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FIBROBLAST
GROWTH FACTOR-2DECREASES METABOLIC COUPLMG AND STIMULATES
PHOSPHORYLATION AS WELL AS MASKING OF (2x43 EPITOPES iN CARDLAC MYOCYTES

Introduction: Gap junctions, speciaiized membrane structures contaïning numerous
intercellular charnels composed of connexins, permit interchange of molecules less than
1 kDa between coupled cells. In addition to ensuring eiectrical coupling, gap junctions

regdate growth and differentiation- An inverse correlation exists between ceLi
proliferation and gap junctionai intercellular communication in many experimental
systems. Fibroblast growth factor-2 (FGF-2) is a multifunctional mitogen stimulating
cardiomyocyte p r o l i f e r a h and hypertrophy; its iocd levels increase upon injury. We
sought to: (a) examine the effects of FGF-2 on cardiomyocyte gap junctions composed of
c o ~ e x i 43
n (Cx43); @) ident*

the kinase(s) responsible for mitogen induced Cx43

phosphorylation; (c) estabiish a cause and effect relationship between Cx43
phosphorylation and cardiornyocyte proiiferation.
Methods: We used weU coupled, primary neonatal rat cardiomyocytes as our model
system. Cx43 protein and mRNA levels were detemiined by Western and Northem
blotting, respectively. Labeling celis with L ~ ~ Pfollowed
],
by C x 4 3 Unmunoprecipitation,
gel electrophoresis and autoradiography was used to assess Cx43 phosphorylation. The
identity of phosphorylated Cx43 residues was examined by phospho-amino acid analysis.
Scrape-ioading and microinjection of fluorescent dye were used to assess gap junctionmediated coupling. Genistein, an inhibitor of tyrosine phosphorylation, PD98059, an
inhibitor of mitogen activated protein kinase (MAPK) kinase, and calphosth-C and
chelerythnne, inhibitors of protein kinase C (PKC),were used to delineate FGF-2initiated signals involved in regulating Cx43 phosphorylation and intercellular coupling.

Dominant-negative PKCEand MAPK kinase mutants were used to assess the role of
vii

PKCE and MAPK in the phosphorylation of Cx43 under control or phorbol 12-myristate,
13-acetate (PMA)-treatment conditions- Association between Cx43 and PKC isoforms

was detected by CO-immunoprecipitationand CO-localization. Transient transfections
with site-directed mutants converting consensus PKC-phosphorylation site serines (S)
262,297 or 364 of rat Cx43 to alanines (A), were used to determine if phosphorylation of
these residues afEected the electrophoretic profile of Cx43 in Western blots. The S262A
Cx43 as weli as a mutant reptacing S262 with aspartate (D), to simulate phosphorylation

of S262, were used to assess the role of S26î phosphoryIation on rat cardiomyocyte DNA
synthesis (assesseci by brornodeoxyuridine incorporation).
Results: FGF-2 stimulated Cx43 phosphorylation on serine with a concomitant decrease
in dye-coupling; FGF-2 had no effect on Cx43 accumuiation or distribution, but elicited

masking of epitope(s) contauied within residues 260-270 of Cx43. Pathways requiring
activation of tyrosine phosphorylation and PKC, but not WK,mediated the FGF-2
effects on Cx43 phosphorylation and dye-coupling. An interaction between Cx43 and

PKCE (but not PKCa),detected by CO-immunoprecipitation,was strengthened by FGF-2
treatment, Also, more extensive CO-localizationof PKCEand Cx43, upon FGF-2 or PMA
treatment, was detected by irnmunofluorescence. Overexpression of dominant-negative

PKCE significantly reduced basal levels of Cx43 phosphorylation. Furthemore, only
dominant-negative PKCE, not dominant-negative MAPK kinase, prevented
hyperphosphorylation of Cx43 stimulated by PMA treatment. The S262A Cx43 mutant,
but not the wild type Cx43 nor the S297A or S364A mutants, lacked the
'hyperphosphorylated', PMA-induced, 46 kDa Cx43 band, as detected in Western blots of
cardiomyocytes or HeLa cells transfected with the corresponding plasmids. In addition,

expression of the S262A, but not wild-type or S262D Cx43, inhibited DNA synthesis of
neonatai rat cardiomyocytes.

Conclusions: FGF-2 causes a reduction in dye coupling between neonad rat
cardiomyocytes through activation of its receptor tyrosine kinase and a PKC pathway
resulting in serine phosphorylation of Cx43. PKCE is required for neonatai rat
cardiornyocyte Cx43 phosphorylation and is directly responsible for PMA and FGF-2induced phosphorylation of Cx43. S262 of Cx43 appears to be phosphorylated in the

cellular milieu in response to PKC stimulation; its phosphorylation, triggered by
mitogens, is likely required to cancel the growth-inhibitory effect exerted by Cx43.
Targeting the phosphorylation state of SZ62 andlot other amino acids on Cx43 may
provide a new approach to regulate the cardiomyocyte regenerative response.

Over the course of my graduate training, 1 have k e n fortunate to be assisted and
guided by numerous people. 1 would like to thank the current and former members of the

&dami Laboratory for their assistance and camaraderie, especially Robert Fandnch,

Ron Padua, Lei Liu, and Yijing Chen. 1 would also like to thank al1 of the principal
investigatos in the Institute of Cardiovascular Sciences for generously ailowuig me to
use their laboratory resources uicluding equipment, books and reagents as weii as for

sharing theü knowledge and experience. Thanks dso to the many graduate students,
technicians, postdocs, research associates and support staff I have worked with at the

Research Centre for their fkiendship and assistance. Thanks to the members of the HeaIth
Sciences campus who provided technical assistance, especially Yan Jin and Denis Bosc.

I also îhank the Heart and Stroke Foudation of Canada and the Manitoba Health
Research CounciI for funding my studies. nianks also to my graduate cornmittee
membes, Dr. Judy Anderson, Dr. Peter Cattini, and Dr. Larry Hryshko for their guidance
in my yearly progress and their evaluation of my thesis. I dso reserve uûnost thanks to
Dr. ELissavet Kardami for her guidance, understanding and patience throughout my
graduate haining and preparation of rny thesis. Furthemore, 1 have been supported by

many firiends and f d y members throughout my graduate training period and I would

Like to thank especially my immediate family: parents Ralph and Irene, sister Michelle,
and brothers Jon and Chris; and my fkïends Ron, Kari and Adrea who have helped me to
accornplish my goai of attaining a Ph-D.

LIST OF FIGURE%
Figure 1. Components of the gap junction ................ .................................................... 2
Figure 2. Topology of Connexin43 ......................,.......................................................5
Figure 3 . Effect of FGF-2 on intercellular communication between cardiomyocytes as
assessed by scrape loading- .........................................................................
80

Figure 4. Effect of FGF-2 on intemyocyte dye coupling as assessed by microinjection
of fluorescent dye.... .................................................................................... 82
Figure 5 .

Effect of FGF-2 on cardiomyocyte Cx43 expression................................... 86

Figure 6.

Effect of FGF-2 on Cx43 Iocalization in rat cardiac myocytes....................8 9

Figure 7.

Blocking of the monoclonal ad-Cx43 antibody with synthetic peptides..... 90

Figure 8. Effect of FGF-2 on cardiomyocyte Cx43 phosphorylation........................... 93
Figure 9.

Immunoprecipitation of Cx43 with anti-phosphotyrosine antibodies after
FGF-2 treatmenti........................................................................................ -94

Figure 10. Phospho-amho acid analysis of [32P].Cx43 ............ .................................... 96
Figure 11. Effect of MAPK inhibition on FGF-2-mediated Cx43 phosphorylation.......99

Figure 12. Effect of PKC inhibition on FGF-2-mediated Cx43 phosphorylation ......... 102
Figure 13 . LocaIization of PKCEand Cx43 to sites of intercellular contact. ...............105
Figure 14. Immunolocalization of PKCEand Cx43 in controt and PMA treated
cardiomyocytes.........................................................................................

107

Figure 15. Co-precipitation of PKCEwith anti-Cx43 antibodies..... ............................ 109
Figure 16. Transfection of neonatd rat cardiomyocytes with a b-galactosidase reporter
construct................................................................................................... 112
Figure 17. Effect of PKC&(I-401) on Cx43 phosphorylation... .......,... ..................*.-113
Figure 18. EfEect of Ad.PKC&@N) on Cx43 phosphorylation,................................... 115
Figure 19. Expression of Ad.PKC&(DN) in cardiac myocytes................................... 118
Figure 20. Effect of dominant negative MKKZ and PKCE on PMA stimulation of Cx43
phosphorylation-....................................................................................... 121

Figure 2 1. Effect o f S-to-A mutations on the electrophoretic mobility of Cx43 expressed
in chicken cardiomyocytes. ....................................................................... 125
Figure 22. Effect o f S-to-A mutations on the electrophoretic mobility of Cx43 expressed
in Hela cells. ..................................................................................... 1 2 8
Figure 23. Levels of Cx43 protein in neonatal rat cardiomyocytes transfected with
plasmids encoding WT and mutant Cx43.................-................................ 13 1

Figure 24. Effect o f mutations on S262 of Cx43 on DNA synthesis of neonatal rat
cardiomyocytes.........................................................................................

132

Figure 25. Localization of introduced Cx43 and Cx43 mutants in chicken
cardiomyocytes.........................................................................................

13 5

Figure 26. Localkation of introduced Cx43 and Cx43 mutants in rat cardiomyocytes......
................................................................................................................
136

Figure 27. Schematic diagram o f the regulation of neonatal rat cardiomyocyte gap
iunctions bv FGF-2 signal transduction and ~hosphorylationof Cx43. ...... 164

xii

LIST OF TABLES
Table 1.

The mammalian connexins and the tissues in which they are expressed......... 3

Table 2.

Effect of transfected comexins on growth and tumorigenicity of several cell
lines ............................................................................................................ 40

Table 3 .

Effect of various growth factors on G J K in several cell systems................. 77

6-CF ........-....-...........................................................................
...... 6-Carboxyfluorescein
A ..................-....
..-

.........................................................................................Alanine
ANOVA .....-....-........
.......................................................................Analysis of Variance
Approx- .................................................................................................... ApproximateIy
BCA ..............--......~............................................~..............................
Bicinchoninic Acid
bFGF. ........................~..................................................... Basic Fibroblast Growth Factor
BrdU ......,.... ..... ............................................................................... Bromodeoxyuridine
BSA ........-.-.-..--..-..-....------..-.-..-+
Serum Albumin
CAMP.................................................................... .Cyclic Adenosine 5'-Monophosphate
cGMP ................ ...---.
....................................... C y c c Guanosine 5 '-Monophosphate
CIB ............................................................................... Co-immunoprecipitation Buffer
CMF.-.............................................................................. Calcium- and Magnesium-Free
............................................. Chicken Myocyte Growth Medium
CMGM........-...
.......
Cx ....................................................................................................................Cornexin
ECL ...............................................................................
Enhanced Cherniluminescence
EDTA .............................................................................Ethylenediaminetetraacetate
EGTA ....................Ethylene Glycol-Bis(2-aminoethylether)N,N,N',N'-Tc Acid
ERK .....................................................................
Extracellular Signai-Regulated Kinase
D ................................................................................................................ Aspartic Acid
DMEM ............................... DulbeccoNogt modified Eagle's Minimal Essential Medium

................................................................. Deoxyribonucleic Acid
DNA ....................
.
.
FBS ................................................................................................... Fetal Bovine S e m

FGF ......................~...................................................................Fibroblast Growth Factor
GAPDH ..............-......................................Glycerddehyde-3-phosphateDehydrogenase
GJ ...........-....-.
....

.................................................................................... Gap Junction
GJIC.................
......
. . . . .. . G a p Junctional Intercellular Communication
HSM ...........................................................
. . . .
.........H g Semm Medium
IgG ......................................................................................................... Imrnunoglobulin
IP .................................................................................................... Imrnunoprecipitation
IP3 ..,..........-................----S.
..............................................nosito- 1,4,5-Trisphosphate
xiv

1. UYTRODUCTION: REVIEW OF THE LITERATURE

A. GAIP JUNCTIONS; DEFINITION AND FtTNCTION

Gap junctions are aggregates of channels, composed of proteins calied comexins,
that serve as conduits luikuig the cytosols of adjacent cells (Beyer et al., 1990).
Substances with masses less than 1 kDa, including ions, second messengers and
metabolites c m pass through these channels by passive diffusion, a process termed gap
junctional intercellular communication (GJIC) (Loewenstein, 198 1). The channels that
make up gap juuctions extend through a narrow extracellular gap that separates the

plasma membranes of adjacent cells. This gap is a pecuiiar specidization of intercellular
junctional membranes discovered by electron microscopists, and gave the gap junction its

name (Revel and Karnovsky, 1967). Gap junctions play important roles in the
development of multicelIular organisms, the control of cellular growth, the conduction of
action potentiais in excitable tissues and the maintenance of interceliular homeostasis in
dieerentiated tissues (reviewed in: Bruzzone et al., 1996; Goodenough et al., 1996).

B. GAP JUNCTION STRUCTURE
1. The Hierarchy of Gap Junction Structure; Connexins, Connexons and Gap

Junctions
Individual connexin molecules are assembled into hexameric hemi-channels
known as connexons. Connexons embedded in intracellular vesicles are targeted to the
ce11 membrane where they become available for docking with connexons presented by an
adjacent cell. Coupled connexons create a continuous cyIindncal channel linking the
cytoplasms of connected cells (Fig. 1). This mode1 of gap junction structure was

originally proposed by Makowski et al. in 1977, based on electron micrographie and x-

ray diffhction data (Makowski et al., 1977) and is stiil valid.

I

II Membranes

Connexon

Gap-Junctional Plaque

Figure 1. Components of the Gap Junction

2. Connexins

The connexins comprise a large f;ulaily of structurally and fiinctionally related proteins.
The most commonly used nomenclature distinguishing between the different members of
the connexin farniiy specses the species of origin and the predicted molecular mass of

the protein, e.g. rat connexin 43 (Beyer et al., 1987). An aiternate nomenclature in which
connexhs are classified as either a or 6 connexïns, based on their similanty with respect
to nucleotide and amino acid sequence and secondary structure, is used by some
investigators (ECumar and Gilula, 1992). The currently kmwn mammdian connexins,

with both nomenclatures, and the tissues in which they are expressed are presented in
Table 1. A recently cloned connexin, Cx36, is phylogenetically different fiom both the a

and f3 connexins, and has prompted the addition of another class of connexins the y
c o ~ e x i n (Condorelli
s
et al., 1998; O'Brien et al., 1998; Srinivas et al., 1999). General
comments made about connexins in this text w i l l refer oniy to the a and f3 connexins.

Table 1. The mammalian connexins and the tissues in which they are
expressed.

-

Connexin

Type

-

-

-

Alternate
Name

Tissues with Deteetable Expression of Connexin
rsoform
liver, kidney, intestine, h g , spleen, stomach, testes, and
brain (Zhang and Nicholson, 1989)
.-

-

skin (Hennemann et al., 1W2a)
placenw Harderian gland (rodent lacrimal gland), skui,
and eye (Hoh et al., 1991)
s k h , testes (Haefliger et al., 1992; Hememann et ai.,
l992a)
liver, kidney, intestine, lung, spleen, stomach, testes, and
brain (Zhang and Nicholson, 1989)
--

--

testes (Haefliger et al., 1992)
neurons of brain and retina (CondorelLi et al., 1998)
highly expressed in lung, but also found in brain, kidney,
skin, spleen, liver, intestine, and heart (Willecke et al.,
1991)
lung, h a r t (conduction tissue and endotheliai cells),
uterus, ovary, and blood vessels (Bastide et aI., 1993;
Beyer et ai., 1992; Hememann e t ai., l992b)

heart, ovary, utenis, kidney, brain, skin and lens
epithelium (Beyer et al., 1987; Guo et al., 1992;
Micevych and Abelson, 1991)
lung, brain, skin, heart, kidney, and intestine (Butterweck
et al., 1994a; Butterweck et al., 1994b; Kanter et al.,
1993b; Kanter et al., 1994)
higbiy expressed in lens, but also found in myocardiurn
and kidney (Paul et al., 1991)
lem (White et al., 1992)

a) Siructure
(1)

Primary and Secondary Structure of the Comelans

Ail connexin molecules have similar structures, with cytoplasmic arnino and carboxy
termini, four transmembraue domains (M1 -M4), two extracellular loops (E I and E2) and
one intracellular loop (Fig. 2). The intracehlar loup and the carboxy terminus of the
comexins show considerable differences in amui0 acid sequence between different

connexin isoforms, while the remaining regions have a hi& degree of similarity (Bennett
et al., 1991)-

fi) n e &~aceZIuZarund ~ntraceIIuIarLoops
The extracellular Ioops of the connexins are involved in the d o c h g of connexons,
voltage gating properties and are in part responsible for determinhg the selectivity
between connexon types in homo- and hetero-typic connexon interactions. Experiments
examining the properties of chimeric connexins, composed of combinations of
extracellular domains of Cx26 and Cx32 in the paired Xenopus oocyte system, revealed
that E l contributes to the voltage sensing mechanism of gap junctional channels (Rubin
et al., 2 992; White et al., 1995). The E2 domain, as assessed by sunilar experiments
using chimeric comexins, plays a role in the specificity of interactions between different
connexon types (Bnizzone et ai,, 1994;White et al., 1994; White et ai., 1995).
Incompatibility between Cx43 and Cx40 t h u g h seems to be detennined by the
intraceliular loop and / or the cytoplasmic carboxy tail (Haubnch et ai., 1996). Chimeras
composed of Cx4O with both extracellular loops replaced by those of Cx43 were capable
of forming fiinctional channels with Cx40 hemichannels, while a fùrther modification
replacing the cytoplasmic loop of the chirnera with that of Cx43 prevented channel

Figure 2. Topology of Connexin 43.
Cysteines labeled with the same number of asterisks form intramolecular disuifide

bonds. Underlined stretches o f sequence indicate residues used to raise the monoclonal
antibody (McAb) and polyclonai antibodies (PcAbl and PcAb2) used in this study.
Some of the putative serine phosphorylation sites for weil-studied kinases are indicated.

formation.
Each of the extraceildar Ioops contains 3 cysteine residues that are conserved in

aLI connexin family members except (2x31 @oh et al., 1991). Mutation of any one of the
cysteine residues to a serine residue prevents the formation of functional channels (Dahl
et al., 1992). Mapping of the disulfide bonds required for functional channe1 formation
detennined that each cysteine of El forms a disufide bond with a partner cysteine in E2
(see Fig. 2 for location of partner cysteines) (Foote et al., 1998). The disulnde-

coupled E l and E2 domains are proposed to fonn antiparallel#3-sheets that c m
interdigitate with similar 6-sheets fiom partner comexins in a docking process between
connexons to form a continuous cylindrïcal f3-barre1 structure sealing partner connexons
together into a gap junctional channel. Electron crystallographic data confimis this
mode1 of interdigitation (Perkins et al., 1998). ln Iight of this model, perfiaps it is not
incompatibility between E2 and the extracelIular domains of partner connexons that
prevents hinctional channels in experimental chimeras, but rather it is incompatibility
between E l and E2 domains of the chimeric comexin that prevents the necessary
disulfide bonds required to fom a structure compatible with connexon dockuig.
(ir')

Trammembrane Domains
Electron crystallographic analyses of gap junctional channels formed fiom

carboxy-truncated Cx43 indicate that the four transmembrane domains exist as a-helical
rods (Unger et al., 1999a; Unger et al., 1 999b; Yeager, 1998). The pore Iining domain
was initially thought to be the M3 domain based on the order of its conserved polar,

basic, and acidic groups, which could be envisioned as forming an amphipathic helix
with polar residues lining the pore of a channel (Bennett et al., 1991). More recent

studies on charme1 properties provide evidence indicating that it is actually M l that lines

the chamel pore: i) chimetic comexins with different Ml domains took on the
conductance and gating properties of the connexins fiom which the MI domain
originated (Hu and Dahi, 1999); ii) using another technique, cysteine scanning
mutagenesis, once again Ml was ïmplicated as king important for pore formation in
Cx46 henzi-channels analyzed in Xenopus (Zhou et al., 1997); iii) site mutations in Cx32

Ml domain are associated with Charcot-Marie-Tooth disease and display reduced
pemeabiliîy or open channel probability of gap junctional channels (Oh et ai., 1997).

That both Ml and M3 are involved in creatïng the charnel pore is consistent with the
structural &ta f?om the eLectron crystallographic studies which indicate that one a-hellx
lines the pore dong its entire Length, while another helps make up the wider cytoplasmic
entrance of the pore (Unger et al., 1999b)-

(iii)

The Carboxy Terminus
The carboxy terminus of the comexins is one of the least conserved regions

between the diEerent members of the cornexin family. Not only are the arillno acid
sequences of the carboxy tennini of the different comexins dissimilar, but there are large

dserences between the lengths of the carboxy termini between different connexin
isofonns. For iristance, while the carboxy terminus of Cx43 is 156 amino acids long, that

of Cx26 is only 18 amino acids long (Bennett et al., 1991).
The carboxy temiinus is not sûictly required for the generation of functional gap
junctionai channek This has been shown by generating truncation mutants that lack
most of the carboxy terminai domain for each of the following connexuis: Cx32 (Werner
et al., 1991), Cx37 (Stergiopoulos et al., 1999), Cx40 (Stergiopoulos et al., 1999), Cx43

@unham et al., 1992), Cx45 (Kovai et al., 1995) and Cx50 (Lin et al., 1998; Lin et al,
1997). The truncation mutants in aii cases were still able to form functiond channels,

indicating that oligomerization, targeting, docking and pore formation were not affected.

