtracted
current

T T T T
-130 -110 -90 =70 -50

10+

-20

I (PA/pF)

-30 -

-40-
Figure 3.12 Voltage-gated|; currents recorded in clones 2 and 6
Cells were hyperpolarised for 1.5 seconds from a holding potentiadQhV to more negative
potentials from60 to 130mV (indicated by the dashed lines) in 10mV increments (A). In clone
we did not observé in anythe groups of cé& patched (n = 20h modified Tyrode (MT). Current:
elicited in clone 6 perfused with modified Tyrode displayed ag@sasitive current with an amplituc
that increased as the potential became more negative. IMaetivation points were obtained at ba
membrane potential and the values were represented as pA/pF. Clone 6 had a peak current .

of 132 £ 4pA/pF; n = 16.




3.4.Discussion

The HL-1 cells are a unique cardiac myocyte cell line derived from proliferating atrial
myocytes of transgenic miceokever, this transformed, tumorigenic line contains cells
that are blocked at different stages of differentiafbrosko et al. 1993)Thus it was
necessary to produce a morertageneous cell line to allow better correlation of change
of function with molecular intervention. In this chapter the morphological features and
electrophysiological characteristics of the Hilclones are described with a particular

focus on clones 2 ardl

After several passages, of the five clones obtained contractile activity in clones 1 and 2
declined with the other clones starting spontaneous contraction at different times in
culture. To explain these differences in contraction, we investigated ewdektures:

(1) C&" entry in the cell triggering Gainduced C& release (CICR) from the SR
which directly activates the myofilaments causing contradiiBars 2002; Endo 2009)

and (2) the localisation of myofibrillar and cytoskeletal proteins (e.g. desmin, myosin,
and actin)Kostin et al. 2000)

We started by comparing the cytoskeleton of the two clones and found that in clone 2
the sarcomeriban d e d o r g a ndctdia was aeplacedfby dJsatembranous
distribution, likely explaining the lack of contractiliZhang et al. 2005; Skwarek
Maruszewska et al.0B9). Desmin a marker for myofibril integrity and maturation, also
appeared to be more delicate and finer in clone 2 as previously described-in non
contracting cellgKostin et al. 2000; Bar et al. 2004; Paulin and Li 2004; Pelloux et al.
2006) The deliate fibres in clone 2 may also be a cause of the lack of contraction as
studies on embryonic hearts showed that desmin associated witHitieeanly after

the hearts started to befZhang et al. 2005) Desmin knockout studies have
demonstrated that the mice develop hypertrophy with disorganised myofibrils and
altered configurations of the intercalated discs. The mitochondria are also abnormal in
morphology and function as @i appear swollen and accumulate between the
myofibrils. Desmin may also be involved in supporting sacromere alignment or force
transmissionindicating the importance of the protein in maintaining muscle function
and structuralntegrity (Li et al. 1997; Paulinrad Li 2004) Morphological alterations

of other cytoskeleton proteins (e.g. actin, desmin, titin) associated with reduced
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contractile function have been reported in studies on heart fdeia et al. 2000)It is

likely that both these differences in sarcomeric skelo ractir(ini) and cytoskeletal
proteins (desmin) may contribute to loss of contractility and cellular integrity in clone 2
(Kostin et al. 2000; Zhang et al. 2005)

As mentioned before, [¢5; plays a key role in the-E coupling whereby electrical
excitation is transduced into contracti@ers 2002) Sinceclone 2 does not contract we
looked into possible differences in the*Ceelease process between the two clones.
Using line scan confocal microscopy both clones displayed spemia C# transients

with similar amplitudes when monitored usifiigo-4. In the heart the amount of [E€R
released is governed by: (1) Cinflux through the ktype C&" channel activated upon
membrane depolarisation and (2) SRF'Galease triggerethy the initial C4" influx
(Venetucci et al. 2007)Analysis of current densities for thetype C&* channel and

SR C&" content assessed by application of caffeine were comparable in both clones.
This was despite cells from clone 2 expressing less mRNA coding-fgpel C&"*
channel, RyR2, the SR Earelease channel. Thus there seemed to belirext
correlation between the amount of messenger expressed and the functional protein

perhaps indicating different pesanscriptional regulations between the two clones.

Although the role of Ttype C&" channels is unclear in atrial cells these chinoeuld
contribute to the influx of C& No difference was observed in the mRNA expression
levels and current density in both clones. It is also thought thgpelCa" currents
contribute very little to the initial Gainflux triggeringcontraction sice no expression

of functional channels is present in adult ventricular myocardial lddsmsmeyer et

al. 1997; Vassort et al. 2008Yowever the existence offJpe C&" channels in both
clones 2 and 6 does support the view that such channels play a more important role in
cell growth(Hermsmeyer et al. 1997¢ell cycle progressiofRodman et al. 2005¢ell
development(Zhang et al. 2003)and pacemaker generatighlangoni et al. 2006)
Evidence for this comes from the prominent expressiontyp& C&" channels in the
developing embryo and foetus but declines during maturation particularly in ventricular
myocytes(Vassort et al. 2006)T-type C&* channels are also found during ventricular
hypertrophy and subendothelial thickening and*@atry through these channels may
contribute to arrhythmias(Nuss and Houser 1993; Hermsmeyer et al. 1997,

Takebayashi et al. 2006he presence of -fype C&" channels in cardiac tissue
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displaying automaticity make them a possible candidate to provide an inward
depolarising curreanduring the slow diastolic depolarisation phase in pacemaker
generatior(Vassort et al. 2006 Although | have not investigated the various roles-of T
type C&* channels, the Hi1 clones provide an ideal cellular model for such a study.

Another regulator of [Cd]; content is via NCX which is expressed by all the-HL
clones. NCX is primarily involved in muscle relaxation in combination with SERCA in
lowering [C&]; concentration to resting level¥enetucci et al. 2007)t functions by
exportingone C&" ion out of the cell in exchange for importing three” ims into the

cell. Since NCX was expressed at high levels in all thelHllones with the exception

of clone 2 it could potentially play a key role in pacemaker generation. During diastolic
depolarisation SR Ghcan bereleased spontaneously through RyR2. This release
|l ocally activates NCX, which in turn pr
depolarising the membrane, allowing threshold to be reached and an action potential to
be triggered(Bogdanov et al. 2001)lo confirm and study the functional role of NCX

in pacemaker generation, further paathmp experiments will need to be performed.

Cells from clone 6had average resting membrane potentials7&8mV + 3mV as
expected for a cell of atrial origi(Shih 1994) However cells in clone 2 were more
depolarised with a resting membrane potentiad@f+ 6mV similar to values observed

in nodal cell§DiFrancesco 2005We were only able to record a single action potential

in clone 2 upon electrical stimulation. This was despite the cells displaying spontaneous
Ccd"* transients The lack of action potential generation in clone 2 could be explained by
differences in cell density. During experiments for patlemp cells are isolated into
single cells and for GaAmeasurements cells are seeded in large aggregates. Moreover
we alsodemonstrate in Chapter 5 that cells in clone 2 are able to produce extracellular
field potentials detected by MEA when seeded at high density. This factor of seeding
density is crucial in the Hi1 cell line since the development of spontaneous contraction
is very much dependent on the development stage of the culture and cell density
(Claycomb et al. 1998; Hong et al. 2008)

The action potential characteristics of clone 6 in terms of the shape were comparable to
those obtained from the original HL cell line(Sartiani et al. 2002and of mouse atrial

cells (Knollmann et al. 2007)The action potential overshoot was considerably higher
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than those recordein the original HE1 (Sartiani et al. 2002and HL-5 cell line also
derived from the ATL cell line(Xiao et al. 2006)Action potential durations (AP
were also variable between clone 6, theHtell line and the HI5 cells. These results
are conflicting since one would expect all three cell lines to have similar action potential
characteristics as they were originallgrided from the ATL cell line(Claycomb et al.
1998; White et al. 2004)This illustrates the heterogeneity of the original cell lines and
highlights the importance of stdboning enabling a more accurate analysis of the
experimental result€Compared with clone 6, neatal mouse hearts displayed similar
action potential durationf@Nuss and Marban 1994nd with larger overshoo{®Nuss
and Marban 1994; Xiao et al. 2006)he large overshoot in neonatal mouse hearts
could be explained by the presence of larger dl@rents when compared withetfL-

1 clonegNuss and Marban 1994)

The action potential amplitude and upstroke in the heart is determined by the Na
current (Herfst et al. 2004xhrough the opening of NA&5 channelgAbriel 2010)
Current densities in clones 2 and 6 were not significantly different when cells were
clamped at120mV to ensure all the Na@hannels were in their closed state ready to be
activaed. However it should be noted in clone 2 resting membrane potentials were more
depolarised compared with clone 6. Thus over this voltage range the numbet of Na
channels that are likely tcelopen are considerably redud&rfant 2009) This in turn

could potentially lower the current density and action potential amplitude affecting
action potential propagation since Naurrents are primarily responsible for membrane
excitability in the heartShaw and Rudy 1997)

In clones 2 and 6 recordings of Nsensitive currents were comparable in activation
values and reversal potentials mirrored by a sinolarshoot in action potentials. In
comparison to studies on adult atrial myocytes and neonatal mouse hearts,-the HL
clones displayed maximum activation ranges at more positive pote(itiats and
Marban 1994; Feng et al. 1996; Mille et al. 2008)milarly the current reversal
potentials were also a lot more positive in the-Htlones compared to neonatal mouse
strains(Mille et al. 2009) The currents particularly in clone 2 had a slow inactivation
compared with cardiac Nacurrents. These differences could Hee to recording
conditions bufor a more detailedomparisorthe inactivation of these currents will be

need to studied more systematicallyis possible that splice variants of the normal
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cardiac SCN5A gene encodirga, 1.5 may exist in the Hll clones that differ in
protein synthesis, assembly and pinahslation modifications producing some subtle
alterations in their functio(Herfst et al. 2004)It is also possible that the HL clones
are comparable to an embryonic phenotypeble to express the Nahannels

characteristic of adult cardiac myocytes.