It appears that the carboxy terminus is involved in the regulation of the properties
of gap junctions, in many cases due to the phosphorylation of this d o m a h Indeed, the
carboxy temuni of many comexins contain a multitude o f phosphorylatable residues.
For instance, the carboxy terminus of Cx43 contains 21 serine, 7 tyrosine, and 5
threonine residues, aii which are theoreticalIy capable o f k i n g phosphorylated (see Fig.
2)-

Several kinases targeting serine/threonuie and tyrosine residues have been
implicated in the phosphorylation of carboxy terminal residues of several different
connexiris*
(a)

Signzjkance of d~rerentlength
The Iength of the carboxy terminus appears to be related to different functional

properties of connexins showing large differences in carbo xy terminai Length. For
instance, Cx32, with a carboxy-tail length of 76 amino acids, and Cx43, with a carboxy

tail length of 156 amino acids, have significantly different gatuig properties in response
to inhacellular acidification, with Cx43 being more sensitive (closing at a higher pH).
Tnincation of the carboxy tail of Cx43, so that it was the same length as that of Cx32,
resuited in channels that now had acidification mediated gating properties
indistinguishable fiom those of Cx32 channels (Liu et al., 1993b).
The mechanisni for the pH mediated closure of Cx43 channeis has been studied
extensively, and has given nse to a particle-receptor, or bal1 and chain mode1 in which

essentiai segments of the c&xy

temiinus comprise a particle that is w d to close the

channel upon acidification ( E k - V i t o ~et al., 1996; Morley et ai., 1997; Morley et al.,
1996). This mode1 also appears to apply to growth factor (uisulin and insulin-like growth
factor) -mediated uncoupling of Cx43 charnels expressed in Xenopus oocytes (Homma
et al., 1998), and may be applicable to other phosphorylation modifications of the
carboxy terminus mediated by other treatments. In fact, recent evidence indicates that
even the pH sensitive regdation of gap junction conductance may be due to
phosphorylation of the carboxy tail of Cx43 by an acid kinase (Yahuaca et al., 2000).

(2) Targeting and Oligomerization of Comexins
The synthesis of connexins and CO-translationalintegration into the proper
topography in membranes occurs in the endoplasrnic reticuIum (ER) as assessed by cellfree in vitro translation systems supplemented with ER microsomes (Falk and Gilula,
1998; F a k et al., 1994; Zhang et al., 1996). AIthough the expected CO-translational

insertion of comexins into the ER membrane via a signal recognition particle and an
intemal signal anchor appears to be the main route used to incorporate connexhs in
membranes, post-translation incorporation of some connexins into ER microsomes in the
correct topography has been reported as well (Ahmad et al., 1999; Zhang et al., 1996).
The oligomerïzation of connexins into hexarnenc hemi-channels also occurs in
the ER (Falk et ai., 1997). This is not unexpected, as assembly in the ER has been shown

for most known oligomeric membrane spanning proteins, such as ion specific channels
that are structurally similar to the connexins (Green and MiIlar, 1995). Post-ER
oligomerization has dso k e n reported for both homomeric and heteromenc connexons
(Ahmad et al., 1999; Musil and Goodenough, 1993). Cell-fiee translation reactions

containing mRNAs for both Cx26 and Cx32, when supplemented only with ER vesicles,
formed homomeric connexons, but the addition of Golgi membranes resulted in
heteromeric connexons as weIl (Ahmad et al., 1999). Thus, the Golgi may serve a critical
role in the formation of heteromeric connexons. Connexons assembled in the ER pass
through the Golgi apparatus and are targeted to the ceii membrane according to the welldefmed secretory pathway for membranous proteins. It is not clear whether connexons
are targeted directly to gap junctiond plaques or are fust transported to nonjunctional

membrane sites with subsequent recmitment to gap junctions through laterd movernent
in the lipid bilayer.

The role of phosphorylation in the regdation of connexin synthesis and
trafKcking is not clear. As we have seen, connexins &thout their carboxy tail, containhg
most known phosphorylation sites, c m still form fùnctional channels, so phosphorylation
is not an absoIute requirement for proper assembly and targeting to the ce11 membrane.
Still, phosphorylated forms of comexins can be trapped before theïr incorporation ïnto

the ce11 membrane (Laird et ai., 1995; Puranam et ai., 1993) and upon their integration
into Triton-insoluble gap junctional plaques at the interface of adjacent ceIl membranes

(Musil et al., 1990; Musil and Goodenough, 199 1). Thus, although not essential for the
assembly of comexùis into h c t i o n d gap junctions, the existence of these early
phosphorylation steps suggests a role for phosphorylation in the assembly or trafficking
of full-length comexins into gap junctional plaques. Indeed, with wild-type Cx43, the
ability to form communicating gap junctional plaques appears to require an earfy
phosphorylation step in at Ieast some conditions (Musil et al., 1990; Musil and
Goodenough, 1991).

The point at which connexons dock to fonn continuous channels is also not clear.
Two scenarios have k e n proposed by Bukauskas et al.: i) connexons fÎom adjacent cells
dock randomly, change their conformation, and form a nucleus for the generation of a
gap junctioml plaque, with recniitrnent of other channels; ii) other factors such as
adhesion proteins may cause c l u s t e ~ of
g comexons of adjacent cells, bringïng them into
close enough contact to dock and f o m gap junctiond plaques (Bukauskas et al., 2000).
The second scenario is appealing since a role for adhesion moIecules in the formation of
gap junctions has been suggested by severai studies (Hertig et al., 1996; Meyer et al.,
1992; Musil et al., 1990; Prowse et al., 1997; Wang and Rose, 1997; Zuppinger et al.,
2000). Adhesion of cells to extracellular rnatrix components through integrins has also
been implicated in the regdation of gap junction formation and fùnction (Lampe et ai.,

1998). The manner in which connexons dock to one another results in a very tight noncovalent bond between the connexon subunits. This bond, once formed, cannot be
broken except with very harsh reagents such as detergents and urea (Ghoshroy et al.,

1995; Laird and Revel, 1990).
An excitïng new technique that has been recently appIied to the study of cornexin

traffScking is the use of autofluorescent protein tags. By creating a chirneric protein

fùsing a fluorescent protein, such a s green fluorescent protein (GFP), to the carboxy-tail
of connexins, direct visudization, in reaf time, of cornexin synthesis, assembly and
trafficking in living cells has been possible (Bukauskas et al.,2000; Holm et al., 1999;

Jordan et ai., 1999; Windoffer et al., 2000). These studies revealed that gap junctions are
incredibly plastic structures that can rapidly (within seconds) move Iaterally within the
pIane of the membrane. Portions of gap junctions can be seen to pinch off in vesicular

structures that are then shuttied to cytoplasmic locations where they are presumably
either degraded or perhaps processed for recycling. These internalized vesicIes
contauiing gap junctions are thought to represent "annular gap junctions" that have k e n
described in histological studies (Larsen et al., 1979; Mazet et al., 1985; Severs et al.,
1989). The mechanisms by which connexons and gap junctions move laterdly within the
plasma membrane are not known but may require an interaction with actin
microfilaments (Wang and Rose, 1995). The internalization process of annutar gap
junctions may d s o depend on microfilaments (Larsen et al., 1979; Murray et al., 1997).
The use of protein tags with different fluorescence excitation-ernission spectra,
cyan-fluorescent protein, green fluorescent protein and yellow fluorescent protein, each
hsed to a different cornexin, have dowed for the direct demonstration of different

connexins within a single gap junctional plaque (Falk, 2000). Connexins that have been
shown to be compatible in the formation of heterotypic channels (Cx26 and Cx32) reveal
direct overlap of fluorescent signals in gap junctional plaques, while incompatible

connexins (Cx43 and Cx26)were found to localize to discrete domains within the
plaques.
A study in which electrical coupling and gap junctional plaque formation (through

the visualization of GFP-Cx43) were simultaoeously assessed, suggests that a critical size
of gap junctiond plaque (several hundred channels) must be for&

before electrical

coupling can occur (Bukauskas et al., 2000). The data m e r suggest that very few
channels within a communication-competentplaque are able to open at a given time, with
approxïmately 2% active channels in the smallest functional plaques. The number of
active channels increases with the size of the plaque, so that a plaque consisting of 2000

channels contains approxhately 10-20% active channels.
Fluorescence of GFP-Cx43 at non-junctiorial plasma membrane sites has been
repoxted (Bukauskas et al., 2000; Falk, 2000; Jordan et al., 1999) and pro bably reflects
the presence of pre-assembled hemi-channels which have been described in other systems
(presented in more detail below; page 33). The diffuse nature of non-junctional GFPCx43 fluorescence suggests that clustenng of hemi-channels does not occur except at

regions of intercellular contact (Bukauskas et al., 2000).
3. A Detaiied Examination of Connegin 43

C o ~ e x i 43
n is by far the most studied of the cornexin family members. This is
due to the foilowing rasons: i) Cx43 was one of the first comexins to be cioned; ii) high
quality monoclonal and polyclonal antibody reagents to Cx43 have been generated; iii)
Cx43 is expressed in many ceIl iines that are convenient models for many researchers; iv)
Cx43 is located in many different organs and tissues; v) Cx43 is the predominant

cornexin of the myocardiuma) Replation of GJlC Through Cx43 Channels

There are multiple control mechanisms that regulate intercellular communication

through Cx43 gap junctions. Regulation of Cx43-containhg gap junctions can occur due
to modulation of the transcription, mRNA stability, translation, post-translational
modification, assembly or degradation of Cx43. As well, factors that change the
biochemical environment within which a gap junction resides, such as the pH or
membrane composition, can alter the function of the gap juiction dramatically. Changes
in these parameters can lead to either increased or decreased GJIC through Cx43
channels which can occur rapidIy, in tirne h e s as short as miIIiseconds, or slowly over
a period of several hours.
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(1) Gene Silencing by Meîhyiation
The HeLa cd1 Line, derived fiom a human cervical carcinom25 is cornmody used

in cell and molecular biology studies due to its rapid growth, relative ease of maintenance

and its amenability for gene tramfer experiments (Jones et al., 1971). As HeLa cells, as a
population, express Little Cx43 and exhibit little to no GSIC (Eckert et al., 1993), they
have been used in nurnerous experiments in which the effects on cell growth of
transiently or stably expressecf wild-type or mutant Cx43 were assessed (Elfgang et al.,
1995; George et ai., 1998; Haubrich et al., 1996; Mesnil et al., 1995; Zhu et al., 1997).
h g et al. (2000) h a v e proposed that the mechanism for the silencing of Cx43

expression in HeLa cells is due to the hypermethylation of the Cx43 promoter or a
regulatory gene affecthg thEs promoter, since treatment of Cx43-negative clones with 5aza-2'-deoxycytidine, a nucleoside analogue incapable of being methylated, resulted in
re-expression of endogenous Cx43 protein. Methylation of the Cx43 promoter has been
reported previously in normal rat liver cells and was suggested to be a major negative
regulator of Cx43 expression in this ceLI type (Piechocki et al., 1999). Hyperrnethylation

of DNA may be a general mechanism for the loss of Cx43 expression in Cx43-negative
hmor cells. The connexins are considered to f o m a novel class of tumor suppressors
(see below, page 39). Thus, it is not suprising that hypermethylation of the Cx43
promoter occurs in sorne hirinor cells, since hypermethylation has been implicated in the
decreased expression of othen himor suppressor genes in various tumor ce11 types (Bender
et al., 1998; Kane et al., 1997; Xing et al., 1999).

(2) Transcriptional Regulatimn of Cx43 mRNA Expression
Cx43 bas exquisitely controlled tissue specific regulation of its mRNA

expression. f i s is best exemplifieci in the myornetrium during labour, when the level of
Cx43 &A

and corresponding protein undergoes a dramatic increase in the hours just

prior to parturition with no change in Cx43 expression seen in other organs containing
Cx43 such as the heart (Risek et al., 1990). A component of this specifc example of

transcriptional regdation appears to be related to the fact that the Cx43 gene is
responsive to the estrogen/progesterone ratio in myometrial ceI[s (Gnunmer et al., 1999;
Petrocelli and Lye, 1993).
(a) Transcrz'pfion/TramIation
Regdatory Elenzents

Although still not f U y characterized, analysis of the Cx43 promoter has reveded
several transcription regdatory sequences that bind dif5erent transcription factors. One

of the first identified transcription response eIements in the Cx43 promoter was a binding
site for the AP-1 transcription factor (Sullivan et al., 1993). Transcription activating
protein 1 (AP-1), originally described as binding a 12-0-tetradecanoylphorbol13-acetate
(TPA*)-responsive eiement in the human metalIothionein gene promoter (Lee et al.,
1989, consists of c-fos and c-jun proteins that assemble to form a heterodïrneric
"leucine-zipper" structure îhat binds specific DNA sequences (Chiu et al., 1988; Curran
and Franza, 1988; LandschuIz et al., 1988). Elements responsive to AP-1 are found
primady in the promoters of genes that are involved in the regulation of cellular growth
and proliferation (reviewed in: Karin et al., 1997). The promoter of Cx43 also contains

an AP-2 regulatory site (Yu et al., 1994). The AP-2 transcription factor has been
irnplicated in the control of cellular differentiation and the negative regulation of cell

growth (Bar-Eli, 1999; Imagawa et al., 1987; Morriss-Kay, 1996; Zeng et al., 1997). A

* Another nomenclature (Phorbol 12-myristate, 13-acetate) yieIds the abbreviation PMA.
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series of haif-paiindromic estrogen responsive elements are aIso found in the Cx43
promoter (Yu et ai., 1994) as well as two consensus specificity protein L (Spl) sites and

an NF-& consensus site (Echetebu et al., L 999). The Sp l transcription factor is a
generd factor that is involved in the transcription of most genes (reviewed in: Suske,
1999). The transcription factor NF-KB regulates genes involved in immune responses,
inflammation, liver developrnent, programrned cell death, and ceil proliferation (reviewed
in: Chen and Ghosh, 1999b; Gilmore, 1999; Karin and Ben-Neriah, 2000; P d , 1999).

The upregulation of reporter genes driven by Cx43 promoter sequences in
transfected cardiomyocytes CO-culturedwith cells overexpressing Wnt- 1 suggests that the
Cx43 promoter also contains a T cell factor / lymphoid enhancer binding factor (TCF I

LEF) site that can be activated by f3-catenin (Ai et ai-,2000). Recently identified targets
of TCFLEF transcription factor regulation include the proto-oncogene c-myc, the
matrilysin gene (which encodes a metalloproteinase) and the cyclin Dl gene (Waitzer and
Bienz, 1999), al1 of which may play a role in cellular transformation. The presence of a

TCFLEF binding site in the promoter of Cx43 may again reflect the putative role of
Cx43 in the regulation of cellular growth and proliferation.

Most protein synthesis in eukaryotes is initiated by the binding of the ribosome to
a methylated cap structure at the 5' end of the mRNA (Banejee, 1980). The mRNA for
Cx43 has an unusually long (208 nucleotides) 5'-untranslated region (UTR), a feature

that suggests it may be involved in the translational regulaticn of Cx43 protein

production. Expiments in which the basai Cx43 promoter and the entire 5'-UTR was
inserted between two luciferase cistrons (one for Renilla luciferase, the other for fiefly
luciferase), driven by the cytomegalovims promoter in transiently transfected marnmalian

cells, reveaied that the 5'-Un[Z contains an intemal ribosome e n w site (IRES) (Schiavi et

al., 1999). Compared to the IRES from encephalomyocarditisvirus, used as a positive
control the Cx43 IRES activity was 18 times greater. Computer generated predictions of
the secondary structure of the 5'-UTR of Cx43 mRNA reveal a Y-type structure at the

end of a long stem loop, which is consistent with IRES elements found in other mRNAs

(Le and Maizel, 1997; Schiavi et al., 1999).
The identification of IRES elernents in the mRNAs of eukaryotic genes is a
relatively new fmding (early 1 9 9 0 ~as
) ~they were onginally oniy thought to occur in
picomaviral RNA (Oh and Sarnow, 1993). Although the reason for the presence of IRES
elements in the mRNAs of only a small subset of genes is unclear, it has been suggested

that they d o w îranslation of proteins essential for survival throughout petiods of cellular
stress, when cap-dependent translation is inhibited (Schiavi et al., 1999). Consistent with

this notion is the presence of IRES elements in the mRNAs of several genes known to be
involved in responses to injury or stress such as immunoglobdin binding protein, VEGF

and FGF-2 (Morris et al., 1997; Stein et al., 1998; Vagner et al., 1996). Several of the
genes with IRES elements are also involved in cell proliferation such as oncogenes and
growth factors. Misregulation of îheir IRES-mediated translation has been ùnplicated in
cellular transformation and the development of cancer (Chappe11 et ai., 2000; Galy et al.,
1999; Willis, 1999). The presence of a strong IRES element in the promoter of Cx43
thus suggests that Cx43 may play a role in situations of cellular stress and supports the
idea that Cx43 pIays a role in the conîroi of cell growth.
(3) Post-transIational Regulation of Cx43 Properties

(a) PhosphoryIation / Dephosphotylation

Phosphoylation was the earliest identifiai type of pst-translational modification
of Cx43. uideed, in some tissues, like the heart, phosphorytated forms of Cx43
predomuiate. Cx43 isotated fkom the heart and analyzed by Western blotting reveals
several 40-47 kDa bands which can be reduced to a single 40 kDa band with phosphatase
treatment (Laird et al., 1991;Laird and Revel, 1990). Phospho-amino acid andysis of
Cx43 isolated from cardiac cells reveaied that the major phosphorytated amino acid is

serine, although some phospho-threonine was also detected (Laird et al., 1991 ;Lau et al.,
1991).

(0

Serine versus Tyosine PhosphoryZa~ion
The phosphorylation of Cx43 on tyrosine residues is generally associated with a

decrease in GIIC, based on numerous studies using different models. Treatments that
have been shown to cause tyrosine phosphorylation of Cx43 with an accompanying
reduction in GJIC are: i) transforming cells witb the viral oncogenes encoding the
tyrosine kinases src (see below) and p l30gag-fps (Kurata and Lau, 1994); 5)incubating
normal cells with inhibitors of tyrosine phosphatases such as pervanadate (Mikalsen et

al., 1997; Mikalsen and KaaIhus, 1996; Mikalsen and Kaaihus, 2997; Mikalsen and

Kaalhus, 1998); iii) subjecthg hurnan umbilical vein endothelid cells to hypoxiareoxygemtion protocols (Zhang et al., I999a; Zhang et al., 1999b).
Phosphorylation of Cx43 on serine residues appears to have variable eeects,
increasing GJTC in some and decreasing GJIC in others. As there are multiple serine
phosphorylation sites in the carboxy-terminus of Cx43, several of which are within
consensus sequences for different kinases (Kreegipuu et al., 1999)-these disparate results
with respect to serine phosphorylation probably arise due to different target serines k i n g

phosphorylated by different kinases with difFerent resuits.

in some cases, even the same kinase can cause different effects in different cell
types. For example cyclicAMP-dependent protein b a s e (PKA) is found to increase

GJIC in most ce11 types (Stagg and Fletcher, 1990), but decreases it or has no effect in
cardiomyocytes (Kwak and Jongsma, 1996), myometrial smooth muscle celIs (Cole and
Garfield, 1986), and Sertoli cells (Grassi et al., 1986). There are at Ieast two explanations

for this discrepancy: i) PKA is not directiy involved in the phosphorylation of Cx43, but
stimulates phosphorylation through the activation of another kinase which rnay have
different isoforms in different tissues; ii) the basal level of phosphorylation of the Cx43
molecuie, and the specific sites that are aiready phosphorylated may influence the effects
of subsequent phosphorylation reactions.
(ii)

Kinases implicated in Cc43 channel regulation
Numerous kinases have been proposed to regulate Cx43 with respect to GJIC,

either due to direct phosphorylation of Cx43 or through indirect mechanisms affecting
Cx43 synthesis, assembly or degradation. Some of the better studied kinases involved in

Cx43 regulation are presented below:
(a)

Src

One of the first kinases shown to phosphorylate Cx43 with a clear effect on GSIC
was the viral oncogene pp6Ov-src, that encodes for a tyrosine kinase. Transformation of

fibroblasts by infection with Rous sarcoma v i n s (RSV) was associated with a decrease in
GJIC and phosphoryIation of Cx43 on tyrosine residues (Crow et ai., 1990; Filson et ai.,
1990). Conversion of tyrosine 265 of Cx43 to phenylalanine prevented src-mediated

tyrosine phosphorylation and accompanying decreases in GJIC in RSV-infected Xenopus

oocytes (Swenson et al., 1990). That src was directly responsible for the tyrosine
phosphorylatim of Cx43 was established in studies cornparhg tryptic phosphopeptide
profdes of Cx43 phosphorylated in vitro with Cx43 isolated fiom cells expressing active
v-src and in CO-immunoprecipitationstudies using v-src transformeci fibroblasts (Loo et

al., 1995; Loo et ai., 1999). The interaction between src and Cx43 appears to require the
S H . and SH3 domains of src and proline rich regions of Cx43 (Kanemitsu et al., 1997).
Most models of src mediated phosphorylation of Cx43 have been based on v-src
transformed cells. Recently though, cellular c-src, the endogenous src found coupled to
different signaiing pathways in most ceIi types, has been Mpiicated in the
phosphorylation of Cx43 in two studies: i) A role for c-src in the reduction of GSZC
observed in a variety of ceIl types treated with agonists of G-protein coupIed receptors
including lysophosphatidic acid, neuropeptides and thrombin, has been suggested
(Postma et al., 1998); and, ii) increased îyrosine phosphorylation of Cx43, parallehg a

concomitant increase in levels of c-src activity, has been reporîed in the cardiomyopathic

hamster during Iate phases of heart failure (Toyofiiku et al., 1999). This indirect
evidence linking c-src activation to Cx43 phosphorylation was supported by transfection
studies in which constihitively active c-src was expressed in HEK293 and rat neonatal
cardiomyocytes, When forced to express active c-src, both of these cell types reveaied a
decrease in GJlC and the HEK293 cells were shown to conbin increased levels of
tyrosine-phosphorylated Cx43 (experirnental design did not allow for detection of
tyrosine-phosphorylated Cx43 in the cardiomyocytes) (Toyofuku et al., 1999).
Interestingly, a detailed examination of the role of v-src in the regulation of Cx43

GJIC indicated that tyrosine phosphorylation of Cx43 was not actually required for the

acute reduction in GJIC that occurs upon src activation (Zhou et al., 1999). It appears
that while tyrosine phosphorylation of Cx43 by src may affect charnel traffcking and
assembly, fast gating changes mediated by src may actuaily be due to serine
phosphorylation through an intermediate kinase (speculated to be mitogen activated
protein kinase (MAE'K) or a related kinase) (Zhou et al., 1999).
(b)

Protein Ki'nase A
As mentioned earlier (page 19), PKA is reported to exert cell-type specific effects

on GJTC. In cardiac myocytes, a ceII type that expresses predominantly one type of
cornexin (Cx43), conflicting resuits have been obtained- In some studies PKA enhanced

GJIC between cardiomyocytes (Burt and Spray, I 988), whiIe in others, PKA had no
effect (ECwak and Jongsma, 1996). The reason for this discrepancy is unclear, but may be
due to different culture conditions. The carboxy terminus of Cx43 contains four
consensus sequence sites for PKA at serines 296,365,369 and 373 (Kreegipuu et al.,
1999). It is not known whether PKA can directly phosphorylate Cx43 in vivo, but in
sorne systems, treatments that increase P K A activity also increase Cx43 phosphory Iation
@owling-Warriner and Trosko, 2000; Ogawa et ai., 2000; Sears et ai., 1998) . A
cornrnonly reported phenomenon in models that show increased GSIC upon PKA
activation is an increase in the clustering of Cx43 at the membrane of treated c e k that
occurs rapidly (Burghardt et al., 1995; Mehta et al., 1996; Paulson et al., 2000; Wang and

Rose, 1995), or over a longer tirne period (Abudara et al., 1999; Banoub et al., 1996;
Burghardt et al., 1996). This suggests that the mode of action of PKA in increasing GIC
is not through a direct gating mechanism, but is rather through the increased expression
of Cx43 a d o r the recruitment of more channels to the membrane.

(c)

M-en

Activated Protein Kinase

Mitogen activated protein kinase (MAPK) is an essential serine / threonine kinase
implicated in signal transduction pathways resulting in increased proliferation of various
ce11 types (FerreIl, 1996). Several !ines of expehnentation have indicated that MAPK is
capable of phosphorylating Cx43 in vitro and in vivo (HE et al., 1994; Kanemitsu and

Lau, 1993; Vikhamar et al., 1998; Warn-Cramer et al., 1998; Warn-Cramer et al., 1996).

The first study to implicate MAPK a s being involved in the phosphoryIation of Cx43
used T5 1B rat liver epithelid celIs stimulated with EGF (Kanemitsu and Lau, 1993).

EGF caused decreased GIIC and increased serine phosphorylation of Cx43 even whea
prolonged pre-treatment with PMA was used to down-regulate PMA-sensitive protein
kinase C (PKC) isoforms. Two-dimensionai analysis of phosphorylated tryptic and
chymoûyptic Cx43 peptides derived fiom EGF-treated cells or fkom Cx43 that was
phosphorylated with purifïed MAPK in vitro, revealed that the in vitro phosphopeptides
overlapped with a subset of the phosphopeptides derived f?om the treated cells.
The minimal recognition sequence for MAPK is a serine residue followed by a
proline (Clark-Lewis et al., 1991). The carboxy terminus of Cx43 contains four such
sites at sennes 255,273,279, and 282, Three of these fa11 into the more restricted
consensus sequence for h4MK which is Pro-XirSer/Thr-Pro, where X can be any basic
or neutral amino acid and the number of X's is either one or two (Clark-Lewis et al.,
1991;Gonzdez et al., 199 1). in vitro incubation of a glutathione-S-transferase(GST)
fusion protein linked to the carboxy terminus of Cx43 (residues 236-282) with purified

MAPK,resulted in phosphorylation of al1 three consensus MAPK target sites (WamCramer et al., 1996). Altemate sites of MAPK phosphorylation at sennes 272 and 273

were identified when the in vitro MAPK assay utilized a mutated version of the GST-

Cx43 carboxy-terminus h i o n in which ail three MAPK consensus site serines were
mutated to alanine- m e s e sites (S272 and S273)were only phosphorylated in the
absense of the consensus MAPK targetsA direct role for MAPK in the regulation of Cx43 charme1 permeability in a cell
fiee Iiposomai system has been reported (Kim et al., 1999). in this study, liposomes
containing purified Cx43 connexons nom rat brain were assessed for their permeability
to sucrose and/or lucifer yellow with the Cx43 in its naîive, dephosphorylated (with
alkaline phosphatase), or MAI' kùiase-p hosphorylated state. Dephosphorylated Cx43containhg liposomes were the most permeable, while MAPK treatment drarnatically
reduced the fiaction of permeable liposomes (79% reduction). The MAPK-mediated
reduction in liposome permeability was reversed with alkaline phosphatase treatment.

As a foilow-up to -lier

studies implicating MAPK involvement in EGF-

mediated GJIC reduction, Wam-Cramer et ai. have conducted experiments using a

MAPK kinase (MEK1) inhibitor and site-directed Cx43 mutants to assess the importance
of MAPK in the EGF-mediated regulation of Cx43 GJlC in vivo (Warn-Cramer et al.,
1998). A cell line derived from Cx43 knockout mice ( M a S n et al., 1997) was used to

create clones expressing either wiid-type ( ~ ~ 4 or3mutant
~ ) Cx43 in which aii three
consensus MAPK sites had their serines rnutated to alanine residues (Cx43 255,ï79282 )- The
~

~ cells responded
4
3 to ~
EGF with significantly reduced dye-coupling and junctionai

conductance, while the Cx432552792"

cells were unresponsive to EGF with respect to

these parameters. The EGF-mediated decrease in dye-coupling in the ~

~ cells was
4

aiso prevented by pre-treatment with the MEKl inhibitor PD98059. ln an attempt to

3

~

M e r defme which of the three residues are necessary for the EGF effects, another Cx43

mutant, S255D, was stably transfected into HeLa cens. The S255D-Cx43 HeLa ceIis did
not differ fiom HeLa ceells expressing wild-type Cx43 with respect to GJIC assessed by
dye couplin& and the S255D-Cx43 was still phosphorylated upon EGF treaünent with a
concomitant decrease in GJIC. Thus, the authors suggest that serine 255 of Cx43 is not
required for EGF effects on Cx43 GJlC while phosphorylation of ser 279 andlor ser 282

are still implicated (Wam-Cramer et al., 1998).
The in vitro and in vivo data taken together strongly support a role for MAPK in
the reduction of Cx43-mediated GJK upon EGF treatment,but the direct involvement of

MAPK in the phosphoryIation of Cx43 is not certain. Several Iines of evidence indicate
that MAPK activation does not necessarily correlate with a decrease in GJK (J3ossaï.n et

al., I999a; Hossain et al., 1999b). En a mode1 in which PDGF was used to stimulate

T51B rat liver epithelial cells expressing wild-type or mutant PDGF receptors incapable
of activating defined downstream effectors, it was concluded that dthough W

K is not

required for the direct phosphorylation of Cx43, it is stiii a necessary componenf in
combination with PKC and other unknown factors, for the reduction in GTIC seen upon

PDGF treatment (Hossain et ai., 1999b)- In the same rnodel, stimulation of MAPK with

H202 or sorbitol was not sufficient for (2x43 phosphorylation (assessed by Cx43 band
mobilities in Western blots) or a reduction in GTIC (Ifossain et al., 1999a).

(4

Protein Kinase C
Studies utilking phorbol esters reveaied that, as well as having the ability to

transform cells, they were able to decrease GJIC (Madhukar et ai., 1983; Mosser and

Bols, 1982; Newboid and Amos, 198 1; Rivedai et al., 1985; Ruch et al., 1987; Shiba et

al., 2989; Walder and Lutzelschwab, 1984; Yamasaki et al., 1985; Yamasaki et al., 1983).
Since phorbol esters activate PKC, it has long been hypothesized that phosphorylation of

Cx43 by PKC underlies the decreased GJIC in phorbol ester treated cells (Asamoto et al.,
199 1; Aylsworth et al,, 1989; Berthoud et al., 1992; Brissette et ai., 1991; Budunova et

al., 1994; Budunova et al., 1993; Davidson et ai., 1985; Husoy et al., 1993; Munster and

Weingart, 1993; Reynhout et ai., 2 992). Using an internet based search tool to scan

through the rat Cx43 sequence for the PKC consensus site X-Ser/Thr-X-Arg/Lys (where

X can be any arnino acid), 7 potential sites for PKC phosphorylation are found,
theonines 186 and 204 and serines 262,297,364,368, and 372 (Kreegipuu et al., 1999).

Only very recentiy, a specific target site for PKC was detennined to reside on the carboxy
tenilinus of Cx43 at residue 368 (Lampe et al., 2000).

The method used to detemine that ser 368 was a target for PKC in vivo included
cornparison of two-dimensional tryptic phosphopeptide maps of Cx43 derived f?om

[32~]-

labeled, PMA-treated cells, versus maps of irnmunopurified Cx43 phosphorylated in vitro
with a purïfied PKC preparation from rat brain and rnaps of single peptides that were also

phosphorylated in vitro. One radioactive spot was common to Cx43 phosphopeptide
maps fiom PMA-treated cells, in vitro phosphorylated Cx43 and a peptide spanning
residues 360-3 82 of Cx43. Sequencing of the spots by Edman degradation indicated that
s e ~ 368,
e not 372 was phosphorylated in vitro and in vivo. Site-directed mutagenesis
converting ser 368 to alanine prevented PMA-induced reduction of dye-coupling in one
clone of TS 1B rat epithelid cells expressing the S368A mutant, but not another.
Furthermore, a 50 pS conductance state event hypothesized to be caused by PKC
phosphorylation of Cx43 at ser 368 was stiI1 present, although at a lower fiequency in the

cells expressing the S368A mutant. Thus, although ser 368 appears to be phosphorylated
upon PKC activation the authors specdate that other kinases may also phosphorylate
Cx43 at other sites to give nse to the 50 pS events (Lampe et ai., 2000). It shouid be

noted that other phosphorylated spots on the tryptic phosphopeptide maps €rom cells and

Cx43 phosphorylated in vitro showed overlap, but were ignored, and that the PKC
preparation used to phosphorylate Cx43 in vitro oniy contained a, 13 and y isoforms of

PKC. Thus, other sites for PKC phosphorylation of Cx43 have not been ruled out by this
study.
In cardiac myocytes activation of PKC with PMA has k e n shown to increase
Cx43 phosphory Iation with a concomitant decrease in intercellular coupling as measured

by intercellular dye transfer, but an increase in gap junctional conductance as measured
electrophysiologically (Kwak and Jongsma, 1996; Kwak et al., 1995). Tkis apparent
contradiction was explained by Kwak et al. as resulting in a shift in the single channei
subconductance state to a lower value, but with an overall increase in the fiequency of the
open state of the channels. Thus, while the dye was prevented fiom moving between
coupled cardiomyocytes due to a restricted channel pore opening, ion flow was increased

due to a higher open probability of the channel. These discrepancies between dye
permeabiIity of gap junctiond charnels and jrinctiond conductance values have been
reported in other systems and are elaborated on m e r below (page 37).
The fmdings of Kwak et al. (Kwak and Jongsma, 1996; Kwak et al., 1995) are
supported by another study using neonatal rat cardiomyocytes in which the broadspecificity kinase inhibitor staurosporine decreased gap junctional conductance, but PMA
treatment reversed the effect (Saez et ai., 1997). No analysis of dye coupling was carried

out in this study. A role for Cx43 phosphorylation was speculated to be important for the
PMA-mediated increase in conductance, but direct phosphorylation of Cx43 by PKC was
deemed unlikely based on analysis of tryptic phosphopeptides derived fiom a C-terminal
Cx43 peptide phosphorylated by purified PKC in vitro or Cx43 phosphorylated in vivo in

PMA-shuiated [32~]-labeledcells (Saez et al., 1997). The purified PKC preparation
£tom rat brain used in the in vitro phosphorylation reaction (Saez et al., L 997) only
contaios two isoforms; one 78 ma,the other 80 kDa (Woodgett and Hunter, 1987), while
rat cardiomyocytes express at least 6 isoforms (Disatnik et al., 1994). Thus, direct
phosphorylation of Cx43 by PKC isofoms other than the two used in the in vitro kinase
assay could be responsible for the PMA-mediated effects on gap junctional conductance.

A shidy by Bastide et al. contradicts the results of Kwak et al. with respect to
decreased dye-coupling caused by PMA treatment of neonatal rat cardiomyocytes
(Bastide et al., 1994). Using fluorescence recovery after photobleaching to quantitate
changes ui gap junction dye permeability, Bastide et al. reported that 1 0 - ~M PMA had no
effecé on dye-coupling between pairs of neonatd rat cardiomyocytes (Bastide et al.,
1994). Bastide et al. cultured their myocytes under very high semm conditions (10%

FBS + 10% HS), while Kwak et al. maintained their myocytes in 5% FBS (Kwak et al.,
1995). Perhaps under the very high s e m conditions used by Bastide et al., PKC was

rnaximally stirnulated, rendering PMA treatment ineffective in mediating any response.
(6) Turnover of Cx43

Initial studies of Cx43 degradation were done in cultured cardiomyocytes, where
it was detennined by pulse-chase labeling with [35~]-methioninethat the half-life of Cx43

was only 1-2 hours (Laird et al., 1991). This is very rare as most membrane proteins

have half-Iives that exceed 24 hours (Kare and Taylor, 1991)- As Cx43 moves fiom the
nucleus through the Golgi and to the cei3 membrane it undergoes phosphorylation steps
(Laird et al., 1995; Puranam et al., 1993). A phosphorylated form of Cx43 that can be
trapped in the Golgi by brefeldin-A treatrnent is relatively resistant to degradation (Laird

et ai., 1995). Thus, it appears that connexin degradation occurs when it is m e r
phosphorylated and targeted to the ce11 membrane.
There are two proteolytic pathways that have been impiicated in the degradation
of Cx43. These are the lysosomal pathway and the proteasomal pathway. The lysosomal
pathway requires endocytosis of membrane proteins and subsequent degradation of
intemalized material by the lysosome. Evidence for gap junction structures in lysosomes
obtained through electron microscropy has been available for many years (Ginzberg and
Gilula, 1979; Larsen et ai., 1979; Severs et al., 1989). The proteasomal degradation
pathway utilizes a multi-protein degradation complex that most comrnonIy degrades
cytosolic and nuclear proteins with short half-lives (reviewed in: Ciechanover, 1994).
Proteins that are degmded by the proteasome are usually tagged with phosphorylation
andfor polyubiquitin modifications to target them to the proteasome.
It was suggested that the short half-life oECx43 in cultured cardiomyocytes was
merely an artifact of the ce11 culture in which disaggregated myocytes are actively reestablishg GJIC (BeardsIee et al., 1998). To test this, an ex-vivo rnodel of a
Langendofiperfùsed aduIt rat heart was used to establish the half-life of Cx43 in the
multicellular ex-vivo rat heart. This system revealed that Cx43 still had a very short halflife (1.3 hours), even in the intact heart, comparable to that seen in ce11 culture models
(Beardslee et aï., 1998). The degradation of Cx43 in the adult rat heart was shown to

occur by both the ubiquitin-proteasomal pathway and the lysosomal pathway.
Interestingly, blockade of the proteasomal pathway resulted in accumulation of Cx43 that
was non-phosphorylated, while blockade of Iysosomal degradation resulted in
accumülatïon of phosphorylated Cx43. When assessed by confocd immunoff uorescent
microscopy, accurnulated Cx43 resuIting fiom blockade of either the lysosomal or
proteasomal pathways was found at ce11 membrane sites. The accumulation of
dephosphorylated Cx43 at the membrane indicates that either it undenvent
dephosphorylation in situ, or that phosphorylation of Cx43 is not required for channel
assembly and insertion into the membranes of cardiomyocytes (Beardslee et al., 1998).
Since Cx43 has such a short hdf-Iife it can be appreciated that its degradation

may play a functional role in the regdation of GJEC. In scenarios such as rnyocardial
ischemia, where degradative pathways may not balance with synthetic pathways, dire
consequences may ensue. A recent study of acute ischemia in the canine heart revealed
that after a one hour period of ischemia induced by ligation of the left anterior descending
coronary artery there was a heterogeneous decrease in the amount of Cx43 in the
ventncuIar myocardium (Huang et al., 1999). Longer periods of ischemia led to more
ciramatic Ioss of Cx43 immunostaining as assessed by confocd irnmunofluorescence
visualization. Reduced levels of immunodetectable Cx43 are found in human ventricles
subjected to reversible ischemia induced by exercise (Guerrero et al., 1997) or in
ischemic "hibernating" myocardium, viable tissue with impaired contractile h c t i o n that
can be returned to a healthy state with surgicai intervention (coronary bypass surgery)
(Kapnelian et ai., 1998). Animal models with decreased Cx43 and studies on ischemic

and infarcted hearts strongly imply that decreased Cx43 content predisposes the heart to

arrhythmias, and it has been suggested that pharmacological interventions that coulci alter
Cx43 degradation might be knefcial in the prevention of lethal cardiac arrhythmias
(Severs, 2000).

Supporting the possibility for chernical regulation of connexins by altering their
degradation, a study by Musil et ai. indicates that blockade of the proteasomal
degradation pathway, but not the lysosornai pathway, or blockade of protein synthesis can
be used to not only alter gap junction quantity, but also function (Musil et al., 2000).
Inhibitors of proteasomal degradation and of protein synthesis caused a stnking increase

in the size and nurnber of immunodetectable gap junctions with a concomitant increase in
GIIC assessed by dye-coupling analysis. Although initially counter-intuitive, the authors
suggest that the reason protein synthesis blockade results in an accumulation of gap
junctions and increased GJIC is due to the inhibition of the synthesis of an accessory
protein that is necessary for the degradation of Cx43 channels. Thus, even under
conditions of reduced Cx43 production, the haif-life of Cx43 uicreases so that an overall
accumuiation of Cx43 at the membrane is achieved.