We also demonstrated the presencés,ahat activates upon voltage hyperpolarisation
and slowly depolarises the membrane up to threshold for firing a new action potential
(DiFrancesco 2005)We were only able to recolgin clone 6 and not in clone 2. In
clone 6,l; activated at a negative membrane potentiak&mV and its amplitude
increased at more negative potentials with maximum activation13®mV. The
electrophysiological characteristicslpivere similar to those found in the original HL
cells(Sartiani et al. 2002and cardac pacemaker cel[®iFrancesco 1993he current

was also blocked by Cs(Denyer and Brown 1990; Sartiani et al. 2002; Xiao et al.
2006) I; was not always present in clone 6 which was consistent with findings in the
original HL-1 cells withl; presenin only 30% of the cells patché8artiani et al. 2002)

and in 39% of the HI5 cells(Xiao et al. 2006) This was also coiffned by our action
potential data since most of the cells exhibited a flat diastolic potential rather than a
spontaneous diastolic depolarisation phase expected in the presér(@®obfzynski et

al. 2007) Cellular heterogeneity with respect to the presendelas been reported in
myocytes isolated from native cardiac tissues such as the sinoatria{Demger and
Brown 1990)and atrial tissu¢Zhou and Lipsius 1992)lo correlate the presence of a
spontaneous diastolic depolarisationsfeecordings of action potentials ahdvill need

to performed on the sacells Althoughwe did not study the relationship betwden

and automaticity it is unlikely that it is fully responsible for the pacemaker current
generated in the HiL clones and that other ion currents may contribute to the initiation
of action potenals. For example despitebeing absent in clone 2 these cells were still
able to display spontaneous®Caansients. Studidsy Lakatta et alhave implicated the
localised rhythmic oscillations of [€3; by the SR that crosmlks with other
mechanims (e.g. NCX) to regulate the automaticity of the h@aakatta et al. 2003)

In summary we have shown that the HLclones express many of the’Chandling
proteins, display spontaneous?Caansients, have a functional SR and have majority of

the cardiac ionic currents. Lack of contractility in clone 2 is most likely caused by the
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lack of sarcomeric organisation rather tharf*Gaflux triggering cardiac excitation

since no difference was found when compared to clone 6. Compared with freshly
isolated primary cultures the HL clones exhibit properties that are comparable to a
neonathphenotype. The H1 clones provide a useful model to study cardiac channel
regulation and functional expression including pacemaker automaticity and the specific
roles [C&"]; andI; play in this process. Since we have established that the ¢ltnes

have the necessary ion channels required to generate action potentials, the next stage of
my investigation was to study gap junctions and their component connexins that link

together individual myocytes, forming the pathways for action potentials propagation
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CHAPTER 4.
Characterisation and quantification of connexin

expression/ceexpression in the HL:-1 clones
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4.1.Introduction

As in most tissue and organs multiple connexins are expressed in the heart. The three
principal cardiac connexins, connexin40 (Cx40), Cx43 and5Care found in a
chamberrelated and myocytspecific manne{Gros and Jongsma 1996; Severs et al.
2006) Connexins can form functional gap junction channels by themselves however co
expression of more than one connexin subtype raises the possibility of different channel
type formationgWhite and Bruzzone 1996; Cottrell and Burt 2008% discussed in
Chapter 1, section 3, if a cell -@xpressed two connexin subtypes that were free to
associate in a random fashion there are fourteen possible connexon types thatecoul
formed i.e. 12 heteromeric connexons composed of both connexin subtypes and 2
homomeric connexons made up of solely one or the other confgmxmk et al. 1997;
Cottrell and Burt 2005)

The ability of connexons to form junctional channels is a seleptiveess dependent on

the constituent connexin subtypegGros and Jongsma 1996) Several
electrophysiological and biochemical studies have shown the formation of heteromeric
gap junction channels in a variety of cell expression systems and tissue. Co
immunoprecipitation and Hepair data on A7r5 vascular smooth muscle cells
demonstrated that heteromers are formed between Cx40 and Cx43 and exhibit channel
and voltage gating properties unique from homorAeoimotypic Cx40 or Cx43
channelgHe et al. 1999)This data was confirmed by Beyer et al. in HeLa transfectants
(Beyer et al. 2001; Valiunas et al. 200Examples of heteromer formation between
other connexin subtypes include Cx@8&50 in the lengJiang and Goodenough 1996)
Cx26-Cx32 in the rodent livefBevans et al. 1998)nd Cx3-Cx30 in astrocyteéNagy

et al. 1997)

Although there is a wealth of data supporting the formation of Cx40 and Cx43
heteromeric formation, studies have reportednflicting results as to whether
connexons composed of Cx@Xx43 form heterotypic channels. For example in
Xenopusoocytes, there was no gamctional communication detected between paired
oocytes expressing Cx40 and Cx43 using dual cell paéshp (Bruzzone et al. 1993;
White et al. 1995)However in the same expression system high levels of conductance

were recorded when oocytes expressing Cx40 or Cx43 were paired with Cx37. This



highlights the ability of connexins to distinguish one connexin subtype from another. In
HelLa cells there waso Lucifer yellow dye transfer observed after microinjection
between Cx40 and Cx43 expressing célifgang et al. 1995)Lack of gap junction
formation between Hela cellsxgressing Cx40 and Cx43 on apposed plasma
membranes was also demonstrated by immunofluoresdgteabrich et al. 1996;
Rackauskas et al. 2007a)lowever electrophysiological studies by Valiunas et al.
(2000)and Cottrell et al(2001)did demonstrate the formation of functional heterotypic
channels between Cx40 and Cx43 in HeLa and RIN cells transfected with Cx40 and
Cx43 respectively albeit with conductance at significantly lower levels than homotypic

channels composed either Cx40 or Cx43.

In contrast the presence of functional heterotypic channels between Cx45 and Cx40 or
Cx43 have consistently been repori@ihite and Bruzzone 1996; Rackaasket al.
2007a) When ROS cells that naturally express Cx43 were transfected with Cx45, there
was a reduction in dye permeability by the formation of heterorhetierotypic
channelgKoval et al. 1995)Similar observations were also made in our laboratory on
the rat liver epithelial cell line (RLE) that endawpusly express Cx43 and are
transfected to cexpress Cx45 (RLE Ind45(Grikscheit 2010) Using fluorescent
imaging and electrophysiological data from HelLa transfectants Cx45 readily formed
junctional channels with Cx40 or Cx4Backauskas et al. 2007a; Valiunas et al. 2000)
Cell pair data in HeLa and N2a transfectants have also demonstrated the presence of
heterotypic channels between Cx43 and Cx45 that were functionally distinct from
homotypic channelsomposed of Cx43 or Cx4fklenes et al. 2001; Desplantez et al.
2004). Similar findings were also reported by Martinez et(2002a)in HelLa cells

using Lucifer yellow dye permeability, affinity purification and cell pair data.

Collectively these studies indicatieat heteromeriteterotypic channels characterised

by different electrical properties (e.g. unitary conductance, voltage gating, dye transfer)
may have the potential to regulate the extent oftoetell communication between
cells ceexpressing more #mn one connexin subtype. The ability or inability of certain
connexin combinations to form heterotypic channels could also limit or segregate
communication between cells in close physical cor{idtite et al. 1995; Elfgang et al.
1995)
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Intercellular communication at the gap junction plague is also regulated by factors that
affect the abudance, size and cellular distribution of gap junction channel aggregates
(Hunter et al. 2005) For instance connexin expression may regulated at the
transcriptional (e.g. interaction of transcription factors with target elements in
controlling gene expression) or pdsinscriptional level (e.g. connexin synthesis,
oligomerisation and degradatio($affitz et al. 2000; Oyamada et al. 200BEecently

the role of connexin interacting proteins have been highlighted and, in particulda zon
occludensl (ZO-1) in mediating the formation, extent and size of gap junc(idnster

et al. 2005; Laing et al. 2009n HelLa cells inhibition of Cx43 with ZQ lead b large
extensive gap junctions and this effect was reversed when the capacity to interact was
restored(Hunter et al. 2005)It has &0 been shown in our laboratory that in patients
with congestive heart failure there was an increased interaction between Cx43-and ZO
associated with a reduction and decrease in size of Cx43 gap jun@roice et al.
2008) These findings raise the potential role of-ZGs a mediator in gap junction

remodelling in the heart.

From this background we set out to: (1) qifgrthe connexin expression in the HL
clones; (2) quantify the connexin-eapression (Cx40/Cx43) ratio and compare it with
human atrial samples; (3) characterise the connexin expressexpoession patterns
of Cx40, Cx43 and Cx45; (3) assab Cx40 and Cx43 do form heteromers; and (4)

assess the level of 4ocalisation between ZQ and Cx40, Cx43 and Cx45.

4.2. Materials and methods

HL-1 clones were routinely cultured as described in Chapter 2, section 2. Connexin
transcripts were detected by northeratliechnique (Chapter 2, section Expression

of connexin protein was detected by western blot technique (Chapter 2, section 5).
Connexin ceexpression ratios were qudied according to methodslescribedin
Chapter 2, section 6.Connexin protein intecions were studied using o
immuoprecipitationChapter 2, section)7The HL-1 clones were also characterised by
immmunofluorescencéo study the distribution of Cx40, Cx43 and Cx45 and co
localisation of ZG1 with Cx40, Cx43 and Cx45 (Chapter 2, secBhn



4.3.Results

4.3.1.Molecular and biochemical characterisation of connexin expression

Transcripts for Cx40, Cx43 and Cx45 (Figure 4.2 (A)) were present in thE ¢fihnes.

All the probes labelled a single mRNA band at the size expected. Different exposure
timeswere required to obtain similar signal intensities and helped estimate the relative
levels of transcript expressed in the -Hlclones. The RNA samples were loaded with
ethidium bromide to visualise the ribosomal RNA bands (18S and 28S) and verify the
sampes were loaded equally for quantification. All the HiLclones expressed Cx40,
Cx43 and Cx45 at varying levels but retained the general characteristics of a cardiac
myocyte(n =2). Although the data was not sufficient for a statistical analysiall the
clonesCx40 transcript levels were higher compared with the adult mouse heart. This
was expected since Cx40 in the mouse heart is only expressed in small amounts of the
tissue including the atria and endothelial célsos and Jongsma 199&hd we were
comparing the wholedart tissue to the HIL clones. Cx43 and Cx45 were found at
similar levels to those in the mouse heart. A summary of the connexin transcript levels
iIs shown in Table 4.1. The mRNA expression levels were normalised to the mouse
heart, which was taken as tbentrol at 100%. To detect and quantify Cx40 and Cx43
expression in clone 2, membranes were exposed for a considerable length of time
(Cx40: 24 hours; Cx43: 2 days).
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Figure 4.1: Transcript and protein analysis of connexin expression in the Hil clones

Northern analysis of connexin mMRNA expression in the-IHklones and adult mouse heart (
Membranes were hybridised with probes for Cx40, Cx43 and Cx45 as indicated on the left of tke
The three connexins were expressed at varying levels by all the ¢hhnes. Membranes were stain
with ethidium bromide to visualize the ribosomal RNA bands 18S and 28S. Western blot anal
Cx40 and Cx43 (B). The Cx40 antibody detected a singtel bmigrating at 40kDa expressed at sim
levels in all the HEL clones except clone 2. Cx43 analysis obtained a single band migrating at A8k
with Cx40, Cx43 was present at similar levels in all-Htlones with the exception of clone 2. The clc
numbers for transcript analysis and protein expression are indicted at the top of the picture. Tt

positive correlation of connexin transcript to protein expression for Cx40 and Cx43 (C).
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Table 4.1: Summary of connexin transcript expression normalised to the mouse heart

Size of Exposure
Probe 1 2 3 4 6
band Time
Cx40 ~ 3kB 4 hours 353+14 | 465 190+43 | 286+21 | 332+18
Cx43 ~ 3kB 24 hours 782 18+5 68 £ 12 6917 87+3
Cx45 ~ 2kB 5 days 123 +7 51+5 7+3 132+2 145+ 3

To assess whether connexin expression was regulated at the transcriptional or
translational stage, Cx40 and Cx43 protein levels were measured and compared to the
corresponding levels of mRNA transcribed in the-Hktlones (Figure 4.2 (B)). Levels

of Cx40 and Cx43 expression were similar in all the Htlones with the exception of
clone 2 where the signal was lower. Figure 4.2 (C) shows analysis of the relationship
between Cx40 and Cx43 transcript and the corresponpintein expressed. The
protein and mMRNA expression levels were normalised to clone 1. There wasi&posit
correlation for both Cx4Gnd Cx43 suggesting that the mRNA steady state levels
determines the connexin protein le@45 remained undetectable withur western

blot protocol indicating that Cx45 expression levels were at least twenty times lower
than Cx40 or Cx43.

4.3.2.Quantification of Cx40/Cx43 ceexpression ratio in the junctional and non
junctional fractions

To determine the relative amount of Cx40daCx43 that was present within gap

(the

fraction) differential solubilisation extraction using Tritor1R0 was performed. The

junction plaque 6junctionafj @nttaonia
total, junctional and nojunctional samjes were loaded for clones 2 and 6 and
immunobloted for Cx40 and Cx43 (Figure 4(&). The total sample was equivalent to

the junctional and nejunctional samples mixed together in an equal volume. The sum

of intensities for the junctional and nqumctional bands equalled the respective total
samples. Densitometric analysis of the immunoblots revealed that approximately 60%

of the total Cx40 expresd was present at the junctifor clones 2 and 6clone 2: 55 +

15%; clone 6: 6% + 2%) and 40% in the noejunctional fraction (clone 2: 45 + 15%;

clone 6: 40% * 3%f[Figure 4.2(B)). These differences were not statisticaignificant

(p > 0.05).For Cx43, the amount of connexin present in the juncti(ciahe 2: 53 +
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3%; clone 6: 50 + 13%&and norjunctioral fractions was approximately 50:50 in both
clones (clone 247 = 15%; clone 650+ 3%) (Figure 42 (C)).
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Figure 4.2: Quantification of Cx40 and Cx43 levels in the junctional and nosunctional
fractions in clones 2 and 6

Differential solubilisation using Triton 00 was used to separate the -uamctional (NJ) connexir
from the junctional (J). All fractions were compared to the total (T) connexin expression. Immur
show analysis of clones 2 andbfobed for Cx40 and Cx43 (A). Quantification of the junctional :
nonjunctional fractions indicated that a greater proportion of Cx40 was present in the jun
membrane in both the clones (Bt the differences were not statistically different (8.85). For

Cx43, there was approximately an equal amount of connexin present in both fractions (C).
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4.3.3.Immunoconfocal analysis of connexin expression/eexpression patterns

Thelocalisation of Cx45 (Figure 4 &nd celocalisation of Cx40 and Cx43 (Figureit

was examined by immunofluorescent labelling and confocal microscopy. In all three
clones immunostaining for Cx40, Cx43 or Cx45 gave labelling at the cell interface
between neighbouring cells representing gap junctions. There was also some perinuclear
distribution within the cytoplasm likely representing connexins within the biosynthetic
pathway.

Cells from clone 2 appeared to form gap junctions with predominantly Cx45 (Fidure 4.
(A)). Labelling for Cx45 was homogenous but at low levels across theoablayer in

all the clones with the exception of clone 3.

Clone 2 Clone 6

Figure 4.3: Immunofluorescent labelling of Cx45 in clones 2 and 6
In both clones 2 (A) and 6 (B), Cx45 was expressed homogenously at lowdevetscell interface
between neighbouring cells representing gap junctions.

The colocalisation of Cx40 and Cx43 was examined by double immunofluorescent
labelling. Clone 2 expressed Cx40 and Cx43 at low levels with large areas of the culture
giving no positive staining (Figure 4.@A)), confirming the data obtained by northern
and western blot. In clones 3 (Figurd 4B)) and 6 Figure 4.4(C) expression for both
Cx40 and Cx43 was heterogeneous in an intefixeterface basis indicated by the
different colours. For example the gap junctions of one interface were prominently

labelled for Cx40 (red) while at a different interface of the very same cell, Cx43 (green)
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predominated or a mixture of the two connexins (yellow). Although we can observe
these dbtinctive patterns of different interfaces of the same cell, there was little

variation within an individual interface where one cell abuts to another. Labelling was

red, green or yellow but seldom more than one colour.
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Clone 2
Cx40/Cx43

Figure 4.4: Immunoconfocal analysis of Cx40/Cx43 c@&xpression in the HL-1 clones

Images show double labelling for Cx40 (red) and Cx43 (green) in clones 2, 3 and 6. Labelli
weak in clone 2 since it expressed low levelLafl0 and Cx43 (A). In clones 3 (B) and 6 (
expression for both Cx40 and Cx43 was heterogeneous. A single cell may display very d
distribution patterns on opposite interfaces. This is highlighted by the star in (B) where one in
displays goredominance for Cx43 (green) while at a different interface of the same cell there
mixture of the two signals (yellow).
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Triple labelling of Cx40, Cx43 and Cx45 in clone 6 was used to examine their relative
co-localisation. The three connexins wheisualised separately within the same area
typically revealed similar labelling patterns (Figuré 4nd Figure 4). The triple
labelling image was generated by superimposing the image for each connexin subtype
indicating that at specific cell interfacedl three connexins elmcalise to form gap
junctions, but the relative amount of signal for each connexin varied substantially from

one cell interface to the next (Figur®and Figure 4, panel (A)).