4. Heterotypic and Heteromerie Channels
Theoreticdly,an individual connexon COuid be composed of different cornexin
moIecules (a heteromeric connexon) and connexons composed of dflerent connexins can

be envisioned as being able to dock to form heterotypic channels. With only two
different comexins an incredible number of combinations are possible: 14 different
heteromenc connexons would allow for 196 different channel configurations. It appears

that this additional level of gap junction compiexity does not only exist in theory, but also
in experïmental systerns and in vivo.
The first evidence indicating that connexons composed of different connexins
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could form functional channets was in experiments utilizing paired Xenopus oocytes
(Swenson et al., 1989; Werner et al., 1989). These experiments revealed that endogenous

Xenopus connexin (Cx38) could forrn functional heterotypic channels with exogenously
expressed Cx43 and that exogenously expressed Cx43 and (2x32 couId also form
functionai hybnd channels. Simila.experiments with exogenous Cx32 and Cx26 showed
that these two connexins are also capable oPforming heterotypic channels in the Xenopus
system, although these channels had properties different fiom the expected propertïes of
the individual constituent connexons in homotypic configurations (Barrio et al., 1991).
Specifically, while homotypic channels cornpused of either Cx26 or Cx32 responded

symmetncally to transjunctional voltages of either sign, heterotypic channels responded
in an asymetric mariner with reduction ui junctional conductance with relative
positivïty on the Cx26 side of the channeI, but no change with transjunctiond voltage of
opposite polarïty. Not al1 c o ~ e x i n are
s able to pair to form functionai channels in the
Xenopus system, as oocytes expressing Cx50 are incapable of forming fünctional
channels with oocytes expressing Cx43 (White et al., 1994).
Although the Xenopus model proved very useful in determining compatibility of
different connexons in the formation of heterotypic channels, a mamrnalian model in
which connexins could undergo pst-translational processing and reside in a more
fùnctionaIIy relevant intracellular milieu was required. To this end, transfected HeLa
cells have been one of the most utilized models, serving as a mamrnalian analogue of the
Xenopus system-

The main reason for using HeLa cells is that they are generally accepted as being
deficient in GJIC with liale to no detectable connexin expression (Eckert et al., 1993),

aithough a recent report indicates that HeLa cells are achially a heterogeneous population
of connexinexpressing and connexin-deficient cells (King et al., 2000). Nonetheless,

HeLa cells stably transfected with different cornexin isoforms served as one of the first
models to illustrate that heterotypic channels can indeed form between mamrnalian cells
and that there is a discrimination between different connexon types in functional channel
formation (Elfgang et al., 1995). The unusual properties noted for Cx26Kx32
heterotypic channels described in Xenopus oocytes were also seen in paired HeLa cells
expressing one of each cornexin subtype (Bukauskas et al., 1995).
The presence of heterotypic and heteromenc gap junctional channels is now
thought to be cornmon, with heterotypic channels occurring between ceIIs that express
different comexins, and heteromenc connexons found in cells that express more than one
connexin. Examples of heterotypic channeis have been found inthe following tissues: i)
epithelial cells o f the ciliary body of the eye (Wolosin et al., 1997); ii) mamrnalian glial
ceIIs (Zahs, 1998); iii) rat vascular smooth muscle celIs (Li and Sirnard, 1999); iv)
cochlear supporting cells of the ear (Zhao and Santos-Sacchi, 2000). Heteromeric
connexons have been found in these tissues: i) rat vascular smooth muscle cells (He et al.,
1999; Li and Sirnard, 1999); ii) multiple tissues of the eye (Jiang and Goodenough, 1996;
Vaney and Weiler, 2000); iii) guinea pig liver (Diez et al., 1999). Interestingly,

heteromeric channels do not necessarily attain graded degrees of function, with an
averaging of properties of each of the component connexins; rather, it appears that singIe
comexins can be dominant with respect to the function of the channel, For instance,
wild-type Cx32 channels and mutant Cx32 channels that are more responsive to
intracellular acidification take on the properties of the wild-type Cx32 when assembled in

heteromeric channels (Wang and Peracchia, 1998).
Since many tissues and individual celis express more than one type of connexin,

an incredible nurnber of channe1 configurations appear to be possible; this implies the
presence of exquisite control of intercellular communication.
5. NonJunctional Hemi-channels:

Typically, gap junctional channels are conceptualized as requiring two hemichannels docked together, but there is increasing evidence to support the notion that some
connexins c m form fûnctiond hemi-channels in cell-surface membranes without docking

with another connexon. Studies utiiizing Xenopus oocytes have revealed that endogenous

Cx38 (Ebihara, 1996), and exogenously expressed Cx46 or Cx56 c m form functional,
voltage-gated hemi-channels in non-junctional membranes (Ebihara et al-, 1995; Ebihara
and Steiner, 1993; Paul et ai., 1991;Trexler et al., 1996). Measurement of hemi-channe1

properties using traditional patch-clamp techniques in the Xenopus oocyte mode1 indicate
that the hctional properties of herni-channels composed of Cx46 or Cx56 are very
similar whether they are in apposition with other hemi-channels or not, and that whole
channel conductance and permeability properties of Cx46 channels can be explained by
adding the properties of two hemi-channels in senes (Ebihara et al., 1995; Verselis et al.,
2000). Thus, for some connexins, hemi-channel analysis through traditional patch-clamp
techniques can provide similar information about single channel properties as is obtained
from the much more technically demanding dual-ce11 patch-clamp techniques. These
results present a possible aitemate function for comexuis: the gated transport of small
molecules across non-junctional cellular membranes.
Voltage gated non-junctional hemi-channels have also been descrïbed in
rnarnmalian HeLa cells expressing comexins 30,46 or 50 (Valiunas and Weingart,
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2000). Although closed under physiological conditions, these hemi-channels opened

when the resting membrane potential and/or the extracellular calcium concentration was
reduced. A possible physiologically relevant function for non-junctional hemi-channels
composed of Cx43 has been suggested by a recent study utilizing a variety of marnmalian
cell types. Ce11 types that express endogenous Cx43, but not those lacking or deficient in
expressed comexins, increased in voIume when extemal calcium was reduced within a
physiologicaily relevant range (Quist et d.,2000). Thus, non-junctional herni-channels
may play a role in the regdation of ceU volume-

In the heart, herni-gap junctional plaques have been observed through the use of
atomic force microscopy, although it was unclear whether they were endogenous to the
preparation examined or were a result of the gap junction isolation procedure (La1 et al.,
1995). More recent evidence appears to support the idea of nonjunctional herni-channels

in rat myocytes which were shown to open under conditions of low calcium or metabolic
inhibition such as ischemia (John et al., 1999). These fmdings provide a novel
mechanism for the calcium paradox in which cardiomyocytes subjected to Iow calci-am
and then returned to physiologicd calcium show severely cornpromised viabiIity- Gap
junctions have k e n suggested to play a roIe in the calcium paradox before, but the
previous study did not consider the presence of non-junctional hemi-channels
(Diederïchs, 1995). The opening of gap junctional hemi-charnels through rnetaboLic
inhibition has also been proposed to be part of the mechanism for the genesis of
ischemia-induced arrhythmias due to altered ionic fluxes (Kondo et al., 2000).

C. GAP JUNCTION FUNCTION
Gap junctions play important roles in both excitable and non-excitable tissues. In
excitable tissues, a major rote of gap junctions is to serve as low resistance pathways for

the electrotonic propagation of action potentials between cells. Additionally, in most ce11
types, excitable or not, gap junctions serve to dlow for what is known as metabolic

coupling, the interchange of smdl metabotites and second messengers between cells
(Gilda et al., 1972)1. Ionic Coupling in Excitable Tissues

ionic coupling through gap junctions occurs only in those cells that are
eleclncaliy excitable such as smooth muscle tek, cardiac myocytes, and neurons. in
smooth muscle and cardiac myocytes, gap junctions allow the coordination of
contractions (recently reviewed in: Brink et ai., 2000; Severs, 2000). In neurons, gap
junctions may serve as a novel way of integrating electric signais, permitting nonsynaptic transmission of information between coupled ceils (recently reviewed in: Reuss
and Unsicker, 1998; Rozental et al., 2000).
2. Metaboiic Coupling

The metabolic coupling of cells through gap junctions has been implicated in
several important processes related to the development of multicelular organisms and the
control of cellular growth and proliferation.
a) Role of Gup Junctions in Developrnent/ D~rerentialion

Communication through gap junctions appears to be necessary in key
developmental processes. The importance of comexuls in différentiation and
development has k e n underscored by gene knock-out and overexpression studies of
specific comexins, including knockout modets of Cx43, Cx46, Cx37, Cx40 and Cx26. In
d l of these experiments, senous developmental defects, some causing embryonic
lethdity, were observed (White and Paul, 1999).

Orïginaily, gap junctions were thought to function simply as non-specific aqueous
pores bridging cells, so the diversity of the comexin family was hard to explain (Beyer et
al., 1990). Now we know that different comexins have different properties and that the

specific expression of different types of connexins relates to their fùnction, i.e- ionic and
metabolic coupling between cells. Since connexins have different permeabilities to
different molecules, specialized cells may require specific cornexin farnily members in
order to maintain the proper flow of metabolites and other small molecules between
them.
Selectivity for different s m d permeants, of varying charge and shape, between
gap junctional channels composed of different connexin isofoms is apparent, but is much
Iess than the selectivity of ion-specific channels (Veenstra, 1996). Unlike what would be
expected of a nonspecific aqueous pore, the differences in selectivity and permeability
noted between channels composed of different connexins expressed in Xenopus ooocytes
occur independently of the channel conductance (Veenstra et al-, 1995). Thus, the
channel pore diameter does not define channel conductance; rather, electrostatic
interactions between pemeants and the channel pore are thought to play a role in
conductance, permeability and selectivity. These findings are not only applicable to
connexins expressed in Xenopus oocytes, but have been reproduced in transfected HeLa
cells where it was determined that the size of permeants alone was not sufflcient to
predict their permeability through different types of gap junction channels (Cao et al.,
1998; EIfgang et al,, 1995).
1s gap junction selectivity physiologically relevant? In order to answer this

question, studies have been conducteci to detennine ifactual ceIiuiar metabolites showed

any ciifferences in theù penneability through gap junctions cornposed of different
connexins. In a Iiposomal system containing reconstituted connexin channels either
homomeric for Cx32 or heteromenc for both Cx32 and (2x26, clear connexin-dependent
differences in the perrneability of radio-labeled cyclic nucfeotides and uncharged maltose
polymers were reported (Bevans et ai., 1998). The permeability of HeLa cells transfected

with connexins 26,32, or 43 to the second messenger inositol I,4J-trisphosphate (P3)

has also k e n shown ta vary depending on the expressed connexin isoform, with Cx.32
channels k i n g more permeable than either Cx26 or Cx43 channels (Niessen et al., 2000)Hepatocytes from Cx32 knock-out rnice (retaining only Cx26) reinforce the HeLa ce11
data since these celIs, compared to wild-type hepatocytes, are Iess able to transmit

cdcium m e s between coupled cells upon IP3 injection, and require 25 times more IP3 to
induce propagation of calcium waves between doublet cells (Niessen and Willecke,
2000).
A new method has been developed to study the transfer of endogenous cellular

metabolites between coupled cells that screens naturdly occurllig permeants in an
unbiased manner. This technique involves l a b e h g a donor population of cells with a
fluorescent dye and loading these cells with glucose that has aIi 6 of its carbons
radiolabeled, Donor cells are mixed with an excess of unlabeled acceptor ceus for a
predetermined t h e to allow establishment of gap junctionç that are chemically blocked
with a reversible inhibitor (1 8a-carbenoxolone; ACO). The AC0 is washed out of the
system to allow GJIC for a short tirne penod. Then the cells are separated using a
fluorescence activated ce11 sorter and the radiolabeled metabolic contents of donor and

acceptor ceils are assessed by HPLC and TLC. These studies have shown that Cx32 and
Cx43 channels in transfected C6 cells, transfer endogenous metabolites such as ATP and

ADP at significantIy different rates (Cx43 tramfers nudeotides 10 tirnes faster than Cx32
channels) (Goldberg et al., 1999; Nicholson et al-, 2000). Different metabolites had
dif5erent permeabilities through the (2x32 and Cx43 channels that could not be predicted
fkom the size and charge of the metabolites,
The experirnents described above have shown that gap junctions composed of

different connexins can discriminate between physiologically relevant molecules and
imply that different comexins have different functions. Clear evidence for distinct
functiond roles for different connexins can be found in a "knock-in" mouse mode1 in

which the gene for Cx43 was replaced with either the gene for Cx32 (Cx43KICx32) or
Cx40 (Cx43KICx40) (Plum et al., 2000). If the comexins are functiondly redundant,
and only serve as aqueous channels, replacement of one connexùi type with another

should have no functionai consequences. The "knock-in" experiments indicate that this
clearly is not the case- Both the Cx43KICx32 and Cx43UCx40 mice were viable, but
demonstrated different phenotypes- The Cx43KICx32 mice had heart defects sirnilar to,
but less severe than, those of Cx43 knock-outs, while the Cx43KICx40 rnice had no

obvious cardiac phenotypic anomalies, dthough they showed a susceptibility to
spontaneous arrhythmias. The Cx43KICx32 rnice also had defective mamrnary glands
and were unable to lactate, while the Cx43KICx40 mice had normal rnammary function.

Suprisingly, both the Cx43EUCx32 and Cx43KICx40 males were s t e d e (Plum et al.,
2000). Thus, cornexin isoforms serve highly specific roles in the development and

function of specialized tissues and cannot be used interchangeably.

C)

RoIe of Gap Junctiod Communication in Growth Cormol
It has long k e n postulated that intercellular communication through gap junctions

is inversely correlated to the growih potential or tumorigenicity of cells. This idea
onginated from the discovery that many tumor cells and tumorigenic cell lines display
decreased cornexin expression andior decreased intercellular communication
(Loewenstein and Kanno, 1966). Conversely, overexpression of comexins in cancer cell
Lines has been found to reduce the growth and oncogenicity of these cells to varying
degrees. Thus, a tumor suppressor role for the comexins has been proposed (Levine,
1993).
There are nurnerous examples in the literature in which the forced expression of
comexins in a tumorigenic celi Iine has resulted in the reduction of the growth or
tumongenicity of the cells. Table 2 outlines ceU lines tested, connexins transfected, and
the eflect on the growth or tumorigenicity of the cells. In the case of HeLa ceus, growth
and tumorigenicity could be decreased by transfection with Cx26, but not Cx40 or Cx43
(Mesnil et al., 1995), while in the case of C6 gtioma cells Cx43 transfection couid
normalize growth but Cx32 transfection codd not (Bond et al., 1994; Zhu et al-, 1991).
This again p u i t s to the specificity of connexin fünction and how comexins of different
types cannot be assumed to impart the sarne result on the growth parameters of
transfected cells.
(1) GJIC-independent Cornexin effects on Growth

When attributing a -or-

suppressor role to the connexins, it has been assurned

that the mechanism by which comexins are able to alter cellular growth is through

increasing GJIC, and in many instances this appears to be the case. This may not be the

TABLE 2. Effect of transfected connerins on growth and tumorigenicity of several
ce11 lines.

CeU Line

cx(s)

SkHep1
(human hepatoma cells)

Cx32

LOT 1/2
(mouse fibroblasts)

MCA- 10
(mouse sarcoma cells)

Cx43

Cx43

TRMP
(canine kidney epithelial

Cx43

cells)
Cx26,

IieLa
(human cervix celIs)

Cx40 &

CO
(rat glioma cells)

(2x43

C6

Cx32

M'DA-MB-43 5
(human rnammary epithelid
ceiis)
LNCaP
(human prostate cancer
cells)
Jeg-3
(Kurnan trophoblast cells;
choriocarcinoma)

Cx43

Cx26 &

Cx43
Cx32 &

Cx43
cx267
Cx40

&Cx43

Effect on Growth / Tumorigenicity
Unchanged growth in culture
Suppression of tumorigenicity (Eghbaii
et al., 1991)
Decreased growth rate in culture (same
as normal mouse fibroblasts)
Decreased saturation density in cultures
(Mehta et al., 1991)
Decreased growth rate in cuiture
Suppression of tumongenicity in nude
mice (Rose et al., 1993)
Decreased growth rate in culture
Decreased tumorïgenicity (Chen et ai,,
1995)
Only Cx26 reduced tumorigenicity and
growtb rate in culture (Mesnil et al.,
1995)
Decreased growth rate in culture
Decreased &orna formation in vivo
Co-culture of Cx43-û-ansfected cells with
wild-type C6 cells, reduced growth rate
of wild-type cells (Naus et al,, 1992; Zhu
et al,, 1991;Zhu et al., 1992)
Unchanged growth in culture
Decreased growth in vivo (Bond et al.,
1994)
Decreased growth rate in culture
Decreased turnorigenicity
Restored capacity for differentiation
(Hkschi et al., 1996)
Decreased growth rate in culture
Decreased tumorigenicity
Restored capacity for differentiation
(Mehta et al., 1999)
Decreased growth rate in culture
C x î 6 transfectants displayed highest
degree of restored differentiation
(Hellmann et al., 1999)

o d y mechanism by which comexins can have an inhibitory effect on cellular growth

though, as there are two studies that suggest otherwïse: i) the tumorîgenicity of a rat
bladder carcinoma ceil ihe (BC3 1) that is GJIC proficient, c m be suppressed by forced
expression of wild-type or communication-incompetent Cx43 (Krutovskikh et ai., 2000);

ii) the Cx43 mutant A253V inhibited the growth inhibitory fùnction of wild-type Cx43 in
transfected C6 glioma cells, even though it was capable of GSIC as assessed by dye
transfer assays with the fluorescent dye Lucifer Yellow. These studies suggest that
cornexin molecules may regdate growth by a mechanism other than regulating GJIC,
perhaps by interacting with signding molecules of signal transduction pathways involved
in growth processes.

In support of thïs notion, it has recently been shown that Cx43 can be upregdated
by the Wnt signai transduction pathway in cardiomyocytes, and that it can bind the
signaling molecule p-catenin (Ai et al., 2000). The W n t pathway utilizes the
multifunctional protein, (3-catenin,originally described as a structural component of the
adherens junction, as a transcriptional transacctivator of certain target genes, of which
Cx43 appears to be one (reviewed in: Behrens, 2000). Beta-catenin c m only fiuiction as

a transcriptional transactivator when it is ailowed to accumulate in the cytosol (instead of
being degraded by the proteasorne) and then translocate to the nucleus (Behrens, 2000).
Since Cx43 is able to bind 6-catenin, it may sequester it fiom the cytoplasm, preventing
transcription of Cx43 itseif and other responsive genes, several of which are known to be
involved in growth stimdation such as c-myc, cyclin D 1, and c- jun (Behrens, 2000).
Indeed, forced expression of Cx43 in cardiomyocytes reduced the expression of a
reporter gene driven by fl-catenin transactivation (Ai et ai., 2000).

3. Gap Junction Defects in Human Disease
The importance of cornexin diversity and the specificity of the fùnction of
individual cornexin isoforms has been highIighted by the discovery of cornexin gene
mutations as being the cause of several human diseases (Krutovskikh and Yamasaki,
2000), including the following:
a) X-linked Charcot-Marie-ToothDisease

The f i disease to be directly linked to mutations in a cornexin gene was Xlinked Charcot-Marie-Tooth Disease (CMTX), which is a hereditary neuropathy with
demyelination (Bergoffen et al., 1993). The afEected cornexin in this disease is Cx32.
Over 160 different Cx32 gene mutations, iinked to the genesis of CMTX, and affecting

trafEcking or channel properties, have been identifred (reviewed in: Abrarns et al., 2000).
6) Deafiress

The first indication that a cornexin was involved in some forms of deafkess was
when mutations in Cx26 were linked to hereditary non-syndromic deafhess, irnplicating
an important role for Cx26 in the fünction of the cochlea (Kelsell et al., 1997).

Subsequently, mutations in two other beta comexins, Cx30 and Cx3 1, have also been
associated with deafhess, and the range of types of deafhess associated with connexin
defects has expanded to include recessive and dominant, and non-syndromic (with a

single phenotype) and syndromic (with multiple phenotypes) types (Rabionet et ai.,
2000).
c) Cataracts

The prismatic fibers of the Iens of the eye are intercomected by gap junctions
which are the only means of maintaining correct ion and metabolite concentrations in
these avascular cells (Goodenough, 1992). It is thus not suprising that defects in the
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connexins uivolved in lem gap junction formation (Cx50 and Cx46) lead to the fornation
of cataracts, caused by irnproper homeostasis of the Lens (Gong et al., 1997; Mackay et
al., 1999; Pal et al., 2000; Shiels et al., 1998; Steele et al., 1998; White et al., 1998).
D. GAP JUNCTIONS IN TKE HEXRT
1. Localization

In the rnamrnalian rnyocardium, individual myocytes are coupled to their
neighbors through numerous gap junctions. A typical canine myocyte has approximately
100 gap junctions on its sudace and is coupled to a .average of approximately 10 other

cells (Hoyt et al., 1989; Luke and Saffitz, 1991). Gap junctions are found concentrated in
intercalated disks, specidized structures uivolved in both the mechanicd and electrical
coupling of cardiomyocytes. Although intercalated disks and associated gap junctioms
occw predorninantly at the ends of myocytes, they can be founci anywhere dong the
length of a myocyte Guke et al,, 1989).
2. Function
A major fiinction of gap junctions in the heart is to allow for unimpedeci actiom

potential propagation between myocytes. This allows the cells of the h a r t to be
stimulatecl synchronously, an absolute requirernent for the heart to work as a purnp (Gros
and Jongsma, 1996). As with all ceIls coupled with gap junctions though, GIIC also
allows for homeostasis of small signahg molecules and metabolites between coupled
cells.
3. Major Connexins in the Mammalian Myocardium

The myocytes of the mamrnalian heart express at least tfxee different Cx

isoforms, each with different patterns of expression throughout the development of the

heart-

In rodents, Cx40 is found primarily in the vascuiar endotheliurn and in the
specialized cells that make up the conduction tissue of the heart (Bastide et al., 1993;
Beyer et al., 1992; Bruzone et al., 1993; Hennemann et al., 1992b). Specifically, Cx40
of rat myocytes is found in the E s bundle, the bundle branches and Purkinje fibers,
where it is thought to mediate fast conduction; it is not found in myocytes of the workhg
ventricular myocardium @avis et al., 1994; Gros et al., 1994). Connexin 40 is not able
to form heterotypic channels with Cx43 in paired Xenopus oocytes (Bruzone et al.,
1993), but recently, heterotypic channels have been suggested to occur between HeLa

celis expressing these c o ~ e x i n(Valiunas
s
et al., 2000).