To demonstrate the varying degrees ofaxalisaton three different interfaces from the
triple labelling were separated to allow simultaneous visualisation of Cx40 and Cx43,
Cx40 and Cx45 and Cx43 and Cx45 (Figurg @nd Figure 4, panel (B)). Labelling

for Cx40 and Cx43 gave a single colour per iiges within a given cell with some
interfaces predominantly showing Cx40 label while others largely showed labelling for
Cx43 or a mixture of the two confirming the-loralisation pattern obtained earlier.
Labelling for Cx40 and Cx45 showed isolated spuft<Cx40 only (blue), Cx45 only
(red) and a mixture of the two (purple) at different cell interfaces and within an
individual interface. A similar pattern was also observed for Cx43 (green) and Cx45
(red) with some areas of overlap of the two signalsgwéll In contrast to the Cx40 and
Cx43 labelling no major differences in the labelling patterns at the different cellular
interfaces were apparent. In certain areas of the cell monolayer all three connexins co

localised within the same gap junction plaqugénerate a white colour.



(A) &N Cx40/Cx43/Cx45

25um 25um
(B) Interface 1 Interface 2 Interface 3
Cx40/Cx43
Cx40/Cx45
Cx43/Cx45
Cx40/Cx43/Cx45

Figure 4.5: Co-localisation of Cx40, Cx43 and Cx45 in clone 6 to illustrate the spatial distribution patterns of all three connexins (Exarepl)
Each connexin can be seen i timdividual channels within the same area and the triple labelling image was generated by superimposing the imagerioexiac
subtype (A). To demonstrate the varying degrees dbcalisation at each cell interface, sections 1, 2 and 3 highlidgtaedtriple labelling were separated into dual imag

of Cx40/Cx43, Cx40/Cx45, Cx43/Cx45 and triple image of Cx40/Cx43/Cx45 as indicated on the left of the image (B).
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(A) Cx45 Cx40/Cx43/Cx45

(B) Interface 1 Interface 2 Interface 3

Cx40/Cx43

Cx40/Cx45

Cx43/Cx45
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Figure 4.6: Co-localisation of Cx40,Cx43 and Cx45 in clone 6 to illustrate the spatial distribution patterns of all three connexins (Example 2)
Another example of triple labelling from a different group of cells to confirm the various colours per cell interfacedbdmmwesignals for Cx@f Cx43 and Cx45 ar
superimposed (A). Sections 1, 2 and 3 indicated by the white boxes from triple labelling were separated into Cx40/Cx2h315C2h#3/Cx45 and Cx40/Cx43/Cx4

images indicated on the left of the image (B).
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4.3.4.Cx40 and Cx43 form heteroners in clone 6

To assess the levels of heteromers formed, cells from clone 6 were extracted into their
junctional and nofunctional fractions. The fractions were subjected to
immunoprecipitatiorwith a Cx40 antibody (Figure 4.7Samples containing thetéb
amount of junctional and neannctional fractions together with their respective bound
(sample bound to the connexin antibody that is specifically adsorbed on the beads) and
unbound (sample not bound to the connexin antibody) fractions were loadeestern

blot analysis. When the Cx40 antibody was immobilised on the beads we found that
approximately 19 + 1.0% of the junctional fraction and 7 = 1.0% of thegurartional
fraction formed heteromers with Cx4&3gure 47 (A) and (B)).These differences ave
statistically different (n = 3; p < 0.001).
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Figure 4.7: Cx40 and Cx43 form heteromers in clone 6

The total (T), junctional (J) and ngunctional (NJ) fractions were subjected to immunoprecipita
(IP) with a Cx40 antibody (A). The bound (B) and unbound (UB) samples from thginctional and
junctional fraction were loaded for western blot (WB) analysis. Detectable levels of Cx40 intel
with Cx43 were observed in both the Aonctional and jinctional fractions. Bar chart depicting tl
level of Cx40 and Cx43 interaction in the junction (19% + 1.0) andjwmaction (7% £ 1.0) is
illustrated in (B)(n = 3; p < 0.001)
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4.3.5.Connexin interaction with ZO-1 protein

Co-localisation of ZG1 with Cx40, CA43 and Cx45 can be visualised using
immunoconfocal microscopy in clone 6 as showfkigure 4.8 ZO-1 was expressed at
high levels at the plasma membrane and was localised exclusively atelhidar
contacts. Z@A1 showed varying degrees of-lazalisaton with Cx40 (A), Cx43 (B) and
Cx45 (C) to give a yellow colour when the two signals overlapped. Isolated spots of
Z0-1, Cx40, Cx43 or Cx45 signals were observed highlighted by the enlarged images
Figure 4.8D), (E) and (F).

In certain areas, closangpection of the Z& colabelling with connexin indicated that

Z0-1 was | ocated at the edge of tdteegapap |
junctions (Figure 4 This observation is in keeping with the proposed role of this
protein in accretio of connexons to the plague thereby regulating gap junction size
(Hunter et al. 2005) 6 Hol esd® i n the | abardat @madvhichunct
patches of gap junction membrane have been internalised for degragraiioret al.

2009)

Although the immunofluorescence images demonstrated varying degrees- of co
localisation & ZO-1 with Cx40 and Cx43, this did not demonstrate an interaction. To
determine the extent of any interaction between the proteHimroanoprecipitation
experiments were carried out in clofé-igure 4.10. Clone 4 was useith this figureto
illustratethatalthough all the clones have different expression profiles regarding the ion
channels and connexins, they still retain the characteristics of a myocyte ceA line
Z0O-1 antibody was used to precipitate -A0rom the junctional and neguanctional
fradions and any interaction with Cx40 and Cx43 were detected Isteme blot
analysis (Figure 4.0 Cx40 and Cx43 were also detected in the bound and unbound
samples. In the bound fraction, Cx40 and Cx43 interacted withl 2@ both the
junctional and nofjunctional fractions. However this interaction was significantly
lower in the junction in comparison to the Aomctional sample. In general there also

appears to be a greater level of interaction of1Z@ith Cx40 in contrast to Cx43.



Figure 4.8: Co-localisation of ZO-1 with Cx40, Cx43 and Cx45 in clone 6

Z0O-1 is expressed exclusively at the cell interface and only when there-te-cell contact. Double
labelling of ZG1 with Cx40 (A) and Cx43 (B) an€x45 (C) showed varying degrees of-c
localisation. Images (D), (E) and (F) represent enlarged views ef #@eraction with Cx40, Cx4:
and Cx45 respectively. At a specific cell interface it can be observed that there are certain
connexin (redpr ZO-1 only (green) and fraction where each signal overlaps (yellow) indicatin

localisation. These areas as highlighted by the arrows.

152



Cx43/Z0-1

Figure 4.9: Localisation of ZO-1 at the edges of the plaque

Cels were cdabelled with Cx43 (A) and ZQ (B). When the individual signals were superimpo:
(C) ZO-1 appeared to be restricted to the edges of the plaque (indicated by the arrow) witl
expressed in the centre of the plaque.
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Figure 4.10: Co-immunoprecipitation of ZO -1 with Cx40 and Cx43 in cloned

Proteins were extracted into their junctional (J) andjnoctional (NJ) fractions in cloné. Both the
fractions were subjected to -tmmunoprecipitatio with the ZQ1 antibody and detected for Cx¢
(top immunoreplica) and Cx43 (bottom immunoreplica). Cx40 and Cx43 were tested in the to
unbound (UB) and bound (B) samples in both the junctional angumational fractions. There wer
detectable eels of Cx40 interacting with ZQ in both fractions. However for Cx43, interaction w
Z0-1 was greater in the nganctional sample compared with the junctional fraction. Remnants c
IgG heavy chain from the antibody used forigonunoprecipitatiorare visible in the bound fraction:
but are readily distinguishable from Cx43 signal, which is the smaller of the two bands. Imay
kindly gifted by Dr K. Grikscheit.

4.4.Discussion

Differential patterns of connexin expression is thought to confer distnelectrical
properties and play a fundamental role in the orderly spread of curren{Sexers et
al. 2008) Thus it was important to distinguish the connexin expressigxXpession
patterns in the Hil clones before their role in action potential propagation could be
studed. The data presented in this chapter characterised tiieditines in terms of: (1)
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connexin expression (MRNA and protein levels); (2) connexiaxpoession patterns;

(3) connexin heteromerisation and (4) connexin interaction wittl ZThis informatio

can then be utilised to exploit each clone; their individual properties making them
suitable for different experiments.

Northern and western analysis confirmed that thelHllones expressed a combination

of Cx40 and Cx43 with the exception of cloneChly cells from clone 2 displayed
major differences with the other clones and adult mouse heart with considerably lower
levels of Cx40 and Cx43 mRNA. The differences in Cx40 expression between the HL
clones and the mouse heart can be accounted for ¢héhtd Cx40 only represents a
small proportion of the total connexin expressiorivowhere Cx43 is the predominant
connexin. Cx40 expression is restricted to the atria, bundles within the conduction
system and endothelial cells whereas in the workiegtncular muscle it is almost
completely absen(Duffy et al. 2006; Severs et al. 2008Jhe connexin expression
pattern was very similaio that observed in normal mouse atria indicating a relatively
normal connexin expression in HL derived atrial myocyte§Coppen et al. 1998a)
Cx45 could only be detected by northern blot. Based on the exposure times required to
obtain signal intensities similar to that of Cx40 and Cx43, levels of Cx45 messenger
were considerably lower in all the HL clones as repat in vivo (Vozzi et al. 1999)

From the quantification system developed in our laboratory that uses tagged HelLa
transfetants with known amounts of connexiBevers et al. 2006; Thomas 200v@
estimated that Cx45 protein waxpressed at least twenty times lower than Cx40 and
Cx43. Quantitative immunofluorescence could Iperformed to measure Cx45
expression in each of the clonds this study there werean insufficient number of

images recorded for a complete quantificatmd statistical analysis

We found a positive correlation between the level of mMRNA and the corresponding
protein levels suggesting that connexin expression was predominantly regulated at the
transcriptional level similarly to what has been reportedhie human myocardium
(Vozzi et al. 1999; Dupont et al. 2001&onnexin gene expression is regulated by a
variety of factors. These include (1) transcription factors TATA-bioxling protein,
specificity protein 1/3 (Sp1/Sp3) and activapwoteinl (AP-1) expressed to regulate
basal expression and possibly modulate large changes in expression; (2) chemical and

biological substances such as cAMP, phorbol esters and retinoids and {§peell
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specific transcription factors (e.g. Nkx2.5) wfiibind to connexin gene promoters
(Beyer and Berthoud 2009; Oyamada et al. 20BBwever further experiments will be

required to deduce the exact mechanism involved in connexin synthesis.

Further western blot analysis of thengtional and noflunctional connexins provided

data on the relative amounts of Cx40 and Cx43 docked as channels compared with
those in intracellular trafficking pathways and as single connexons present in the plasma
membrane. For Cx40 there was a highepprtion present in the junctional fraction
than the nogunctional fraction. By contrast Cx43 was expressed at an equal amount in
both fractionsThere also appears to be some phosphorylation of Cx43 at the junctional
fraction. However to substantiateetamount of phosphorylatipphosphatase inhibitors

will need to be usednd the samples run onmigher resolutivewestern blotgels
containing 810% acrylamidgMusil et al. 1990) Therearealso a range of aibodies

that are availablgargetng specific residuesonly when phosphorylated (e.§369

(Solan et al. 2003)

Immunoconfocal visualisation of Cx40, Cx43 and Cx45 provided us with an overall
distribution pattern. Single labelling demonstrated that Cx40 and Cx43 were
heterogeneously expressed at highelswwithin the gap junction plaque (data not
shown) with Cx45 homogenously present at low levels throughout the monolayer.
Multiple labelling was performed to study the spatial relationship between the
distributions of connexins relative to each othernfrtbe double and triple imaging, a
clear difference was observed in the distribution of each connexin at individutd-cell

cell interfaces. The labelling pattern for Cx40 with Cx43 showed that a large proportion
of cells displayed an individual colour peterface: either high Cx40, high Cx43 or a
mixture of the two. This suggests that in those areas the amount of connexin present in
the junctions and/or the makg of connexons are near identical between the two cells.
Similar observations were found the RLE cell line transfected to -@xpress Cx40
(Halliday et al. 2003; Thomas 200(Higure 4.1 (A)), N2a cells transfected with Cx40

and Cx43(Lin et al. 2010) and A7r5 which naturally cexpress Cx40 and Cx43
(Cottrell et al. 2002) This suggests that irrelevant of the cell type these Iagell
patterns observed are dependent on the connexins present at the membrane. Cx40 and
Cx43 are frequently etocalised in cells of the cardiovascular systgnos et al. 1994;

Vozzi et al. 1999; Yeh et al. 2008hd are present within the same gap junction plaque
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(Kanagaratnam et al. 2002; Severs et al. 200Spection of the human Purkinje fibres,
which ceexpress CX40 with CX43 at the intercalated disk commonly demonstrated a
predominance of label for one connexin subtype at one interface and for the other
connexin subtype at another interface confirming the labelling pattern observed in the

HL-1 clones wasa true representation of cardiac tisgugivo (Figure 4.1 (B)).
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Figure 4.11: Immunoconfocal analysis of Cx40/ Cx43 cexpression in two different cell
models

Double labelling with antCx40 and antiCx43 in the RLE cell line that endogenously express C
transfected to cexpress Cx40 (RLE Ind40) (A) and human Purkinje fibres (B) thagéxpoess
Cx40 with Cx43. Similar to the labelling pattern observed in clones 3 and 6, connexin local
was heterogeneous. In both images an individual cell interface may demonstrate different I
patterns indicating a predominance for one connexin subtype at one interface and for tr
connexin subtype at another interface. Images were kindigdgify Dr N. Thomas (A) and Dr F
Kaba (B).

The single colour per interface was not observed for Cx40 with Cx45. We found
isolated spots of Cx40 only, Cx45 only or an overlap of the two connexins throughout
the monolayer. Studies on Cx40 and Cx45 mRNvele showed that levels of both
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Cx40 and Cx45 messenger followed a similar trend and variation between the four
chambers indicating the two connexins may be spatially associated at the protein level
(Vozzi et al. 1999) In the rat conduction system the common bundle was shown to
express Cx40 and Cx45 in a similar pattern to clo(®eers et al. 2001).abeling for

Cx43 with Cx45 also revealed pattern oflooalisation comparable to that of Cx40 and
Cx45. Studies using the RLE Ind45 cell liflhomas 2007and rabbit sinoatrial nodal

cells (Honjo et al. 2002)yeported a mixture of labelling with signals for Cx43 only,
Cx45 only and a overlapping of the two connexins corroborating our observations in the
HL-1 clones. Whenhe three connexins were superimposed a clear difference was
observed in the distribution of each connexin at the individual gap junction artd-cell

cell interface indicated by the resulting colours. There were specific areas where all
three connexins wengresent in the same gap junction producing a white signal similar
to what has been observed at the intercalated disks in the human atrial myocardium and
Purkinje fibregVozzi et al. 1999; van Veest al. 2001)

The varying degrees of docalisation between the three connexins indicate a variety of
structural arrangements of connexins may be present at the individual gap junction
channel (e.g. heterotypic and heteromeric) although not all conneribinations are
compatible. Numerous investigations ¥anopusoocytes and HelLa transfectants have
reported an absence of measurable gap junction currents between cells expressing Cx40
and Cx43 in a heterotypic fashifBruzzone et al. 1993; White et al. 1995; Haubrich et

al. 1996; Gu et al. 20007 his conclusion was supported by Lucifer yellow dye transfer
studies showing there was no dye transfer between elsafunmed by Cx40 and Cx43
(Elfgang et al. 1995and in cecultures in which no immunofluorescent signals were
detected on apposed membrarfelaubrich et al. 1996; Rackauskas et al. 2007a)
Haubrich et al(1996) further demonstratedn inherent structural basis to connexin
incompatibility that implicated both extracellular loops, preventing the docking of
mismatched connexons. Work in our laboratory also demonstrated that eelisured

with the RLE wild type (Cx43 homomeric comms) and RLE Ind40 (Cx40
homomeric, Cx43 homomeric and Cx40/Cx43 heteromeric connexons), no label for
Cx40 was detected at any interface between the two cell types indicating an absence of
heterotypic channeld’homas 2007)However studies performed in HeLa and RIN cell
transfectants reported the presence of heterotypic channels lompagal with a

significantly reduced gajunctional conductance which could be an indication of
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reduced channel function and the inability of Cx40 and Cx43 to (Makunas et al.
2000;2001; Cottrell and Burt 2001)t is also possible that the low levels of coupling
could be accounted for by the presence of endogenous Cx45 interacting with Cx40 and
Cx43 as found by Rackauskas et(2D07a) which would also explain the differences

of asymmetry in voltage dependen@@oreno 2004; Elereet al. 2001)Since these
studies by Valiunus et a2000)and Cottrell et al(2001)were performed on cell pairs,

and our experimental model waaded on a cell monolayer, the assembly of Cx40 with
Cx43 homomeriheterotypic channels may be rarer in multicellular cultures because
highly compatible connexons have an increased chance to forjurgaons and are

less likely to form low compatibilitghannels such as Cx40 with Cx43.