(2) Function
Evidence as to the h c t i o n of Cx4O has corne from analysis of mutations
associated with human h m disease and fiom the generation of a Cx40-nuil mouse. A
gene defect causing dysfimctional atrioventncular conduction, reduced contractility and
progressive cardiomyopathy was found to map to a srnail region of human chromosome
1, where Cx40 resides (Kass et ai., 1994). Mice lacking Cx40 have defects in

atrioventricular conduction and are prediçposed to arrhythmias (Kirchhoff et al., 1998;

Simon et al., 1998). Thus, Cx40 is an important component of the conduction tissue of
the hart necessary for fast propagation of action potentials fiom nodal tissue to the
venaicular myocardium. A detailed follow-up study on the morphology of hearts from
Cx40-nul1 mice uidicated that approxirnately 50% of these mice died during
embryogenesis during septation of the heart, 16% died shortiy &er birth and the
remaining viable mice had anatomic defects in the atrio-ventricular junction andfor
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interventricular septum (Kirchhoff et al., 2000), Ïndicating a role for Cx40 in cardiiac
development.

(1) Localization

Studies looking at Cx45 in the hart sustained a major setback when it was
discovered tbat antibodies that were assumed to be specifc for Cx45, actuatly crossreacted with Cx43 (Coppen et al., 1998)- Several studies that used antibodies directed
against residues 285-298 of canine Cx45, s h o w by Coppen et ai- (Coppen et al., 1998) to
contain a region of homology to Cx43 resdting in cross-reactivity of these anthdies,
have to be re-interpreted (Chen et al-, 1994; Darrow et al., 1995; Davis et al., 1994; Davis
et al., 1995; Kanter et al., 1993a; Kanter et al., 1993b; Kanter et al., L 992). An afl'iuiitypurifïed antiserurn raised against residues 354-367of human Cx45, with no crossreactivity with Cx43, revealed that the distribution of Cx45 in moue and rat hearts was
localized to very discrete regions largely overlapping with Cx40-expressing cells of the
conduction system (Coppen et al., 1998). Further studies indicate that Cx45 is actually
the connexin isoform most continuously associated with the conduction tissue of the

rodent heart, as it is located in peripheral regions of the conduction network that are Cx40
negative, where merging of Cx45 and Cx43 staining occurs (Coppen et al., 1 9 9 9 ~
Coppen et al., 199%). These results explain why (2x40nul1 mice did not show a more

drastic alteration in phenotype, as Cx45 can most likely compensate for most of Cx40's

(2) Function

The importance of Cx45 in the development of the rodent heart bas recently been

revealed in a mouse mode1 in which Cx45 was replaced by a nls-lac2 gene by the Cre-

loxP system. Mice deficient in Cx45 died fiom heart failure at embryonic day 10 due to
conduction block and an endocardiai cushion defect (Kumai et al., 2000). in the hearî,
the first synthesized c o ~ e x i moleeule
n
appears to be Cx4S according to RNA and
protein expression analysis in mice (Alcolea et al., 1999). It appears that thïs cornexin
isoform is required for the coordination of the first heart beats of the embryonic mouse,

as no other cornexin isoforms are detectable at this stage of mouse developrnent. Durhg
development, Cx45 is dom-reguiated and it becomes undetectable by immunofluorescence after birth of the mouse, except in some regions of the interventricular
septum and a few smaii areas of the fiee ventricular wall (Akolea et al., 1999).

(1) Localkation

Cornexin 43 is the predominant connexin of the myocardium and is found
between the workiog myocytes of the atria and ventricles (Beyer et al., 1987; Davis et al.,

1994; Laird and Revel, 1990; van Kempen et ai., 1991). Tt is not found in the E s bundle
or proximal regions of the bundle branches of the rat heart, but is found in more distai
regions where it coIocaIizes with Cx45 at the periphery of conduction tissue (Coppen et
al., 1999a; Coppen et al., 1999b; Gros et ai., 1994).
(2) Function
As the connexin which directly links the cardiomyocytes of the heart, Cx43

functions to synchronize the contractions of the myocardium. Different transgenic mice
have been created to assess Cx43 fiinction and are described below:
(a) (2x43-nu11 mice

Mice lacking Cx43 are able to survive to term, but die shortly afler birth due to
defects in the development of the pulmonary outflow tract of the heart (Reaume et al.,

1995). Similar defects occur using a dominant negative approach (Sullivan et al., 1 998).

Thus, although Cx43 is expressed in many tissues, there must be functional redundancy
that permits the proper development of the majority of mouse organs in the absence of

Cx43-

(b) Overexpression of Cx43
Mice overexpressing Cx43 under the regdation of the constitutively active
cytomegdovüal (CMV) promoter, exhibit both heart and neural tube defects (Ewart et

al., 1997)- Defects of the hart conotruncus were explauled as occwing due to
disruption of developmentd processes involving n e d crest tells, as subpopdations of
these cells are the target of CMV-directeci transcription. Follow up studies have also

indicated a role for Cx43 in the regdation of neural crest ce11 migration and sumival

during development (Banneman et al., 2000; Huang et al., 1998a; Huang et al., 1998b;
Lo et al., 1997; Lo et al., 1999; Suifivan et al., 1998; Waldo et ai., 1999). These
experiments imply that Cx43 is required for proper neural crest cell fûnction during
development and that the level of Cx43 expressed in neural crest cells must be precisely
regulated for proper development to ensue.
(c) Cx43 +/- heterozygous model
Deletion of one allele of Cx43 led to a reduction in the propagation of action
potentials through the ventricular myocardiurn with a decrease in ventricular epicardial
conduction of 44% compared to Cx43 t/t controls in adult rnice (Guerrero et al., 1997).
Even more ciramatic results were obtained when the hearts fiom Cx43 +/- mice were
subjected to ischemia in an isolated perfused heart setup. Compared to ischemic Cx43

+/+ hearts, ischemic Cx43 +/- karts developed more arrhythrnias and developed them
more quickly (Lemer et al., 2000). These results suggest that the level of Cx43 expressed

in mouse hearts is a critical parameter of cardiac action potential conduction, with more
Cx43 giving rise to more stable impulse propagation and fess Cx43 predisposing hearts to

arrhythmias due to ischemic insult, possibiy due to disruption of limiting numbers of
functionai Cx43 gap junctions,

E. FIBROBLAST G R O W H FACTORS
1. The Fibroblast Growth Factor Family

The fibroblast growth factors (FGFs) comprise a family of structurally related
heparin binding polypeptides (reviewed in: Galzie et al., 1997). A recent scan of the

Genbank database reveds that this family contains at least 23 different members. Most
signaling initiated by extracellular FGFs occurs through their binding to high affinity

transmembrane FGF receptors (FGFR) of the tyrosine b a s e type (RTK) (Jaye et al.,
l992), with subsequent activation of intracellular signal transduction pathways. The FGF
activation of RTKs is moddated by interactions with heparan sulfate proteoglycans

(I-ISP) which can be found in the extracellular rnatrix, embedded in the ce11 membrane or
strong[y associated with the exterior surface of celis (McKeehan et al., 1998). The HSPs

have been suggested to stabitize FGF-FGFR interactions to promote signaling and to
serve as extracellular storage "sinks" for FGF family members. The FGFs play roles in
ceIl growth, survival, differentiation and migration for numerous ceIl types in many
different tissues (Galzie et al., 1997).
2. FGF-2

One of the prototypical FGFs that has k e n extensively studied and characterized
is FGF-2 (ak-a. basic fibroblast growth factor; bFGF) (Bikfdvi et al., 2 997; Nugent and

Io=,

2000; Okada-Ban et al., 2000). Using heparin affi~nitychromatography, FGF-2

was initially purified fiom bovine pituitary extracts as a 13.3 kDa polypeptide (a

proteolytic degradation product of an 18 kDa form) that was a strong mitogen for 3T3
fibroblasts (Gospodarowicz, 1975). In the human, FGF-2 is now knowa to exist as at
least five different isoforms, which mise due to alternative translation fiom four CUG
start codons upstrearn of the conventional AUG start codon (Okada-Ban et ai., 2000).

Thus, in humans, there are 18,22,22.5,24 and 34 kDa isoforrns of FGF-2. The isofonns
larger than 18 kDa al1 possess a nuclear Iocdization signal, which targets them to the
nucleus where they are ïnvolved in intracrine signahg (Delrieu, 2000). The high
molecular weight f o m of FGF-2 have dso k e n shown to be exported kom the ceiI and
c m act as Ligands for FGFR-rnediated regdation of cell proliferation and migration

(Piotrowicz et al., 1999).

Most secreted proteins contain a signai peptide sequence that targets thern through
the ER and Golgi apparatus and out of the celi (Rothman and Orci, 1992)-The 18 kDa
isoform of FGF-2 does not contain such a signal sequence but c m be exported fiom the
ce11 through an alternative energy-dependent system that is EWGolgi-independent
(Florkiewicz et ai., 1995). Subletha1and lethal injury of cellular membranes, and
mechanical strain caused by stretching have also been implicated in the release of FGF-2
fiom ceils (Cheng et al., 1997; Cheng et al., 1996; Ku and D'&ore,

1995; McNeil et ai.,

1989), includuig a reported kat-to-beat release of FGF-2 in cardiomyocytes (Clarke et

ai., 1995; Kaye et ai., 1996a).
a) Recepor Mediated FGF-2 Signal Transduction Pathway
The signal transduction pathway for FGF-2 is initiated by binding of FGF-2 to a

FGFR There are four different FGF tyrosine kinase receptors that are stnicturally related
@artanen et ai., 1993). The FGFRs consist of the following domains listed in order from

the extracellular amino terminus: i) two or three tandem extracellular immunoglobulin
(1g)-lïke domains (detennined by alternative splicing affecthg the third Ig domain); ü)

an acidic box, unique to FGFRs between the frst two Ig domains; iii) a single
transmembrane domain; iv) a cytoplasmic jutamembrane domain; and v) a cytoplasmic
tyrosine kinase domain split by a kinase insert (Johnson and Williams, 1993). With the

aid of heparan sulfate proteoglycans that are thought to either facilitate or stabilize
Ligand-receptor interactions (Oniilz, 2000), FGF-bound recepton dimerize and undergo a
process of autophosphorylation in which the cytosolic tyrosine kinase domains of both
receptors phosphorylate each other (Jaye et al., L 992).
Activated FGFRs are able to recruit and phosphorylate a set of signaling

motecules that mediate the cellular responses to FGF-2 stimulation. For FGFRl ,at Ieast
the following signaling molecules can be activated upon receptor dimerkition and

autophosphorylation: i) phospholipase C-y (PLC-y); ii) Src ;iii) FGF receptor substmîe 2

(FRS2); iv) Grb2; v) Phosphatidylïnositol-3'-kinase; vi) S H 2 domain-containing
phosphotyrosine phosphatase 2 (Sm-2);vii) focal adhesion kinase;viii) Nck; ix) Shb;

and x) Shc (reviewed in: Kiint and Claesson-WeIsh, 1999). Modulation of the
availability of these mediators of FGF-2 signahg and theïr downstream targets
determines the end biological effect of FGF-2 stimulation.
With respect to ceU proliferation, FRSZ,Shc, PLC-y and Src are all potential
contributors to FGFR1 -mediated mitogenesis (Klint and Claesson- Welsh, 1999). The
molecules Shc and FRS2 serve as adaptor proteins, which upon tyrosine phosphorylation
by an FGFR bind another adaptor protein, Grb2, that is compfexed to the nucleotide

exchange factor SOS(Kouhara et ai., 1997; Rozakis-Adcock et al., 1992). SOScatalyzes

GDP/GTP exchange on the srnall G-protein Ras which causes Ras to be activated
(Pawson, 1995)- Activated Ras then binds to and activates the serine/threonine kinase
Rafthat initiates a cascade of phosphorylation events resulting in MAP kinase activation
(Lewis et al., 1998). Receptor-mediated tyrosine phosphoryiation of PLC-y results in the
hydrolysis of phosphatidyIinositol4, 5-bisphosphate to inositol 1,4,5-trisphosphate (IP3)

and diacylglycerol (DAG). The resuitant IP3 causes calcium release fiom the
EWsarcopIasmic reticulum while DAG serves to activate members of the PKC family

(Bell et al., 1986; Bemdge, 1993)3.

FGF-2in the heart
FGF-2 is found in the heart and is expressed by several cell types uicluding both

neonatal and addt cardiomyocytes (CassceIls et al,, 1990; Kardami and Fancirich, 1989;

Kardami et al., 1990; Speir et al,, 1989). FGF-2 can be detected by ~ u n o f l u o r e s c e n c e

in nuclear, cytoplasmic and extracellular locations of cardiomyocytes (Kardami et al.,
1991; Kardami et al., 1990). There is a developmentd shifi fkom a high molecdar
weight (2 1.5-22 m a ) isoform of FGF-2 in embryonic and neonatal rat hearts to a low
rnolecular weight isoform (18 kDa) in adult hearts (Liu et al., 1993a). Cardiomyocytes
have been identified as expressing both high and low S i t y FGF receptors. The high
affmity FGF receptor expressed in neonatal and addt heart myocytes is FGFRI and

different splice variants have been identified, which are developmentally regulated (Jin et

al., 1994; Kardami et al., 1995; Liu et al., 1995; Speir et al., 1992). Cultured ernbryonic,
neonatal and even adult cardiomyocytes can respond to FGF-2 with increased DNA
synthesis (Pasurnarthi et al., 1994; Pasumarthi et al., 1996; Speir et al., 1992). Both MAP
kinase and PKC signaling are activated by FGF-2 treatment of cardiomyocytes
(Bogoyevitch et al., 1994; Disatnik et al., 1995; Padua et al., 1998).
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Numerous functions have been ascnbed to FGF-2 in the h a r t including: i)
cardioprotection fkom ischemia-reperfusion injury (Cuevas et al., 1997; Cuevas et al.,
2000; Cuevas et al., 1999; Padua et ai., 1998; Padua et al., 1995); fi) angiogenesis

(reviewed in: Battegay, 1995; Goncdves, 1998; Slavin, 1995); iii) hyperplasia /
hypertrophy (Armstrong et al., 2000; Hudlicka and Brown, 1996; Kaye et al., 1996b;

Parker, L995; Parker et al., 1991;Schneider et al., 1992; Schultz et al., 1999); and iv)
reduced death of myocytes after myocardial infarction (Hasegawa et al., 1999; Horrïgan
et al., 1999; Miyataka et al., 1998; Sasame et al., 1999; Yanagisawa-Miwa et al., 1992).

F, PROTEIN KINASE C
1. Protein Kinase C Famüy
Currently, there are at lem ten different isofomis identined in the protein kinase
C (PKC) family of serinelthreonine protein kinases (for a recent review see Liu and

Heckman, 1998). The PKCs transduce signals mediated by phosphoiipid hydrolysis that
occurs subsequent to activation of G-protein- or tyrosine kinase- coupled receptors or

activation of non-receptor @rosine kinases, There are three main classes of PKCs based
on differences in structure and CO-factorrequirements. The conventional or calciumdependent PKCs (cPKC), a,BI, fiII, and y are regulated by diacyiglycerol (DAG), ca2+

and phosphatidyke~e(PS). The novel PKCs (nPKC), 6, E, 0 and q are regulated by

DAG, PS and unsaturated fatty acids but not ca2+,as they lack a ca2+
binding domain.
The atypicai PKCs (aPKC), f, h and L are activated by PS, unsahirated fatty acids and
phosphoinositides, but are unaffected by ca2+or DAG. The h and L isoforms are species
variants of the sarne isoenzyme.

The PKCs are composed of a single polypeptide with an amino-terminal
regulatory region and a carboxy terminal catalytic region. The regulatory region of ail
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three classes of PKCs contains a stretch of amino acids known as the "pseudosubstrate"

which is bound by the substrate acceptor portion of the cataiytic region, maintaking the

enzyme in an inactive state (Newton, 1995; Newton, 1997).
a) The PKC Signal Transduction Pathway

It is widely accepted that when inactive, PKCs reside in various locations
throughout the cytosol and c m be isolated from cells without the use of detergents. The
generation of DAG by phospholipase C or indirectly through phospholipase D, recniits
conventional or novel PKCs to membranes where specitic binding between the enzyme
and both DAG and PS causes a conformational change that releases the pseudosubstrate

from the catdytic domain of the PKC (Newton, 1995; Newton, 1997). Released from its
autoinhibition, the PKC enzyme is f?ee to phosphorylate its true target substrates. The
bhding between PKC and membrane components upon activation is so strong that it
becomes necessary to use detergents to isolate the active forrn î?om cells. The difference

in solubility between non-active and active forms of PKC, so called transIocation of PKC
to membranes, has been used extensively by investigators to foiiow PKC isoform
activation profiles (Kraft and Anderson, 2 983; Kraft et al., 1982; Wolf et al., 1985).
Although translocation of PKC isoforms to membrane compartments is generdy thought
to correspond to their activation, other factors such as the phosphorylation state of PKC
can present exceptions to this rule (Lee et al., 2000).

How different PKC isofotms are able to preferentially act on specific substrates is
thought to be mediated through the positioning of the isofonns near their targets via PKC
binding proteins. Several types of PKC binding proteins have k e n identifieci includuig
the receptors for activated C kinase (RACKS), the perinuclear binding protein PICKI,

and the A-kinaseanchorhg proteins (AKAPS) which have been f o d to act as scaffold
proteins for several differeat enzymes including PKC (Colledge and Scotf 1999;

Mochly-Rosen, 1995; Mochly-Roîen and Gordon, 1998; Staudinger et al., 1997;
Staudinger et al., 1995).
2. PKCs in the beart
The rabbit heart expresses al1 of the PKC isofomis aithough at different leveis and
with different responses to stimuli @hg et al., 1997): i) The cPKCs are more abundant
than the nPKCs, with PKCa being the most abundant cPKC and PKCE king the most

abundant nPKC; ü) In response to a preconditioning protocol, only PKCEand PKCq
were translocated fiom the cytosolic to the particulate fkactioa Neonatal rat heart
myocytes contain at least the following PKC isoforms: a,BI, @II, 6, E, and

< @Wtnik et

ai., 1994).
3. PKC epsilon
The epsiIon isofonn of P K C is a major isoform found in the adult mamrnalian

heart (Bogoyevitch et ai., 1993). Analysis of protein leveis of PKCE in developing rat
hearts indicates that although expressed at the highest IeveIs in neonatal heart

preparations it is still found in relati vely high levels in the adult heart (Clerk et al., 1995;
Rybin and Steinberg, 1994). Further assessrnent of PKCE levels on a per myocyte basis
indicated that,although total heart PKCElevels are reduced in aduit compared to neonatal

hearts (<25%), the IeveIs of PKCEp e r myocyte are a c m y higher in adult myocytes
(IOX), dthough activated levels (in particulate fractions) are less (Clerk et al., 1995).
Cultured neonatal rat cardiomyocytes express PKCEthat is highiy responsive to phorbol12-myristate-13-acetate (PMA) treatment as assessed by translocation fiom cytosolic to

particdate bctÏons (Clerk e t al., 1995; Puceat et al., 1994).

The relatively high levels of PKCE in the hart have prompted many investigators
to decipher its physiological hinction hthis organ. Numerous studies now implicate
PKCE as a mediator of cardioprotection denved from ischemic preconditioning for the
following reasons: i) ischernic preconditionùig can be blocked by treatrnent with
inhibitors of PKC, thus implicating these enzymes in the process (Armstrong et ai.,

1996); ii) PKCÊ is activated during the initiai ischemic rounds of the ischemiarepedbsion protocol (Kawamura et al., 1998; Ping et al., 1997; Yoshida et al., 1997); iii)
specific activation of PKCE and PKCG can mùtiic ischemic preconditioning in an assay
utilizing isolated rabbit myocytes ( h s t r o n g and Ganote, 2994); iv) specific blockade of

PKCE using an inhibitory peptide can block the cardioprotective effects of hypoxic
preconditioning in a ce11 culture mode1 (Gray et al., 1997); v) specific activation of PKCE

using an engineered peptide enhances cardioprotection against prolonged ischemia (Dom
et al,, 1999).

The mechanism by which PKCEacts to protect the heart from ischemic damage is
unclear, but may involve the regulation of mitochondrid K(ATP) channels. Treatment of

hearts with the d m g diazoxide, a mitoK(ATP) channel opener, protects against ischemic
heart injury, and appears to require PKC activity since the protection is blocked by PKC
inhibitors (Wang and Ashd, 1999; Wang et al-,1999). Specificdly, PKC isoforms
delta, epsilon and alpha were activated by diazoxide, although the localkation of
activated isofoms differed, with PKCa translocating to the sarcolernrna, PKCS
translocating to the intercalated disk and mitochondna and PKCE translocating onIy to
the intercalated disk. Translocation of activated PKCE to the intercalated disk region of

cardiomyocytes has ais0 been documented by other investigators and PKCE-specific

RACKS are found to reside in cross striations and intercalated disks of cardiornyocytes

(Disatnik et al., L 994; Mochiy-Rosen et al., 2000). PKCE is not only irnplicated in
cardioprotection induced by ischernic preconditioning, but has also been Iinked to
cardioprotection conferred by growth factors and other agents such as ethanol (Chen et

al., 1999a; Miyamae et al., 1998; Padua et ai., 1998).
Another h c t i o n for PKCE in the h a r t is suggested to be the mediation of the
development of compensatory hypertrophy. Transgenic overexpression of constitutively
active PKCEis found to cause mild concentnc hypertrophy that does not alter normal
cardiac fùnction ('ïakeishi et al., 2000). lncreased activation of PKCE in a mode1 of
cardiac hypertrophy, due to the overexpressed G-protein Gdpha(q), enhanced contractile

fiinction of the hypertrophie heart, whiie inhibition of PKCa activation led to
decompensated letbal dilated hypertrophy (Wu et al., 2000). A constitutive role for

PKCE in the regulation of myocardiai growth in physiological hearts is also suggested by
experiments fiom the same laboratory (Mochly-Rosen et al., 2000). Considering that in
other cell systems PKCE is a potent activator of ce11 replication and is even considered an
oncogene for some ceU types (Cacace et al., 1993), perhaps it is not suprising that PKCE
should have a growth regulatory role for cardiomyocytes.