Connexons made from Cx45 are able to dock with connexons made up of either Cx43
or Cx40 to form functional channel&lfgang et al. 1995; Desplantez et al. 2004;
Rackauskas et al. 2007a; Thomas 200Rus the presence of Cx45 makepassible

for a varietyof different channel configurations to be formed. White et(394)
demonstrated that heterotypic channel formation is a selective property dependent on
the expression of compatible connexins in the adjacent cells. In thEX&0sdoes not

form heterotypic channels with Cx43, while 48xis compatible with both Cx43 and
Cx50. In our cell line Cx45 could play a similar role in compatibility facilitating the
functional linkage of gap junction channels in zones that express otherwise
incompatible connexins. As a result if a large propartb homomers are formed, then

the known low compatibility between Cx40 and CX&¥gang et al. 1995; White and
Bruzzone 1996jvould also produce this specific connexin distribution. The connexon
content of each interface would depend on the level of expressiondieidual
connexins by adjacent cells modified by the docking of compatible connexons at other

cell-to-cell interfaces.

Alternatively results from the triple labelling could be due to a large proportion of
heteromers produced containing channels contpos$elifferent ratios of Cx40, Cx43

and Cx45. Caemmunoprecipitation experiments in clone 6 showed that the level of
heteromers produced were considerably lower than theoretical models predicted
assuming the connexon subtypes are free to associate idanrdashion(Brink et al.

1997) Heteromerisation between Cx40 and Cx43 have been eebiortseveral studies

using affinity chromatography on a Nickeitrolacetate matriXNi*-NTA) (He et al.
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1999; Beyer et al. 2001; Valiunas et al. 20Mpwever one caveat of these studies is
that analysis was onlgerformed in the Triton XLOO fraction, which contains the non
junctional connexins only. There is not only an assumption that the level of heteromers
formed in the synthetic pathways is similar to that in the plasma membrane but this
procedure is not qudtative both of which we were able to overcome in our laboratory.
We found that Cx40 and Cx43 heteromerise in both the junctional (19%) ard non
junctional (6%) fractionsindicating that heteroligomerisation begins during the
assembly of connexons ingkrans-Golgi network before its incorporation into the gap
junction plagugMusil and Goodenough 1993; Laird 2008he lower levels of Cx40

and Cx43 interaction in the nganctional fraction could be explained by presence of

conrexin monomers prior to oligomerisation in the-ERIgi compartments.

Due to the low levels of Cx45 expressed in theHtlones we were unable to detect
any interaction with Cx40 or Cx43. However using the RLE Ind45 cell line no
heteromers were observe@tlveen Cx45 and Cx43 indicating that detection of an
interaction in cells where only low amounts are expressed is unlikely to be feasible
(Grikscheit 2010) This data is quite different from studies performed by Martinez et al.
(2002a)who showed cepurification of Cx45 with V5(His)6-tagged Cx43 on a Ni-

NTA matrix. Differences in these results and could be due to technical factors or to cell
type specific heteromerisation

Work on connexin heteroligomerisation report that this process may be an intrinsic
process specific to each comnen t ype. For example the
regulates connexin compatibility might be located in the amino terminal portion and
differ between the connexin subtypes thereby enabling or preventing -hetero
oligomerisation(Lagree et al. 2003; Segretain and Falk 2004; Koval R0UBe
segregation of connexins within a gap junction channel could also be dependent on the
different affinities each connexin has for surrounding lipids or conrgxiting
proteins (e.g. Z€1l) (Segretain and Falk 2004\ ork by Das et a2001)demonstrated

that the ability to form heteromeric channels is also dependertteonontext of cell
expression. Alveloar epithelial cells express Cx43 and Cx46 however only type | cells
are able to form heteromers compared with type Il in which Cx46 is retained in the
transGolgi network preventing interactions with Cx43. Quantificataf the level of

heteromerisation in both the junctional and Huamctional fractions in clone 6 was also
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consistent with what has been found in the human atria and the RLE Ind40 cell line
(Grikscheit 2010) This suggests that heteromereisation is an intrinsic property of the

connexins expressed and not the cell or tissue type.

In recentyears the major focus regarding connexin interacting proteins has been on ZO
1 and its involvement in regulating the size and cellular distribution of gap junctions in
the healthy and diseased myocardi{ltanter et al. 2005; Laing et al. 2007; Bruce et al.
2008) In the HL-1 clones ZG1l expression was confined to areas of hatdtular
contact only. A similar expression pattern was foundivo where the distribution of
Z0-1 was only preserat the intercalated disk and preferentially associated at the edges
of gap junctions(Barker et al. 2002; Bruce et al. 200&)sing double labelling we
observed some degree of-lozalisation between ZQ with either Cx40, Cx43 and
Cx45 similar to what has been reported in the human ventfigriece et al. 2008xnd

rat myocytes(Barker et al. 2002)In specific regions we found that ZDdid not
directly overlap with the plaqueaterior but was associated at the perimeter in keeping
with studies by Hunter et a(2005) on HelLa and neonatal cad myocytes. These
specialised microdomains within the plaque are likely to represent gap junction
recruitment sites since work by Gaietta ef{2002)and Lauf et al(2002)demonstrated

that Cx43insertion into the plasma membrane occurred at the periphery of gap junction
plagues. We also found areas of-ZOnot coelocalised with Cx40, Cx43 or Cx45. In
these areas ZQ is most likely to be complexed with another type of cell junction such
as adhdsn junctions; e.g. Nadherin(Barker et al. 2002) Mo | e c u-talla & 6 cC
between different junction types has been proposed between mechanical and electrical
junctions at the intercalated disk in the formation and stabilisation of gap junctions
(Rohr 2007) For example the deletion of-dadherin resulted in the destabilisation of
adhesion juntions at the intercalated disk and a decrease in the levels of (Brdty

et al. 1996; Kostetskii et al. 2005)

Co-immunoprecipitation studiesonfirmed the interaction of Z@ with Cx40 and Cx43

in both the junctional and nganctional fraction as found in the healthy and diseased
heart(Bruce et al. 2008)These interactions are most likely through th&efninus of

the connexin motif and the PDZ domain of -A@Laing et al. 2005; Herve et al. 2007)
Z0O-1 interaction with Cx40, Cx43 and Cx45 through the PDZ binding domain has been

demonstrated in a variety of cell models including porcine vascular endothelial cells
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(Nagasawa et al. 28), osteoblastic cellgLaing et al. 2001jand adult rat ventricular
myocytes(Barker et al. 2002)Interactions in the nejunctional fraction include single
connexons at the plasma membrane and may reflect a possible role-loinZ@ap
junction turnover and compartmentalisation of connexins within the plasma membrane
(Laing et al. 2007)For example the expression of Z0at the edge of gap junction
could promote the accretion of namctional connexons into the plaguétunter et al.

2005; Laing et al. 2005And the internalisation of connexons from the plaque via the
formation of annular gap junctioriBruce et al. 2008)Although we have not confirmed

the exact role of Z€l in the HL-1 clones we can speculate that by controlling the rate
of turnover, ZQ1 could potentially influence the level of cédicell communication in

these cells.

In summary, the Hil clones expressedx@0, Cx43 with very low levels of Cx45. All
three connexins clmcalised at varying levels resulting in the different colours produced
by immunofluorescence. This heterogeneity is possibly due to (1) incompatibility of
connexons composed Cx40 and Cx43 @)dability of Cx45 to freely dock with Cx40

or Cx43 to form functional channels. @@munoprecipitation experiments showed that
levels of heteromerisation were much lower than would be predicted from random
association. Z€l interaction with Cx40 and Cx43was detected by
immunoprecipitation indicating a potential role for this protein in gap junction assembly
and function in the HLL cells. Collectively these are all influential factors in impulse

propagation, which will be studied, in the next chapter.
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CHAPTER 5.

The study of action potential propagation in the HL:1 clones
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5.1.Introduction

Cardiac excitation involves action potential generation by individual cells and its
conduction from ceito-cell through gap junction&leber and Rudy 2004)-or a single

cell to reach the threshold of activation and serve as a source the liminal length
requirements must belfilled resulting in a regenerative propagating action potential;
otherwise only local electrotonic effects occur. The liminal length is defined as the
length of tissue required to be raised above threshold so that the inward depolarising
current from tharegion is greater than the repolarising influences of adjacent tissue
(Fozzard and Arnsdorf 1991)

Cellular parameters that govern action potential propagation are:eXdijable
membrane propertiedefined by ditribution, density and type of voltagmted ion
channels participating in the action potential; if#yacellular longitudinal resistance

that affects the spread and charge of depolarising current in tissue is determined by the
cytoplasmic and gap junctioresistance; (3xell membrane capacitancand (4)
extracellular longitudinal resistancéKleber and Rudy 2004; Spach et al. 2004;
Desplantez et al. 20077 modification of any of these elements is predicted to alter
conduction velocity (CV) in the heart. For example reducing the availability of sodium
(Na’) channels is accompanied by a decrease in the safety factor (SF) and drop in CV
by a third followed by conduction blodshaw and Rudy 1997; Wang and Rudy 2000;
Kucera et al. 2001)In order to study action potential propagation, microelectrode
arrays (MEA) in combination with optical mapping will be used to study thelHL

clones.

A MEA consists of a matrix arrangement@tf electrodes that allows the recordings of
extracellular field potentials across a cell monolayée signal recorded by the MEA
reflects changes of membrane potential caused by the flow of ions though the-voltage
gated ion channels crossing the cell meank by local depolarisatigqiyamamoto et al.
1998; Stett et al. 2003; Hescheler et al. 2004us any difference in transmembrane
potential between callwould cause a current to flow through the cell interior across the
membrane giving rise to a voltage gradient in the extracellular environment. The size of
the voltage gradient is influenced by the amount of current produced by the

neighbouring cells anthe distance the signal is from the electrode. This technique
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enables noiinvasive recordings of field potential in any electrogenic tissue including
neuronal(Baruchi et al. 2008; Brewer et al. 2008)d cardiaqHalbach et al. 2006;
Fahrenbach et al. 200@g|l preparations.

In contrast to MEA, optical mapping measures the differences in transmembrane
potentials inexcitable cells. The changes in membrane potential are detected using
voltagesensitive dyes (e.g. @& butyl-aminonaphthytethenytpyridinium-propyt
sulfonate (ANNEPS)) that insert into the external lipid bilayer of the cell. At the cell
membrane the ayreacts to local changes in transmembrane potential with a shift in
their optical properties. These changes are then recorded using appropriate detectors.
The technique has a wide range of applications particularly in studying smasek
mismatcheqRohr et al. 1997and the dependence of impulse propagation on tissue
geometry(Fast and Kléber 1993; Rohr and Salzberg 1994; Fast et al.. 1086) only
provides a high temporal resolution necessary to detect the rapid change in membrane
potential during the action potential upstroke but it is also able to provide bettat spati
resolution enabling the investigation of finer details of wave propag@ioney and

Vaidya 2001) This part of the study was done in collaboration with Dr M. Miragoli

(Cardiovascular Science, NHLI).

MEA and optical mapping provide efficient tools to study the propagation of the
wavefront giving detailed descriptions of: (1) origin and spread of electrical activity; (2)
CV; (3) curvature and homogeneity of the propagated wavefront and (4) electrical
acivity across the entire cell monolayer, an advantage over electrophysiological
techniques such as patclamp which only work on a single cell at a time. In addition
there are advantages unique to each technique; MEA enables the recordings of electrical
adivity on the same preparation over a length of time whereas optical mapping allows
the action potential morphology and duration to be monitored from several sites at a
high resolution across the monolayer. All these aspects on impulse are presented and

discussed in detail in this chapter.
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5.2.Materials and methods

HL-1 clones were routinely cultured as described in Chapter 2, section 2. Effects of cell
density on connexin protein expression were detected by western blot technique

(Chapter 2, section 5).

5.2.1.Measurement of impulse propagation

Cell preparation

The seeding procedure used was the same for MEA and optical mapping. Once cells
reached full confluency, they were trypsinised according to methods described in
Chapter 2, section 2. After centrifugation ttedl pellet was resuspended in Claycomb
medium using a volume equivalent to-20ul per 1cm of cells. The MEA and 35mm

glass bottom dishes were coated with fibronectin (10mg/ml) in wate20fiOof the

cell suspension was seeded as a drop directlyoplédttrodes of the MEA. For optical
mapping 1620m of the cell suspension was seeded as a drop on 35mm glass bottom
dishes (MatTek Corporation). Cells were left to attach for3@0minutes with
incubation in an atmosphere of 5% £& 37°C. After cell seding the chambers were
flooded with Claycomb medium (~801). The next day the medium was changed and
viewed under a microscope to ensure cells had attached over the electrodes and the

35mm glass bottom dishes. Recordings were performet 2vurs afteseeding.

MEA apparatus

The equipment used in this study was composed of glass MEA plates, the MEA 1060
amplifier, the MC_Stimulus generator 2.1.5, the TC01/02 temperature controllers and
the MC_Rack data acquisition and analysis software (Multichannelnsgs

MEA plates

The standard MEA plate consist of 60 titanium nitride (TiN) electrodes in an 8x8 grid
fabricated on a glass substrate (Figure 5.1 (A)). The electrodes have a diameté of 30
and the spatial resolution is 2@@. The total distance acroas MEA plate is 140@m

and this value is used to calculate CV across a cell preparation. This will be explained in
greater detail later in this section. Cell preparations can be cultivated directly on the

16¢



MEA plate and extracellular action potentials tenrecorded over a length of time (up

to several weeks).

After each experiment the MEA plate was cleaned farse& The plate was thoroughly
rinsed with tap water and filled with a 186dium dodecyl sulphat&DS) solution in
distilled water (dHO) for aminimum of 3 hours to remove cellular debris from the
surface of the electrodes. The plate was rinsed under a continuous stream of tap water
between 224 hours followed by dyO for a few minutes to ensure complete removal of

the detergent. The MEA plateaw sterilised with 75% ethanol and baked at 120°C for a

minimum of 2 hours before dry storage in a clean 100mm petri dish until ready for use.

*~ 30um TiN
200pm . .—>clectrodes

Figure 5.1: MEA plate

The MEA plate consists of 60 titaniunitnide (TiN) electrodes (A). Each electrode has a diamete
30nV and the space between each electrode isi20fdom centre to centre. Cells are seeded ¢
confluent drop directly on the TiN electrodes (B) and extracellular recordings perfornigitiirs

postseeding.

MEA recordings
All the electrodes were in contact with the cell monolayer as shown in Figure 5.1 (B).
This was essential to ensure a sufficient amount of electrical activity was produced by

the cells for the signal to be detected byedleztrodes.

Prior to mounting the MEA onto the amplifier, the contact pads on the MEA were
thoroughly cleaned with 75% ethanol. This was to remove any contaminants, for
example grease, from touching the pads with bare fingers and to prevent poor contact
between the pads and the amplifier pins. A bad contact results in increased noise levels

on the affected channel. The medium was grounded either via: (1) an internal reference



electrode connected to the ground with the provided connector or (2) a sileer wir

connected to the amplifier's ground and placed into the chamber.

Once connected to the amplifier the MC_Card-ipetalled on the data acquisition
computer acquired the analog input signals at a sampling rate of 25kHz and digitized
the raw data (Figures.2 (A)). Extracellular recordings can be visualized using
MC_Rack. All recordings were carried out at 37°C using the temperature controller
(TCO01/02) connected to the base of the amplifier. Usually signals were visually
observed for 2 minutes to determe if the MEA was suitable for experimental use.

The selection criteria were based on the size and the frequency of the cellular signals.

For data acquisition, intrinsic beats were recorded prior to stimulation 60 3@conds

using the MC_Rack softwar€ells were then stimulated (MC_Stimulus 2.1.5) with a
10ms bipolar pulse of 0-BV for 1 minute at either 1 or 2Hz (Figure 5.2 (B)). The
frequency used was directly dependent on the intrinsic frequency generated by the cells.
MC_Rack allowed the experimeer to select the location and number of electrodes
required to stimulate the cells. Analysis of extracellular recordings and excitations maps

were performed using MC_Rack, Microsoft Excel and GraphPad prism.
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Figure 5.2: Setup of the stimulus generator to the MEA amplifier

Cells were stimulated using a stimulus generator directly transmitting the stimulation to any of t
electrodes present on the MEA plate. Action potentials recorgedcellularly were amplified ant
sent to the data acquisition system to be recorded and analysed on the computer (A). (B) is an
of a bipolar protocol used to stimulate the cellular preparation. Cells were normally stimulate

frequency of 12Hz.

Measurement of CV

Spontaneous preparations

Extracellular field potentials produced by the-Hlclones are shown in Figure 5.3 (A).

The field potential has several characteristic components that can be distinguished
which include: (1) the first negatie peak of the field potential (RR); (2) the last
positive peak of the field potential (&) and (3) the duration of the field potential
(FP4r) defined as the time between (kP and (FRiax) (Halbach et al. 2003)Figure

5.3 (A), enlarged electrode (E86)ptudies of simultaneousrecordings of field
potentials and intracellular action potentials have established a close correlation
between: the time of upstroke and repolarising phases of the action potential to the
FPuvin and FRyax respectivelyHalbach et al. 2003; Reppel et al. 2004)

For extracting CV from the field potentials, a trigger detector wasiséh a single
electrode (can be any electrode) using MC_Rack. The purpose of the trigger detector

was to detect electricalctivity above a threshold value of the field potential thereby



identifying the spontaneous activity (e.g. the dotted line on the enlarged electrode (E86)
in Figure 5.3 (A)). This in turn generated a data stream (Figure 5.3 (B)) in the remaining
electrods relative to the trigger, which was always set at Oms. Depending on the origin
of activation the field potentials in the remaining electrodes occurred before or after the
trigger electrode. This data stream was then used topsetn analyser through
MC_Rack defining the region of interest (ROI) representing the time range in which the
field potentials on all 60 electrodes were analysed (Figure 5.3 (B), E85). Data within the
ROI gave trace plots of the time taken for the action potential to reach eatthdsec
from the origin of wavefront activation (Figure 5.3 (C)). CV was calculated using

Equation 5.1 using Figure 5.3 (C) as an example.