G. RATIONALE AND HYPOTHESES
From the preceding review of the Iiterature it is clear that gap junctions play a role

in the regulation of cellular growth in many experimental systems. We have seen that a
general inverse correlation beîween GJiC and cellular growth exists in many models.
Connexins, perhaps independently of their role in gap junctional charnels, have been

suggested to fuuction as tumor suppressors. Several growth factors have been shown to
S e c t gap junction and connexin properties. These changes include increased

phosphorylation of comexins on tyrosine or serine residues, often with concomitant
changes in the h c t i o n of the gap junctions containing the modified comexins.
The fibroblast growth factors, specifically FGF-2, have been shown to play a role
in the regdation of hypertrophie and hyperplastic growth of the rat heart. The signding
pathway for FGF-2 includes activation of both the MAPK and PKC pathways. Both of

these enzymes have k e n implicated in the phosphorylation of Cx43, the primary
c o ~ e x i of
n the mammalium myocardium. Several consensus phosphory lation sites for

both PKC and MAPK are found on the carboxy terminus of Cx43, including the MAPK
phosphoryIation site S262.

Based on these key fkdings, the following general hypothesis and specific
hypotheses became the fomdation of this thesis:

GENERAlL WOTHESIS: FGF-2, an endogenous cardiac growth factor, will affect
GJ properties. A coroLIary to this hypothesis is that modulation of GJ fùnction may be a

component of the mechanism mediating the growth stimulatory effects of FGF-2.

SPECIFIC HYPOTHESES: i) FGF-2 signaling will decrease dye coupling between
neonatai rat cardiomyocytes; ii) The W

K anaor PKC pathways are involved in FGF-2

-mediated effects on cardiac gap junctions; iii) Growth-factor stimulated phosphorylation
of specific seruie(s) on Cx43 is required to cancel or decrease growth inhibition by Cx43.

IL, MAïXRLALS AND METHODS
k MATEWS

1, General Chemicais and Supplies:

Chernicals were purchased fiorn Sigma unless othenvise noted. Laboratory
supplies were purchased either fiom VWR-Canlab Canada or Fisher Scientific Canada
uniess othenvise noted. The MEKl inhibitor PD98059 was purchased from New

England Biolabs. The PKC inhibitors, calphostin-C and chelerythrine, were purchased
fiom Research Biochemicals International. The tyrosine kinase inhibitor, genistein was
purchased fkom Calbiochem. Recombinant human FGF-2 was obtained from Upstate
Biotechnology. Recombinant rat FGF-2 (rrFGF-2) was prepared as previously described
(Padua e t al., 1998)2. Primary Antibodies:

Two rabbit polyclonal (Pc) antisera recognizlng Cx43 were used. The first
antisenim, raised against residues 346-3 63 of rat Cx43, was used in the experiments
presented in Chapter One of the Results section and has been previously characterized
(Eterthoud et al., 1992; Yamamoto et al., 1990). The second antisenini was produced by
Quaiity Controlled Biochemicals (QCB) by immunization of rabbits with an antigenic

peptide (residues 368-382 of rat Cx43) conjugated to keyhole limpet hernocyania Five
production b l e d s were obtained fiorn QCB, each producing antisera with a higher
specificity and titre than the previous one, The antiserum derived Erom the fifth bleed
was capable of detecting Cx43 bands in 2 pg of total protein lysate from neonatai rat
cardiomyocytes when used at a dilution of 150 000 in Western blots. This bleed was
used for al1 experiments requiring polyclonal antï-Cx43 antiserum in Chapters Two and
Three of the Resutts section. A monoclonal (Mc) antibody raised agauist residues 252-

270 of rat Cx43 was pwchased fiom Biodesign Internationai (No. K22755,clone CON

11-2, lot #791) and was used for experïments in Chapter One of the Results section. This
product was discontinued by Biodesign International, but was re-introduced into the

market by Transduction Laboratones. The monoclonai anti-Cx43 antibody fkom
Transduction Laboratories was used in Chapter Two of the Resuits section.
Polyclonal rabbit antibodies aga& PKCEand PKCa were purchased f?om Santa
Cruz Biotechnology. A monoclonal antibody for PKCEwas obtained fiom Transduction
Laboratories. A rabbit polyclonai antibody recognizùig dually phosphorylated MAP

kinase (anti-ACTIVE MAPK) was purchased from Promega A mouse monoclonal
antibody recognizing BrdU was purchased fiom Amersharn/Phannacia Biotechnology. A
monoclonal antibody against sarcomeric myosin (clone MF-20) was obtained fiom the
Developmentai Studies Hybridoma Bank at the University of Iowa.

3. Peptides:
Synthetic peptides consisting of residues 252-270 (GPLSPSKDCGSPKYAYENG)
or 261-270 (GSPKYAYFNG) of rat Cx43 were obtauled from lmmunoDynamics Inc. A
peptide composed of residues 252-260 (GPLSPSKDC) was purchased fiom Genemed
Biotechnologies Inc- ln experhents designed to use the peptides as cornpetitive
inhibitors of antibody-antigen binding, the peptides were used at a concentration of 10 pg

B. METHODS

1. Neonatal Rat Cardiomyocyte Culture Preparation:
Ce11 culture media, horse and chicken se=,

trypsin and antibiotics were

purchased fiom Life Technologies (formerly Gibco/BRL). Fetal bovine serurn (FBS)
was obtained h m KycIone. Cultureware was purchased fiom Coming. To collagen-
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coat 35 mrn dishes or 35 mm dishes contiiining autoclaved coverslips, 1 mL of rat tail
couagen 1 (Upstate Biotechnology), dissolveci in water to a final concentration of 0.25

mg/mL, was applied to each dish and was allowed to air dry overnight under ultraviolet
i l l ~ a t i o in
n a laminar flow hood-

Myocyte cultures were obtained fiom neonatd rat hearts that were disaggregated
into single cells by iimited tryptic proteolysis, according to previously published methods

(Pasumarthi et al., 1996)- Briefly, the ventricles fiom 36 Sprague-Dawley rat pups (1-2

days old) were minced in ~ 8 - f i e F-10
e
medium and then incubated in a water-jacketed
spinner flask, maintained at 37 OC,for ten consecutive ten minute digestion p e n d s in a
0.1% trypsin / FlO solution- Liberated cells were decauted off the remabhg undigested

tissue after each incubation period. After the final incubation, the rernaining intact tissue
was passed several times in and out of a 10 mL pipette to break it down into single cells.

To isolate the myocytes f?om the resuitant heterogeneous mixture of cardiac c e l
types, the cells were applied to a discontinuous Percoil gradient which was capable of
separating myocytes fiom non-rnyocytes based on their densities (Shubeita et al., 1992).
Myocytes purified in this manner coniained Iess than 5% contaminating cells and were

plaîed out on coiiagen-coated tissue culture dishes at a density of 6-8 X 10' cells / 35 mm

culture dish in F-10 medium containing 10%fetd bovine senun (FBS), 10% home
se-

and 1X penicillin / streptomycin @en/strep). Cells were left in this medium

overnight, &er which they were rinsed three times with calcium- and magnesium-free
phosphate buffered saline (CMF-PBS) solution to remove dead cells and debris and
placed into new culture medium, Cells were maintained in a humidified incubator

(37 OC, 5% CO2).

Depending on the experiment in which the myocytes were use& different cell
cultute media were used to replace the initial plating medium. Low serum medium

&SM) consisting of DMEM/FI 2 medium containing 0.5% FBS,20 nmoVL selenium, 10
pg / mL insuiin, 10 pg / mL trmfemn, 2 mg / mL bovine serurn aibutnin, 20 pg / mL

ascorbic acid and 1X pedstrep, was used for most experiments. Cells were maintained in

this medium for 6-7 &YS, replacing the medium every 2 days. High serum medium
(HSM) consisting of 10% FBS in DMEM and ZX pedstrep was used for myocytes that
were to be transfected using the calcium phosphate precipitation method.
2. Embryonic Chicken Cardiomyocyte Culhire:

Al1 ceii culture reagents were purchased fiom Life Technologies unless othenvise
noted. Embryonic chicken cardiomyocytes were prepared as previously described

(Pasumarthi et al., 1994). Briefly, hearts were dissected fiom 5 day old chicken embryos
and ventricles were disaggregated into individuai cells with an enzymatic solution
consisting of 0.25 mg/mL trypsin, 0.025 mg/mL collagenase I (Sigma), 5.5 pg !mL
pancreath, and 0-496 chicken senun prepared in PBS. Ventricles fiom 12 dozen embryos
were incubated in 10 mL of the enzyme m k at 37 OC for 8 minutes. The enzyme reaction
was stopped by adding an e q d volume of FBS. The ventricles were then washed three

times with DMEM and were resuspended in 10 mL of DMEM containing 30 Units of
bovine pancreatic deoxyribonuclease I (Sigma). The ventnctes were incubated in this
DNAse solution for 5 minutes at 37 OC. The ventricles were then passed in and out o f a
Pasteur pipette repeatedly until no aggregates of cells were visible with the naked eye.

The resdting ce11 suspension was filtered through a nylon sieve material (Nytex),
centrifugeci in a benchtop swinghg bucket centrifuge at 170 x g for 5 minutes and the

resulting pellet was resuspended in chicken myocyte growth medium (CMGM)
consisting of 2% FBS DMEM plus pedstrep. Cells were plated at a density o f 7-8 X
105so thai they would be 70-80% confluent one day after plating and were maintained in

CMGM3. FGF-2 ,Phorbol Ester and Inhibitor Treatments
Al1 treatments with FGF-2 used the growth factor at a f i a l concentration of 10 ng
/ mL. The phorbol ester, phorbol 12-myristate, 13-acetate (PMA), was used at a f m d

concentration of 100 nM. The tyrosine kinase inhibitor genistein was used at a f d
concentration of 20 p M in a pretreatment for 30 minutes pnor to FGF-2 addition. The

MEKl inhibitor, PD98059,was used at a concentration of 50 pM in a pre-treatment
period of 1 hour pnor to FGF-2 addition. The PKC inhibitors chelerythrioe and
calphostin-C were both used at a final concentration of 1 p M and were applied to cells 15
minutes prior to FGF-2-

4.

RNA Isolation and Northern Blotting:
RNA was isolated fiorn control or FGF-2-treated myocytes using the acid phenol-

guanidine isothiocyanate method of Chomczynski and Sacchi (Chomczynski and Sacchi,

1987). Total RNA (1 O puane) was run on a 1% agarose gel containing 0.22 M
fomaldehyde, transferred to a nylon membrane (Nytran@-Plus, Schleicher and Schuell)
and probed with a 1.4 kb EcoRI cDNA fragment specific for Cx43 (Beyer et ai., 1987).

Scanning densitometry of autoradiograms f?om blots reprobed with a 700 bp
glyceraldehyde-3-phosphate dehydrogenase (GAPDK) probe (GenBank/EMBL:

Ml 7851) were used to normaiize Ioading. Probes were labeled with C ~ ~ P ] - ~ C T P
muPont) by the randorn oligonucleotide primer procedure (LifeTechnologies kit).

5. Preparation of Total Protein Extracts
TotaI protein was extracted fiom cardiomyocytes by lysing them in a buffer
contauùng the strong ionic detergent sodium dodecyl sulfate (SDS) to solubiiize aI1
cytosolic and membrane-spanning proteins. CelIs were rhsed with ice-cold PBS three
times and then lysed with SDS lysis buffer (1% SDS, 50 rnM Tris p H 8.0). Bo& the

wash buffer and the lysis b a e r were supplemented with a phosphatase and protease
inhibitor cocktail (PPIC) consisting of the foIIowing: 1 mM EDTA, I mM EGTA,20 mM
f3-glycerophosphate, 10 mM NaF, Z mM sodium orhovanadate, 1 mM PMSF, and 2
y g h L each of l e u p e p a pepstatin, aprotinin and E-64. Lysates were scraped off the

cuiture plates, transferred to microcentrïfbge tubes and then boiled for 5 minutes. To
shear DNA that can interfere with SDS-polyacrylamide gel eIectrophoresis (SDS-PAGE),

the Iysates were soriicated with three 5 second pulses with a probe sonicator set at the
maximum output that did not cause excessive fiothïng of the lysate. Lysates were then
clarified with a ten minute centnfiigation at 1 4 000 rpm in a benchtop microfige at room
temperature. The supernatants, containing ail SDS-soluble cellular proteins, were then
prepared for SDS-PAGE by mixing them with a concentrated SDS-PAGE sample bufEer

(IX SSB contains: 5% 2-mercaptoethanoI, 62.5 rnM Tris pH 6.8, 10% glycerol, 1% SDS,

0.0 1% bromophenol blue). An aliquot of the supernatant was d s o used to determine its
protein concentration using the bicinchoninic acid assay (BCA) purchased Forn Pierce.

The standard curve was generated with known amounts of BSA.
6. Immunoprecipitation of Tyrosine Phosphorylated Proteins

Total protein Lysates prepared as above were diluted 1:10 with the following
hunoprecipitation buffer OP): 1% Triton-X- iOO,0.5% Nonidet P-40(NP-40), 10 mM

Tris pH 7.4, 150 mM NaCI, plus PPIC. Aiiquots containing 150 pg of total protein were
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incubated with 25 pL of a slurry containhg monoclonal anti-phosphotyrosine IgG
conjugated to agarose beads (clone 4G10, Upstate Biotechnology Inc.) for one hour at
4 OC with continuous m

g ina rotary mixer. The h u n e complexes were then washed

five times with IP buffer by centn'fûging the samples brïefly in a benchtop microfuge to
pellet the agarose beads, removing the supernatant and resuspending the beads in IP

bufEer. Tyrosine phosphorylated proteins were eluted fiom the beads by boiling the
beads in double-streogth SSB and run on 10% SDS-polyacry lamide gels.
7. Western Blotting:

Proteins in SDS-polyacrylamide gels were tramferred to imrnobilon-P membrane
(Maipore) by electroblotthg. Membranes were blocked in 5% skim milk powder / PBS
for 1 hour at room temperature to prevent non-specific binding of a n t i i d y to protein-fiee
regious of the membrane. The various antibodies were diluted as follows, in 1% skim
mi& powder (SMP) / Tris buffered saline containhg 0.1% Tween-20 (TBST): i) Pc

Cx43,I :20 000; ii) Pc PKCEand PKCa, 1 :2000; iii) Anti-ACTIVE MAPK, 1 :20
000. BIots were incubated with primary antibodies for 1 hour at room temperature and
were then washed three tirnes with 1% SMP / TBST. The secondary antibody, goat-anti-

rabbit IgG conjugated to horseradish peroxidase @ioRad), diluted 1: 10 000 in 1% SMP /

TBST was then incubated on the blots for another hour at room temperature. Blots were
then washed at least five tirnes with TBST and were processed for enhanced
cherniluminescence (ECL) using the Pierce Supersignal ECL kit and autoradiography.
8. Metabolic Labeling and Immunoprecipitation of Cx43

Metabolic labeling with aqueous [32~]-orthophosphate
(NEN) or

c3%]-

cysteine

/methionine (EasyTagTM EXPRE35S35S protein Iabeling mix fiom NEN) was carried out
in phosphate-deficient or cysteine/methionine-deficientmedia (Sigma), respectively.
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Both [ 3 2 ~ ]and r3's]labels were used at 100 pCi / mL unless otherwise n o t d incubation
penods were 1.5 hours for the experiment on Cx43 protein synthesis in Chapter One of
the Results section, 3 hours f o r al1 iwnunoprecipitation experiments requiring [32~]-label
and 4 hours for the protein labeling experïment in Chapter Three of the Results section,

All treatments with growth factors or other agents were coordinated so that they ended at
the end of the labeling period. Fotlowing the labeling period, cells were washed three
times with ice-coId PBS containing PPK. The cells were then either flash-fiozen with

liquid nitrogen and stored at -70°C until convenient to Lyse them or were lysed
immediately. CeUs were lysed in 1% SDS, 50 mM Tris pH 8.0 (with PPIC), boiled 5
minutes, and diluted 1:10 with RIPA correction buffier resuiting in a fTnal lysate in RIPA
biiffer with the foilowing composition: 1% Nonidet P-40,O. 1% SDS, 0.25% sodium
deoxycholate, 150 rnM NaCI, 10 mM Tris pK 8.0 plus PPIC. Lysates were passed
through 24 gauge needles to shear DNA and centnfùged at 14 000 rpm in a benchtop
microfuge. Protein content of the supernatants was determined using the BCA assay.
Aliquots containhg 10Q pg of total protein were incubated with 2 pL of Pc antiCx43 antibody at 4 OC with continuous mixing in a rotary mixer. TOcollect the antibody-

antigen complexes, 100 pL of a 1 :3 dilution of protein A-Sepharose beads (Pharrnacia)
in EUPA buffer were added, and the whole suspension was incubated for another hour at

4°C. Immunoprecipitated proteins, immobilized on the protein-A beads, were pelleted by
brief centrifugation in a benchtop microfùge and washed four times with RIPA buffèr
through consecutive resuspensïons and centrifugations in fiesh buffer- Proteins were
eluted from the beads by boiling in double-strength SSB and were run on 10%
polyacrylamide gels.

Gels were stained with Coomassie Blue, dried and processed for autoraàiography using a
cassette with appropriate intensiQing screen. In the case of the [35~]-labeledproteins,
gels were processed with the fluorographic agent AmpIify (Arnersham) according to the
manufacturer's instructions, pnor to dryuig the gel and processing for fluorography.

Typical exposure times for both [35~]- and [32~]-tabeledproteins were 24 - 48 hours.

9. Scrape-loading:
Scrape loading was carrïed out as described by el-Fody (el-Fouly et al., 1987)
with rninor modifications. Confluent monolayers of control or treated myocyta were

washed 3 tirnes with warm (37 OC) calcium- and magnesium- fiee (CMF) PBS and were
then covered with a pre-heated (37 OC) solution of 0.05% 6-carboxyfluorescein (6-CF)

and 0.05% tetramethy Irhodamine dextran dissolved in CMF-PM. For each dish of cells,
four parallel scrape Luies were made through the monolayer with a sharp scalpel. Two
minutes after scraping, the dye was rernoved, the plate was washed with PBS and the
cells were fixed with ice-cold 1% paraformaldehyde in PBS (pH 7.4). Dye migration
f?om primary Ioaded ceIls dong the scrape Iine to adjacent cells beyond the scrape line
was then assessed usuig epifluorescence microscopy.
10. Microinjection and Dye Transfer:

Myocyte microinjections were done essentidly as previously described (Shubeita
et al., 1992; Traub et al., 2994), with the help of a Narishige micromanipulator (Nikon), a
Medical Systems (Greenvale NY) picoïnjector, and a Nikon Diaphot microscope
equipped with epifluorescence and phase-contrast capabilities. Myocytes were kept at

37 OC with a stage heater (Medical Systems) and the pH maintained at 7.4 by adding 15

mM KEPES to the medium. A 0.05% solution of 6-CF dissolved in 100 rnM KCl, 5 m M
KH2P04, pH 7.2, was back-Ioaded into a g l a s micropipette pulled by a Sutter
66

Instrument Co. (Novato, CA) pipette puller set at heat=740, pul1=90, voltage=120,
time=250, pressure=6OO. Cells were injected for 30 mec with a pressure of 20 psi and

then viewed with epifluorescence and low-Light phase-contrast for 30 seconds. Cells that
had fded with dye during this penod were scored and placed, by comparing fluorescence
and phase-contrast views, in three categories (Traub et al., 1994): (i) first order, prirnary
cells, Le. cells directly comected to the injected; (ii) second order, cells located
immediateiy next to the prirnary ceLIs; and (iii) third order, cells located next to the
second-order group and distal fkom the first order group

11. Immunofluorescence:
Myocytes were grown on collagen-coated glass coverslips in 35 mm dishes.
Coverslips were rinsed three times with ice-cold CMF-PBS, fixed with 1% fiesh
pdorrnaIdehyde/CMF-PBS for 15 minutes at 4 OC, rinsed three times with CMF-PBS,
permeabilized with 0-1% Triton X-100 in CMF-PBS for 15 minutes at 4 "Cand then
rinsed thoroughly with CMF-PBS. Primary antibodies were diluted in 1% BSA / PBS
and were used at the foilowing dilutions : i) Pc rabbit anti-Cx43, 1 :2000; ii) Mc mouse
anti-Cx43, 150; iii) Mc mouse anti-BrdU, undiluteci; iv) Mc mouse anti-sarcomenc
myosin (MF20), 1 :100; v) Pc anti-PKCE, 1 :200; vi) Mc anti-PKCE, 1: 100. m e r
incubating with the primary antibody for either one hour at room temperature or
oveniight at 4 OC, coverslips were rinsed 3X with CMF-PBS, and then incubated with
secondary antibodies (purified anti-mouse immunoglobulin (IgG) conjugated to Texas
Red or purified anti-rabbit IgG conjugated to biotin (Amersharn) for the monoclonal and
polyclonai antibodies, respectivety) diluted 1:25 in 1% BSAPBS, for I hour at room
temperature. Subsequently, monoclona1 IgG-treated coverslips were rinsed and mounted,
white rabbit IgG-treated coverslips required a further 1 hour incubation at room

67

temperature with streptavidin-fluorescein (Arnersharn Corp.) diluted 1:25 in 1%

BSNPBS. Coverslips were rinsed 5X with CMF-PBS, rnounted on slides with ProLong
antifade medium (Molecular Probes), and viewed with a Nikon Diaphot epifiuorescence
microscope, as described previously (Kardamï and Fandnch, 1989).

In peptide blocking experiments, the primary antibody was preincubated for one
hour at room temperature in 1% BSA / PBS containhg synthetic peptides (0.0 1 mg/mL)
before addition to coversfips12, Phosphoaminoacid analysis:

This procedure was performed as descnbed previously (Apel et al., 1991;Boyle et
al., 1991). Briefly, immunoprecipitated [32~]-1abe11edCx43 (fiom 150 pg total protein)
was recovered fiom a gel slice afler SDS-PAGE and autoradiography and was then

hydrolysed with constant boiling HCl for I hour at 110 'C. The hydrolyzed samples
were lyophilized and mixed with a solution of aIi unlabelled phosphoserine,
phosphotyrosine, and phosphothreonine dissolved in pH 1.9 buffer (2.5% (voilvol)
formic acid (88% purity grade), 7.8% (vovvol) glacial acetic acid). Sarnples were
electrophoresed on cellulose thin-Iayer chromatography plates (Merck) with the pK 1.9
buffer in the first dimension for 45 minutes at 1000V, and in pH 3.5 buffer [OS%
(voVvo1) pyriduie, 5% (vol/vol) glacial acetic acid] in the second dimension for 15
minutes at 1000V. Standards were visualized by ninhydrin stahïng and the plates were
placed in a phosphorimager (Molecdar Dynamics) cassette for 24 hours. The image
fiom the phosphorimager was exported as a TlFF fiIe which was filtered (3x3 median

tilter; to reduce background), cropped and labelled using the program NIH Image.
13. Determination of Cx43 protein synthesis:

Myocytes were labelled for 2 hours in methionine-depleted DMEM supplemented
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with 100 gCi/mL EXPRE35S35S protein Iabeilïng mk (NEN) as previously described
(Darrow et al., 1995). Treatment with 10 ng/mL FGF-2 was during the last 30 minutes of
the labeling period. Total protein extracts were prepared as described above, and protein
content was detemiined with the BCA assay. Samples containhg LOO pg of total protein
were immunoprecipitated with 2 pL of rabbit anti-Cx43 serum, foliowed by colIection of
antibody-antigen complexes with Protein-A-Sepharose. Precipitates were washed four
times with RIPA buffer and then analyzed by SDS-PAGE, foilowed by gel staining with
Coomassie blue, destaining, incubation in Ampli@ fluorographic reagent (Amersham) for

30 minutes, gel drying, and autoradiography for 48 hours. The density of bands was
determined by scanning densitometry.
14. Cx43/PKC&Co-immunoprecipitation:

Myocytes maintained in 0.5% FBS 1 DMEM / F 22 medium for 6 days were
treated with 10 n g / d rrFGF-2 or vehicle for 5 minutes at 37 OC- After h s i n g with icecold PBS, cells were lysed in 500 pL ice-cold CO-immunoprecipitationb a e r (CIB): 1%

NP-40, 10% glycerol, 50 m .Hepes pH 7.5, 100 rnM NaCl with PPIC; and incubated for
30 mulutes on ice. CIeared lysates (100 pg protein in 500 pL Cm), obtained d e r
centrifugation at 14 000 rpm for 15 min, were used in imrnunoprecipitation with 2 pL of
rabbit anti-Cx43 semm as described above. Irnmunoprecipitates were washed three times
with CIB, eluted into 40 pL Laemmli sample b e e r by boiling for 5 minutes, run on 10%
polyacrylamide gels, transferred to PVDF membranes (Roche) by eiectroblotting and
probed with anti-PKCE or anti-PKCa antibodies (1 :2000 dilution for bath)- Blots were
processed for enhanced cherniluminescence as described above.

15. Transfeetion of Rat Cardiomyocyta with Tmnated PKCE( 1-401):
We used a cDNA plasrnid containing the regdatory domain of murine PKCE(140 1) in the pSVK3 vector. This plasmid construction was a giff fiom Dr. Geoffrey

Cooper of the Dana-Farber Cancer Institute in Boston, MA and is described in full detail
by Cai et al (Cai et ai., 1997). Cardiomyocytes that had been plated out 1 day earlier
were switched to fiesh high serum medium (HSM), consisting of 10% FBS in DMEM, 3
hours prior to transfection. A modified calcium phosphate transfection method in which
precipitates were o d y allowed to form for 1 minute was used (Jordan et al., 1996). Six
rnicrograms of DNA were used to form a precipitate in a f i a l volume of 350 pL that was
added &op-wise to myocytes plated on a 35 mm dish containing 2 mL of HSM.

16. Transfection and Detection of a f3-galactosidase Reporter Construct

The lac2 (p-galactosidase) gene fiom the reporter construct pCH110 (Arnersham)
was removed by digestion with KindIII and BamHI and inserted into the HindIII and

BamHI sites of pcDNA3.I(+) (Invitrogen), putting it under the control of a CMV
promoter. Six micrograms of this construct were transfected into myocytes on a 35 mm
dish a s described above. Expression of f3-galactosidase activity was determined by

staining cells, 48 hours d e r muisfection, using the fbgalactosidase staining kit fiom
Roche, according to the manufacturer's instructions. The resulting blue-stained &
galactosidase-positive cells were Observed by Light microscopy and photographed.

17. Infection with Adenoviraiiy-driven Dominant Negative PKCEand Dominant
Negative Map Kinase Kinase-1 (MKK1):
A dominant negative mutant of PKCE (DN) was obtained through site- directed

mutagenesis of the rabbit PKCEcDNA as descnbed recently in detail by Ping et al (Ping
et al., 1999). Sirnilarly, a dominant negative mutant of MKKl was also obtained through

site- directed mutagenesis by the same laboratory. We obtained the recombinant
adenoviruses expressing the PKCE@N) or MKKl @N) as gifts fÏom the laboratory of

Dr. PeiPei Ping of the University of Louisville and Jewish Hospital Heart and Lung
Instihite, Louisville, KY. Replication deficient adenovinises were generated by clonkg
the correspondhg cDNA into the E 1 region of human adenoviral type 5 genornic DNA,
and propagated in H293 cells transformed with El genes, as described (Ping et al., 1999).
Neonatal cardiomyocytes maintained in culture for 6 days in LSM were infected with
adenovins expressing PKCE @N) or MKKl (DN)at a mukiplicity of infection of 50.
Infection with nonexogenous protein-expressing virus was used in control cultures.
18. Connexïn43 mutagenesis:

The pIasrnid pBSM13-Cx43 (kindly provided by Dr. E. Beyer) was used as the
template for PCR site-directeci mutagenesis (Beyer et al., 1987). Al1 mutant Cx43
plasmid constructions used in this study were prepared by Ms. Yan Jin from the
laboratory of Dr. Peter Cattini, of the Dept. of Physiology at the University of Manitoba.

The primers 5'-CGATCCTI'ACCACGCCACCACTGGCCCACTGAGCCCATCAAA
AGACTGCGGagCTCCAAAATAC-3 ' (S262A sense strand primer) and S'CGATCCT

TACCACGCCACCACTGGCCCACTGAGCCCATCAAAAGACTGCGGAgaTCCAA
AATAC-3 ' (S2620 sense strand primer) were used in combination with the primer
S'CCATGCGAT TTTGCTCTGC GCTG TAG-3 ' (antisense primer) to generate two 229
bp Eragments, which were mutated in position 262 fkom either senne (S) to alanine (A) or

from S to aspartate @) in the connexi1143 cDNA, respectively. The primers 5'GTTTTGCTCGCTAGCTTGC TTGTTGTAATTGCGGCACGcGGAATTGT?TCTG3 ' (S297A antisense strand primer) and 5'CAGGCCGAGGCCTGCTGCTGGCGCGGC

TGCTGGCTCTGCTGGcAGG-TCGmGG-3 * (S364A antiseme strand primer) were
used in combination with the primer 5'-CGmAAGGATCGCGTGAAGGGAAGAAG

C-3' (sense primer) to generate either (i) a 222 bp b e n t with S297 converted to A, or
(ii) a 427 bp m e n t with S364 coverted to A; in the cornexin43 cDNA, respectIveIy.

The PCR reactions were camed out as previously descnbed (Jin et al., 1994). The PCR
products were digested with XcrnI/NheI for the S262A, S262D and S297A mutants or

with XcmVStuI for the S364A mutant The digested PCR products were then subcloned
into the XcmVNheI or X c d S t u I site of pBSM13 connexin43 vector to generate the

pBSM13-Cx43/S262A, pBSM13-Cx43/S262D, pBSM13-Cx43/S297A and pBSMl3Cx43/S364A mutant constructs. The fidi length wild type and rnutated cornexin43
fragments (2 39 1 bp) were released by EcoRVKbaI and Iigated into the EcoRV/XbaI site

of the mammalian expression vector pcDNA3.1(+) (Invitrogen, Carlsbad, CA) for use in
transfection experiments.
The sequences of each mutant were coniTnned by the dideoxy method Cf-mol
sequencing Kit fiom Promega Corp., Madison, W,USA). Mismatched nucleotides in

the primers are indicated by lower case Ietters.
19. Densitometric Analysis of Cx43 Phosphorylation Isoforms in Western Blots of
Transfected Cardiomyocytes:

The voIume anaiysis tools of the software program, Molecular Andyst, that
accompanies the B i o W scanning densitometer system, were used to determine the band
intensities of Cx43 in Western blots. Intensities of individual bands P2 and P3 or paoled
bands NP and P l were detennined, The relative contribution of each band (or pooled

bands) to the total amount of Cx43 detected by Western blotting was determined by

dividing the individual band intensity values by the sum of al1 band values in a given Iane
and multiplying the quotient by 100%-

20. Immunoprecipitations from MetabolicaMy Labeled Chicken Myocytes:
Transfected chicken myocytes were metabolicdly labeled with 250 pCi/mL rJ2p]orthophosphate for three hours and Cx43 irnrnunoprecipitates were prepared as descnbed
above.

21. Tmasfection of Chicken and Rat Cardiomyocytes with Cx43 Constructs:
Al1 tmnsfections were done on cells that were 70-80% confiuent that had been

plated out the previous day in the maintenance medium appropriate for the ce11 type.
Three hours prior to the transfections, the myocytes were rinsed with DMEM to remove
dead cells and were placed in fresh growth medium (2% FBSIDMEMIIX
penicillin~streptomycïnfor chicken cardiomyocytes; 10% FB S/DMEM/ZX
peniciiIinktreptornycin for rat cardiomyocytes). CeIls were transfected with 6 pg / 3 5

mm plate of the different Cx43 constructs descnbed above using a modification of the
standard calcium phosphate m f e c t i o n method (Jordan et al., 1996).
22. BrdU Labeling and Determination of BrdU Labeling Index in
Transfected Rat Cardiomyocytes

Rat cardiomyocytes on collagen-coated coverslips were allowed to express
transiently transfected genes for 48 h o u , during which tirne they were maintained in

10% FBSDMEM. The cells were then incubated with 15 mg I mL bromodeoxyurïdine
(Sigma) for a 6 hour labeIing period at 37 O C . Subsequently, the cells were fixed and
stained for BrdU as previously described (Pasumarthi et al., 1996). The ceIls were also
immunostained for Cx43 and myosin as described above- Sixteen random fields fiom
each of five coverslips were assessed. Nuclei were visuaiized by Hoechst 33342 staining

under W fluorescence, BrdU incorporation was visualized by Texas Red fluorescence

localized in nuciei, and myocytes were visualized by Texas Red fluorescence of MF-20.

The Iabeling index was determined by dividing the nurnber of BrdU positive myocyte
nuclei by the total nurnber of myocyte nuclei and multiplying the quotient by 100.

23. Statistical Analyses
Analysis of variance (ANOVA), followed by Fisher's protected least significant
difference post hoc tes& was used to evaluate the signifcance of the effect of FGF-2 on
Cx43 mRNA levels and protein levels at various time points up to 24 hours afler FGF-2
administration. No significant changes were seen (P > 0.05). ANOVA was aiso used to
evaluate the statistical significance of changes in Cx43 phosphorylation
(immunoprecipitated Cx43 fkom [.'*PI-labeled cardiomyocytes) at several time points of
incubation with FGF-2 (P < 0.01). An unpaired t-test was used to determine statistical
signifcance of differences between cardiomyocyte [ 3 5 ~ ] - ~ xsynthesis
43
in the absence or
presence of FGF-2 and between the nurnber of cardiomyocytes loaded with 6-CF in the
absence and presence of FGF-2. In the Iatter case, the t-test was done at three "distances"

fiorn the originaily injected ce11 (P < 0.0 1, P < 0.001). Results are presented as the mean

+/- the standard error of at least three separate experirnents. These calculations were
obtained by a Macintosh computer running StatView 4-0 (Abacus Concepts).
To determine the statistical sigficance of the difference in the relative amounts
of PKC CO-bunoprecipitatedwith Cx43, an unpaired Student's t-test was used. The
same test was used to compare the relative degree of Cx43 phosphorylation in vector
versus dominant negative PKCE-treated myocytes. Labeling indices for each group of
Cx43-transfected cardiomyocytes (vector, Cx43 wiId type, Cx43 S262A, and Cx43
S262D) were assessed by analysis of variance followed by the Student-Newman-Keuls
74

multiple cornpari-sons post-hoc test using the Macintosh statisticai program InStat
(GraphPad Software, SanDiego, CA).

A.

EFFECT OF FIBROBLAST GROWTH FACTOR-2 O N CARDIOMYOCYTE

CX43
INTRODUCTION:
As reviewed in the Introduction, the regulation of gap junction function occurs at
many levels including: i) connexin transcription / translation; ii) cornexin trafficking; iii)
comexin stability / degradation; and iv) cornexin gating by voltage, pH, high
or post-translational modification such as phosphorylation (Bninone
intracellular ca2+,
et al., 1996; Goodenough et al., 1996). In several different expenmental systems, growth
factors have been shown to regulate gap junctions through different mechanisms. Table 3
presents some of these growth factors, the systems in which they were tested, their
reported effects on Cx43 gap junctions and suggested mechanisms by which they exert
their effects.
These precedents linking gap junction function and growth factors in other
systems prompted us to determine if a similar relationship between FGF-2, an
endogenous growth factor of the heart, and Cx43, the major connexin of cardiac
myocytes, might exist Any effect of FGF-2 on gap junctions in the heart could have
implications related to the function of cardiac gap junctions as mediators of intercellular
action potential propagation (Gros and hngsma, 1996). In addition, since gap junctions
are associated with a growth regulatory function in many ce11 types (Yamasaki and Naus,
2 996), FGF-2 regulation of cardiac gap junctions could aIso have relevance with respect
to cardiac myocyte hyperplasia and / or hypertrophy.

Table 3: Effets of various growth factors on GJIC in several cell systems.

1

I

Growth
Factor

1

Hwnan Kidney
Epithelial Cells

EGF

Rat Liver
EpitheIial CelIs

PDGF

I
l

FGF-2
FGF-2
\

11

System

EGF

PDGF

1

Experimental

FGF-2

/
1

Rat Liver
Epithelial Cells

C3HlIOT1/2
Mouse
Fibroblasts
Xenopus
Oocytes
Mouse
Osteoblastic
Cell Line
Rat cortical and
Striatal
Astroglial Cells
Bovine
Cells
Rat Cardiac
Fibroblasts and
Human Skin
Fibroblasts

Effect on Gap Junction Function
and Mode of Action
Increased GJlC possibly due to increased synthesis
or transport of Cx43 to plaques (Vikhamar et al.,
1998)
Decreased GJIC due to Cx43 phosphorylation
(Kanemitsu and Lau, 1993; Lau et al,, 1992)
Decreased GJIC due, in part, to Cx43
phosphoryIation (Hossain et al., 1998; Hossain et
ai-,1999a; Hossain et al., 1999b)
Decreased GJIC due to Cx43 phosphorylation
(E'elIetier and Boynton, 1994)
Decreased GJIC due to gating via bal1 and chain
mechanism (Hornma et ai,, 1998)
Decreased GJIC due to decreased Cx43 rnRNA and
protein (Shiokawa-Sawada et al,, 1997)
Decreased GJTC due to decreased Cx43 mRNA and
protein (Reuss et al., 1998)
Increased GJIC due to increased Cx43 rnRNA and
protein (Pepper and Meda, 1992)

Increased GJIC due to increased Cx43 mRNA and
protein (Abdullah et al., 1999; Doble and Kardarni,
1995)

Technical Considerations:
We maintained our cardiomyocyte cultures in low senim conditions for at Ieast six

days in order for the myocytes to develop a synchronously contracting confluent
monolayer that has numerous gap junctions and is amenable to dye transfer studies
(Oyamada et al., 1994). Cardiomyocytes maintained for this length of tirne contract more
synchronously, have higher numbers of gap junctions and are better dye-coupled than
cardiomyocytes in shoa term (2-4 day) culture (Oyamada et al., 1994). Cardiomyocytes
were treated with 10 ng/mC FGF-2 in al! experiments since this concentration is
sufficient to füily activate signaling mediated by the high

FGF receptor in these

cells as assessed by DNA synthesis studies (Kardami, 1990) and analysis of the
generation of tyrosine-phosphoiylated proteins (Padua et al., 1996).

1. Effect of FGF-2 on Metabolic Coupling

We used two techniques to determine the degree of intercellular communication

between cultured cardiomyocytes: scrape-loading and microinjection of the fluorescent
dye 6-carboxyfluorescein (6-CF).

a) Scrape Loading

Confluent monolayers of neonatal rat cardiomyocytes, maintained in low serurn
conditions for at least six days, were treated with 10 ng/rnL FGF-2 for thirty minutes,

with or without a thirty minute pre-treatrnent with the tyrosine kinase inhibitor, genistein.
Cells bathed in a 6-CF solution in CMF-PBS were then scraped with a scalpel, incubated
for two minutes, rinsed with PBS, fixed and immediately examined and photographed
through an inverted microscope capable of detecting epifluorescence. Under these

conditions, cells directly dong the scrape line are able to take up 6-CF and transfer it to
other more distal cells through gap junctions.
Untreated myocytes, Figure 3A and 3C, reveal extensive dye-coupling, as
fluorescent dye can be seen extending through several orders of cells distal to the primary
loaded cells dong the scrape Iine. Similar results were seen with another fluorescent dye

of similm size, Lucifer Yellow (LY). The effect of FGF-2 treatment on dye-coupling is
seen Ui panels 3B and 3D. The extent of dye migration fiom the scrape line is clearly
reduced in these cells compared to control cells (compare 3A and 3C to 3B and 3D).
Note that the dye along the scrape line in FGF-2 treated cells appears to be more intense

than that along the scrape line of control cells, indicating a reduction in the ability of the

FGF-2 to diffuse fiom the primary cells to other coupled cells. These results with FGF-2
were seen consistently in repeated scrape-loading experiments (at least three repetitions).

The FGF-2-mediated reduction in dye-coupling codd be blocked by a 30 minute
pre-treabnent with the tyrosine kinase inhibitor genistein (20 PM) (Figure 3E), indicating
that activation of tyrosine kinase signaling, presurnably through a FGF receptor tyrosine
kinase, was required. Genistein pretreatment alone did not cause any change in
intermyocyte dye coupiing compared to that obtained under control conditions (compare

F i g w 3A and Figure 3F).

Figure 3.

Effect of FGF-2 on intercellular communication between cardiomyocytes

as assessed by scrape loading.
Myocytes were loaded for 2 minutes with a 0.05% solution of 6-CF. A and C. control
myocytes. untreated with FGF-2. B and D, Myocytes treated with 10 ng/rnl FGF-2 for 30
minutes before dye loading. E, Myocytes treated with 20 pmoI/L genestein 30 minutes
before loading. F. Myocytes treated with FGF-2 and genestein.

b) Microinjection
Intermyocyte dye coupling was also examined by microinjection of 6-CF and LY
according to published procedures (Shubeita et ai., 1992; Traub et al., 1994).
Microinjection of either dye into cardiomyocytes resulted in migration of the dye from
the injected ce11 to surrounding cells coupled to the injected ce11 with gap junctions. We
scored the nurnber of celis that took up the dye that were immediately adjacent to the
injected ceil (fm order) as well as those more disial to the injected cell (second and third
order). Myocytes were maintained under physiological culture conditions throughout the
injection period.
Quantitative results from the microinjection experirnents are presented in Figure
4A. In the presence of FGF-2, the dye did not diffuse as readily to coupled cells.