Equation 5.1: Measurement of CV from spontaneous preparations (mm/s2
LD (ag) x 1000
0T (a)

D = distance[ = time delay (ms)A = origin of activation in Figure 5.3 (G)B = point
furthest away from the origin of activation in Figure 5.3 (C))

The trace plot showed the consistency of each beat in each of ¢tredde across the
length of the recording {&xis) highlighted by the enlarged image of the electrode (E75)
in Figure 5.3 (C).

To illustrate the spread of activation and electrical activity in different areas within a
monolayer we were able to create tdimensional false colour maps (Figure 5.3 (D)).
Each colour map consisted of 64 colours representing time intervals determined by the
ROI. For example in Figure 5.3 (D) the darkest colour denoted by the asterisk
represented the fastest time delay andlititeest colour represented the slowest time

delay in the ROI from the origin of activation.
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Figure 5.3: Measuring CV in spontaneously contracting preparations

(A) is a typical example of extracellulaeaordings produced by spontaneously contracting cell preparafibaskey parameters of the field potential are indicated in
enlarged electrode 86, is the size of the largest negative peakxIs the last positive peak and f#s the duratiorof the field potential. To calculate CV using recordi
(A) as an example trigger detector was sep in one electrode (e.g. E86), which detects any electrical activity above a certain thré€driaV( of the field potentia
generating a data streaff8). This data stream was used to-gptan analyser enabling to define a region of interest (ROI) and measure CV from trace plots (C
dimensional false colour maps illustrate the origin of activation (D). Blank electrodes in the trace plots amdiofadsaaps represent electrodes that were excluded be
of electrical noise.




Stimulated preparations

When cell preparations were electrically stimulated (e.g. top row of electrodes) the time
delay between the artefact of stimulation and the fieténg@l can be measured in any

of the electrodes (e.g. Figure 5.4 (A), E28). An enlarged image of the time delay in
action potential propagation along a row of electrodes from the point of stimulation (e.g.
E71) to the remaining electrodes down the areay.(E7278) is shown in Figure 5.4

(B). CV was calculated using Equation 5.2.

Equation 5.2: Measurement of CV from stimulated preparations (mm/sec)

LD (point of stimulation electrode X)X 1000

or (field potential artefact of stimulation)

Line stimulated

(A) % N R L_ (B) [ |
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Figure 5.4: Measurement of CV in stimulated cellular preparations

Cells were field stimulated with a 10ms bipolar pulse betweer1¥0.8long a row of electroddg.g. top
row). The time taken between the artefact of stimulation and the resulting field potential in any el
(e.g. E28) was measured (A). The delay of excitation spread in a single row of electrodes is

against the respective distanceldf electrodes from the origin of excitation (B).
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Optical mapping

The characteristics of impulse propagation were assessed optically with the voltage
sensitive dye dB-ANNEPS (Biotium). The dye was prepared in a stock solution of 1ml
75% dimethyl sulphade (DMSO) and 25% pluronic acid. MOof the stock solution

was added to the cell preparation containing 1ml of normal Tyrode to give a final
concentration ot 35¢ M and incubated for 2 minut e:
preparations were washed in normal Tyrode to remove any unbound dye. During the
experiments, preparations were constantly superfused with normal Tyrode at 37°C.
Tyrode was necessary for thetiopl mapping recording because the autofluorescence

of the medium would interfere with the actual signal. The emitted fluorescence
corresponding to transmembrane voltage changes were measured at an excitation
wavelength of 470 £ 30nm and a recording wargth of 550 £ 40nm using a CMOS
fastresolution camera (Ultima, SciMedia). Spontaneous activity in a given preparation
was limited to recordings lasting 4 seconds each in order to avoid phototoxic effects of
the dyes. Optical raw data was analyzed usioffware provided by camera
manufacturer (BV_Analyze V9.09, SciMedia). After offset correction and digital
filtering of the raw data, the frequency of spontaneous activations and the spatial

activation patterns were determined separately for each preparatio

5.3.Results

5.3.1.Optimisation of seeding parameters

From preliminary experiments we found that field potentials most suitable for
measuring CV were obtained from cells covering the electrodes only compared to cells
plated over the entire MEA plate. In bothhamues cells were seeded as a monolayer
with the only difference being in the surface area covered by the cells. In preparations
covering the entire MEA plate, cells spontaneously contracted at a higher frequency of
4-5Hz with poor signal to noise ratiadta not shown) when compared with cells
covering only the electrodes-2Hz). Thus cells were always seeded as a drop covering
only the electrodes. Despite this seeding optimisation, CV varied considerably between

each experiment depending on the volume size of the seeding drop.
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To provide more consistency in CV, a range of cell densities2@®$ of cells) and
seeding volumes (B0ul) were tested using clone 6. Figure 5.5 (A) displays a chart with
the key volumes and cell densities tested with tbeiresponding CV (mm/sec). From
these experiments we established that 0.5 and témells in a volume of 10ul was
optimum in providing the highest CV and most consistent data between experiments
(lcnf/10pl: 44 + 1mm/sec; 0.5c10pl: 38 + 1mm/sec) thateaked within 34 days
postseeding. Seeding cells below or above these values lead to lower CVBcm

27 + 1mm/sec; 2cfAiB0ul: 22 + Imm/sec) and on the occasions maximum velocities
were reached on days@bpostseeding. Seeding volumes of 10ul wengtimum as
smaller volumes (e.g. 5ul) were insufficient for the cells to be seeded in and larger
volumes (e.g. 3@0ul) resulted in the spreading of the drop and cells not forming a

confluent monolayer.

To explain these differences in CV western blots sugag connexin40 (Cx40) and
Cx43 expression were performed on cells cultured at different densities3B0%).

Cells were harvested on day 3 which was typically the time point when CV peaked
(Figure 5.5 (B)). We found that Cx40 and Cx43 expression reldcmesiderably when

cells were seeded at 250% confluency (Cx40: ~75% drop; Cx43: ~50% drop) compared
with when cells were at 16200% confluency. This indicates that there is a range in
which cells need to be seeded where connexin expression is optimuheandximum

CV is recorded.
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Figure 5.5: Optimisation of seeding parameters

Cells were seeded at different densities @Bt of cells) and seeding volumes-89pl) on the MEA
and the resulting®V measured (A). The exact cell density and seeding volume is listed belo
chart. (B) are immunoblots of cells seeded at varying densities and detected for Cx40 and C»

initial seeding density is indicated above the immunoblots.

5.3.2.Action potential propagation in spontaneously contracting cultures using

MEA and optical mapping

Using the seeding protocol described in the section above, action potential propagation
was measured using MEA and optical mapping in spontaneously contracting cultures in
clone 6. Figure 5.6 (A) and (B) show typical examples ofdivoensional false colour
maps generated from MEA and optical mapping respectively. In both examples the
origin and the direction of the propagating wavefront is highlighted by the asterisk and
arrons. In the majority of the preparations the electrical activity originated from the
edge of the monolayer formed by the initial seeding drop and the spread of activation
appeared relatively homogenous. CV were measured using MEA and optical mapping
and nosignificant difference (p = 0.2684) was observed in the two techniques (MEA:

41 + 2mm/sec; optical mapping: 37 £ 2mm/sec; n = 8 and 18 respectively) (Figure 5.6

(©)).
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Figure 5.6: CV in spontaneoudy contracting cultures using MEA and optical mapping

Typical examples of twalimensional false colour maps from MEA (A) and optical mapping (C
(B) in spontaneously contracting cultures of clone 6. In images (A) and (B) origin and spr
activation isdenoted by the asterisk and arrows mark the direction of the propagating wavefro
was measured using both techniques and there was no significant difference (p = 0.2684) in tr

(MEA: 41 + 2mm/sec; optical mapping: 37 £ 2mm/sec; n = 8 and g@=mively) (C).

In many of the recordings analysed the natural pacemaker was always present at the
edge of the preparation. We also observed that the origin of activation was not always at
the same location in the preparation, indicating that theraneas than one pacemaker.
Optical mapping was used to illustrate the switch in the natural pacemaker within the
same recording (Figure 5.7). At the beginning of the recording (Figure 5.7 (A), top left
panel) electrical activity spread from the top right ngor across the preparation.
However ~300ms later during the same recording there were two pacemakers within the

same preparation (Figure 5.7 (A), bottom panel) which collided in the centre.
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Figure 5.7: Origin of natural pacemaker using optical mapping

(A) shows a time course of wavefront propagation within the same cell preparation. The time difference in millisecoadsdiceted below each of the images. In the
left panel of the recording, sprtaf activation is initiated from the top left corner. Approximately 300ms later during the same recording there appdwais pademaker:
at the top left and bottom right corner (bottom left panel). The red colour represessizddilaction potentiaj green means there is an absence of depolarisatior

illustrates the corresponding activation maps for each of the panels. Asterisks mark the pacemaker location in eativatibthenaps.






























































































































































