Significantly reduced numbers of dye-coupled cells were seen at al1 distances corn the
prïmary injected cell, with a more marked decrease in the nurnber of cells receiving dye

*

in the second and third order cells. In total, dye was transferred to 6.0 0.3 neighbor
cells in control cultures compared with 3 3

* 0.2 cells in FGF-2 treated cultures,

indicating a significant @ -=0.000 1, unpaired t-test) reduction in dye coupling ïnduced by

FGF-2. Similar results were seen with the dye LY. Figure 4B shows phase contrast and
fluorescent rnicroscopic photographs of typical injections with LY in the absence (Fig.

4B panels a and b) or presence o f FGF-2 (Fig. 4B panels c and d).

Figure 4.

Effect of FGF-2 on intermyocyte dye coupling as assessed by

microinjection of fluorescent dye.
A, Control or FGF-2-treated (30 minutes) cardiomyocytes were injected with 6-CF and

then viewed with epinuorescence and Iow-light phase-contrast optics for 30 seconds.
Cells that had fXed with dye during this period were scored and placed, by comparing
fluorescence and phase-cootmst views, into three categones: first order (Io),

primary celk

(i.e. cells directly connected to the injected c d ) ; second order (ZO), ceiis Iocated
immediately next to the primary loaded ceus; and third order (33, celis Iocated next to
the 2" group and distal fiom the 1" group. FGF-2 decreased the number of dye-loaded

c e k in d groups. Each group was assessed Individudly for statisticd significance using

an unpaired t-test (* P c 0.001, ** P < 0.0001, respectiveIy). Sixty ceiIs were injected
under coatrol conditions and 55 were injected under FGF-treatment conditions. Vertical

bars denote SEM, B,Cardiomyocytes were microinjected with LY and then
photographed within 30 seconds of dye injection. Panels Ba and Bb show identical fields

fiom non-treated myocyte cultures viewed imder epifluorescenceand phase-contrast
optics, respectively. Panels Bc and Bd show identical fieIds fkom FGF-2-treated myocyte
cultures viewed under epifluorescence or phase-contrast optics, respectively. Arrows
indicate the direction of the injection. Arrowheads denote myocytes adjacent to the LYinjected ce11 that receive the dye. Asterisks indicate myocytes adjacent to the injected
ce11 that do not take up the dye, Bar = 30 Fm.

OControl
FGF-2

Order of Dye-coupled Cells

2. Effect of FGF-2 on Cx43 Expression

To determine if FGF-2 afEected Cx43 synthesis or accumulation / degradation, we
used Western and Northern blotting techniques to assess steady-state Cx43 protein and
mRNA levels, respectively. Levels of Cx43 mRNA were detected using a Cx43-specific

radio-labeled probe that hybndized strongly to a 3.0 kb Cx43 transcrïpt in blots
containing electrophoretically separated total RNA (1 O pg)- A probe specific for a
"housekeeping" gene, GAPDH, was used to nomalize Cx43 Ievels between sarnples.
Quantitative densitometric analysis of normalized Cx43 mRNA levels examined at times
0.5 to 24 hours p s t FGF-2 treatment is presented in figure 5A1 and a representative

northem blot in which both GAPDH and Cx43 probes were used sirnultaneously, is
presented in figure 5A2. No changes in Cx43 mRNA levels were seen upon FGF-2
treatment (n-3).
Relative Cx43 protein levels in extracts containing 10 pg of total protein fiom
untreated or FGF-2 treated cardiomyocytes were analyzed by Western blotting with the
polyclonal rabbit antibody raised agauist residues 346-363 of rat Cx43. Bands on
autoradiograms resulting fiom cherniluminescent detection of Cx43 were quantified by
s c m i n g densitomeûy. Equd loading of protein samples was assessed by post-staining
the ECL-processed blots with the protein-specific dye, amido black. Major protein bands
detected in this manner showed less than 5% variation between lanes. Quantitative
evaluation of Cx43 protein levels in ceils treated for 0.5-24 hours with FGF-2 is
presented in Figure SB 1. Representative blots indicating the Cx43 band pattern and
relative levels are shown in Figure 582. No statistically significant changes in Cx43
protein Ievels were detected with FGF-2 treatment ( ~ 3 ) .

Levels of newly synthesized Cx43 were assessed by metabolic labeling with

[35~]-methionine/cysteine,
immunoprecipitation of Cx43 with the polyclonal Cx43
antibody, SDS-PAGE and fluorography. Quantitative results indicating levels of Cx43
synthesized over a 2 hour labeling penod & FGF-2 treatment during the last 30 minutes of
labeling are presented in Figure 5C 1. A representative autoradiogram obtaïned by
fluorography of a gel contaïning [ 3 S ~ ] - ~ xis4 presented
3
in Figure 5C2. No changes in

Cx43 synthesis were apparent (n=3). Note that the newly synthesized Cx43 migrated

with a mobility corresponding to relative molecular masses of 4 1 kDa and 43-45 kDa.
This is expected as it has been docurnented that Cx43 is initidly synthesized as a 41 kDa
polypeptide that becomes phosphorylated during its transit though the ER and on its
insertion into the pIasma membrane (Laird et al., 1995; Musil et ai., 1990; Musil and
Goodenough, 1991 ;Musil and Goodenough, 1993).

3. Effect of FGF-2 on Cx43 Localization and Aotibody Recognition
The change in the permeability of cardiomyocyte gap junctions could possibly be
due to changes in the Iocalization of Cx43, so we exarnined the localization of Cx43 in
control and FGF-2 treated cardiomyocytes using immunofluorescent visualization with
two anti-Cx43 antibodies. The polyclonal rabbit antisenim raised against residues 346363 of rat Cx43 revealed strong punctate staining of gap junctions located primarily at the
cell membrane interface between adjacent myocytes, in both control and FGF-2-treated
cultures (Figures 6a and 6b, respectively). Some staining was also apparent in peri-

Figure 5.

Effect of FGF-2 on cardiornyocyte Cx43 expression.

CeIIs were treated with 10 ng/mL FGF-2 for varying lengths of time, as indicated- Panels
A l and A2 iilustrate the effect of FGF-2 on Cx43 mRNA accumulation, A l shows

cumulative data ftom three separate experiments. A2 is a representative Northem blot;
arrows indicate migration of 28s and 185 RNA, and bands corresponding to Cx43 and

GAPDH mRNAs are indicated, Panels B 1 and B2 illustrate the effect of FGF-2 on Cx43
protein accumulation. B 1 shows cumulative data from three separate experiments. B2

shows representative photographs of Western blots from two separate experiments, one
(upper photograph) exarnining the effect of Cx43 protein at t=O and 0.5 hows and the
other (lower composite photograph) at times 0-24 hours. Arrowheads indicate where the
45 k[)a protein ovalbumin rnigrates in these gels. Panels C 1 and C2 illustrate the effect
of FGF-2 on Cx43 protein synthesis with or without addition of FGF-2 during the last 30
minutes of a 2 hour labeling period with [35~]-methionuie.C 1 shows cumulative data
from three experiments. C2 is a representative autoradiogram showing SDS-PAGE
analysis of irnmunoprecipitated [ 3 ' ~ ] - ~ x 4before
3
(-) and after (+) FGF-2 treatrnents.
as two major bands at 4 1 and 43 kD. Data in panels A l and B 1
[ 3 S ~ ] - ~ xmigrated
43

were analyzed by ANOVA white those in CI were analyzed by an unpaired t-test.
Vertical bars in al1 graphs indicate SEM.

nuclear locations. Stauùng with this a n t i s e m was effectively competed by incubating
the antibody with its immunizing peptide, indicating the specificity of this antibody
(Berthoud et al-, 1992; Yamamoto et al-, 1990)-

The monoclonal anti-Cx43 antibody also revealed a punctate staining pattern between
adjacent cardiomyocytes in control cultures (Figure 6c). This staining pattern was very

similar to that observed with the polyclonal antisenim (Figure 6b). Some perinuclear

staining was also apparent with the monocIonaI anti-Cx43 antibody. After 30 minutes of
FGF-2 trament, a dramatic decrease in immunofluorescent intensity at sites of
intercellular contact was observed (compare Figure 6d with 6c). Since staining with the
polyclonal antibody remained unchangeci, loss of monoclonal antibody recognition
indicated that FGF-2 caused masking of Cx43 epitopes.

4. The Epitope Recognized by the Monoclonal Anti-(2x43
Antibody Resides Between Residues 261-270

To characterize the epitope recognized by the monoclonal anti-Cx43 antibody,
synthetic peptides consisting of the whole ïmmunizing peptide (residues 252 to 270 of rat
Cx43), tlagments of this peptide consisting of residues 252-260 or 26 1-270, as well as an
unrelated peptide containing residues 346-363 were used. Immunofluorescent signd due
to staining with the monoclonal antibody under control conditions (Figure 7a) was
competed by preabsorption with the synthetic peptides spanning residues 252-270 and

261 -270 (Figure 7b and 7c, respectively). Immunofluorescent staining was not blocked
by preincubation of the monoclonal antibody with peptides containing residues 252-260
nor 346-363 (Figure 7d and 7e, respectively). Thus, the epitope(s) recognized by the
monoc1ona.l anti-Cx43 antibody iikely reside(s) between residues 26 1-270 of rat

Figure 6.

Effect of FGF-2 on Cx43 locaiization in rat cardiac myocytes.

l[mmunofluorescent staining of control myocytes (a and c) and FGF-2-treated rnyocytes

(b and d), using a rabbit polyclonal anti-Cx43 antisem (a and b) or a mouse monoclonal
anti-Cx43 preparation (c and d). Curved arrows indicate gap junctionai staining between

cells. AIthough staining with the rabbit antibody rernains unchanged, staining with the
monoclonal anti-Cx43 anti'body is reduced in FGF-2-treated myocytes. Bar is 50 p_

Figure 7. Blocking of the monoclonal anti-42x43 antibody with synthetic peptides.
Immunofluorescent staioing of cardiac myocytes incubated with the monoclonal antiCx43 antibody in the absence (a) or presence (b-e) of synthetic peptides (0.01 mg / mL)

spanning different regions of the carboxy terminus of rat Cx43. The peptides used are as
follows: panel b, residues 252-270; panel c, residues 261-270; panel d, residues 252-260;
panel e, residues 346-363. Staining was compIetely abolished by peptides 26 1-270 and
252-270 but was not affected by peptides 252-260 nor 346-363-Bar = 50 Fm.

5. Effect of FGF-2on Cardiornyocyte Cx43 Phosphoylation
As there were no changes in Cx43 localuation or protein ievels with FGF-2

treatmenf yet there were stil1 changes in GJ function, we tested if Cx43 phosphorylation,
a post-translational modification that is known to affect gap junction channel properties
(Bnizzone et al., 1996;Goodenough et al,, 1W6), was dtered. We used metabolic
labeling with [32~]-orthophosphoric
acid and immunoprecipitation of Cx43, followed by

SDS-PAGE and autoradiography to test the eEects of FGF-2 on Cx43 phosphorylation.
Cardiomyocytes were labeIed for a penod of three hours at 37 OC with FGF-2 added for
various Iengths of tirne (2-30 minutes) with the end of the FGF-2 treatment synchronized
with the end of the labeiing period. A typical autoradiogram £iom one experiment is

shown in Fig. 8A. Only a single diffùse band centered at 45 kDa is detected in each tane,
indicating the specificity of the immunoprecipitationreaction for phosphory Iated Cx43.
Combined results fiom three separate experiments (Fig. 8B) reveai that at 30 minutes
afier FGF-2 addition the amount of phosphorylated Cx43 more than doubles upon FGF-2

treatment @ < 0.0 1). Therefore, FGF-2 tnggers phosphorylation of Cx43. This
phosphorylation could occur on serine, threonine or tyrosine residues-

6. Role of Tyrosine Phosphorylation in Mediating the Effects
of FGF-2on Cardiomyocyte Gap Junctions

The biological effects of FGF-2 are mediated by binding to tyrosine kinase
receptors (FGFR) at the plasma membrane. Cardiac myocytes express FGFR at ail
developmental stages (Kardarni et al., 1995; Liu et al., 1995). Ligand binding activates

the tyrosine kinase activity of FGFR, initiating a cascade of tyrosine phosphoryiation
events affiecting numerous cellular proteins (Kardami et al., 1995; Padua et al., 1996).
Since the eEects o f FGF-2 on dye-coupling were blocked by the tyrosine kinase
inhibitor genistein, we examined whether Cx43 was phosphorylated on tyrosine as a
result of FGF-2 treatment Myocyte extracts were immunoprecipitated with antiphosphotyrosine antibodies covalentiy coupled to agarose beads. Irnmunoprecipitated
proteins, containing phosphoryIated tyrosine residues, were then analyzed by probing
Western blots with the polyclonai anti-Cx43 antiserum. A typical resuit of such an
experiment is shown in Fig. 9A- lmmunoprecipitates fiom control cultures contained no
bands detected by the ad-Cx43 antisenim (Fig. 9A Iane 2), while Cx43 immunoreactive
bands were clearly seen d e r FGF-2 treament (Fig. 9A Iane 3). Genistein pretreatrnent
for 30 minutes (20 FM)prevented the immunoprecipitation of Cx43 immunoreactive
bands fiom lysates obtained fÏom both control and FGF-2 treated myocytes P i g . 9A,
Ianes 4 and 5, respectively). The specificity of the anti-phosphotyrosine antibody was
c o n f i e d by performing immunoprecipitations in the presence of excess
phosphotyrosine, phosphoserine or phosphothreonine (Figure 9B). Only immunoprecipitation reactions containing excess phosphotyrosine were incapable of precipitating

Cx43 immunoreactive bands, indicating that only fiee phosphotyrosine c o d d
competitively block the antigen binding sites of the monoclonal antibody. There are tw-O
possible interpretations of these results. The first is that FGF-2 treatment induces a direct
tyrosine phosphorylation of Cx43. The second is that FGF-2 induces tyrosine
phosphorylation of another protein or protein cornplex that binds tightly to Cx43 and coprecipitates with Cx43 under the immunoprecipitation conditions used. To discriminate

Figure 8. Effect of FGF-2 on cardiomyocyte Cx43 phosphorylation.
Cardiac myocytes were labeled with [32~]-orthophosphate,treated with FGF-2, lysed,
immunoprecipitated with the polyclonal rabbit antiserum and anaiyzed by
autoradiography. Results fiom a representative experïment are shown in panel A- Lanes
1,2,3, and 4 show [ 3 2 ~ ] - ~ x fiom
4 3 100 pg protein obtained h m cardiomyocytes treated

with FGF-2 for 0,2, 10, and 30 minutes, respectively. Migration of molecular mass

markers is indicated in kiloddtons In panel B, quantitative results fiom three separate
experiments compare phosphorylated Cx43 levels in FGF-2 treated myocytes with those

of untreated cells (set arbitrady at 100%), shown as a fiuiction of time of incubation.

Asterïsk denotes statistical simiificance(P<O.01, ANOVA with Fisher's protected least
signifcant clifference pst hoc test). Vertical bars are SEM.
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Figure 9. Immunoprecipitation of Cx43 with anti-phosphotyrosine an-tibodiesafter

FGF-2treatment.
Cardiac myocytes were treated with FGF-2, lysed and irnmunoprecipitated with antiphosphotyrosine-agarose antibodies as described in the Materials and Methods section.
Immunoprecipitated proteins were anaiyzed by Western blotting with the podyclond antiCx43 antiserum. A rat heart gap junction-enriched membrane preparation w a s also run as
a positive control for Cx43 immunostaining. In panel A, the lanes contain the following:
1, heart GJ membranes (2 pg); 2-5, imrnunoprecipitated proteins fkom 150 k g lysate fiom

cardiac myocytes. The cardiac myocytes were treated in the following ways.: lane 2,
untreated; lane 3, FGF-2 treated; lane 4,20 p M genistein treatment; lane 5, 2 0 p M
genistein treatment followed by FGF-2 treatment. Treaûnent with FGF-2 resulted in
immunoprecipitation of Cx43 by anti-phosphotyrosine; this effect was blockaed by
genistein. In panel B, lane 1 contains heart GJ membranes, while the other lanes contain
immunoprecipitated proteins fkom 150 pg of lysate fiom cardiac myocytes treated with
FGF-2. Immunoprecipitations were performed in the presence of no phospho-amino acid
addition (lane 2), or in the presence of 200 pM of the following amino acidsz phosphotyrosine (lane 3); phospho-threonine (lane 4); phospho-serine (lane 5). O d y phosphotyrosine blocked Cx43 fiom being immunoprecipitated by anti-phosphotyrosùne antibody.

between the two pssibilities, we proceeded to directiy analyze the phospho-amino acid
composition of Cx43,

7. Phospho-Amino Acid Anaiysis of Cx43
To m e s s which type of amino acid residues were phosphorylated in ["PI-cx~~
under control and FGF-2 treatment conditions, we directly determined the phospho-

acids denved
amino acid profile of irnrnunoprecipitated [ 3 2 ~ ] - ~ x 4 Phospho-amino
3.

fiom C ~ ~ P I - by
CX
acid
~ ~hydrolysis were separated using electrophoretic techniques and
autoradiograms of separated phospho-amino acid spots on thin layer (TLC) plates were
compared with stained phospho-amino acid standards that were separated on the sarne

TLC plate. As shown in Figure 10, only phospho-serine was identified in both control
and FGF-2 treated sarnples. Thus, it would appear that FGF-2 treatrnent increases serine
phosphorylation of Cx43 and promotes interaction of Cx43 with tyrosine phosphorylated
proteh(s) -

Figure 10. Phospho-amino acid analysis of [ 3 2 ~ ] - ~ x 4 3 .
A, Cx43 fiom control ceils. B, Cx43 fiom FGF-2 treated ceils- The directions of

migration for the first dimension (pH 1.9) and second dimension (pH 3 -5)on thin-layer
chromatography plates are indicated by m w s (horizontal and vertical, respectively).
Circles outline the position of ninhydrin-stained unlabeled phospho-amino acid standards,

that were separated with the unknown samples.

B. PKCEIS REQUIRED FOR CX43 PHOSPHORYLATION IN NEONATM,
RAT CARDIOMYOCYTES

INTRODUCTION:
We have shown that FGF-2 treatrnent results in Cx43 phosphorylation on serine
residues and decreases GJIC in neonalal rat cardiomyocytes. Two serine kinases that
have been implicated in the phosphorylation of Cx43 with a resultant decrease in GJIC
are MAPK and PKC (Budunova et al., 1994; Kanemitsu and Lau, 1993; Koo et al., 1997;

Kwak and Jongsma, 1996; Kwak et al., 1995; Wam-Cramer et al., 1998; Warn-Cramer et
al., 1996). Both of these kinases have been proposed to directly phosphorylate Cx43 on

carboxy teminal serine residues in epithelial ce11 lines (Lampe et al., 2000; Wam-Cramer
et al., 1998; Warn-Cramer et al., 1996).
Both PKC and MAPK have been shown to be activated by FGF-2 treatment in
cardiomyocytes by us and others (Bogoyevitch et ai., 1994; Disatnik et al., 1995; Padua
et al., 1998). Thus, we hypothesized that the FGF-2-mediated effects on Cx43 gap
junctions in neonaial rat cardiomyocytes might involve the activation of these kinases.
To identiQ whether the activation of PEX and/or MAPK was necessary for the FGF-2mediated effects on cardiomyocyte gap junctions, we used strategies to inhibit these
enzymes including the use of specific inhibitors and forced expression of dominant
negative enzymes.

1. Effect of the MAPK Inhibitor PD98059 on FGF-2-Mediated

Changes in Cx43 Phosphorylation and GJIC

To determine the activation stahis of MAPK in cardiomyocytes, we used an
antibody preparation that specificaily recognizes only the dually phosphory lated

97

(activated) form of MAPK in Western blots of cell lysates. As shown in Fig. 1 1A,
untreated control cardiomyocytes had barely detectable levels of activated MAPK.
Treatment of cardiac myocytes with FGF-2 stimulated the activation of both the 42- and

44-kDa isoforms of MAPK (aiso known as extraceIlular signal regulated kinase; ERK)
that was readily detected by the dual phospho-specific antibdy (Fig. l 1A, lane 2).
Pretreaîment with the MAPK / extracellular signal-regulated kinase kinase- 1 (MEKI )
inhibitor, PD98059 (50 PM for 1 hou) completely blocked the FGF-2 activation of

MAPK (Fig- I LA, lane 3).
Having established the effectiveness of FGF-2 in stimulating MAPK in neonatal
rat cardiomyocytes, and the ability of PD98059 to completely block MAEK activation,
we proceeded to detemine whether MAPK was necessary for the FGF-2 üiduced
increase in Cx43 phosphorylation, As can be seen in Fig. 1IB, even with complete
blockade of MaPK activation, FGF-2 treatrnent for 15 minutes was still able to induce an
increase in Cx43 phosphorylationWe then exarnined whether MAPK was necessary for the FGF-2-rnediated
decrease in GJrC as assessed by scrape-loading of the fluorescent dye 6-CF. Under
control conditions, dye movement from the primary-loaded cells along the scrape line
through adjacent cells was cleariy evident (Fig. 1 IC-i). As we saw in the previous
chapter, FGF-2 induced a clear decrease in dye-coupling between myocytes (Fig. 1 I Ciii). PD98059 pretreatment did not affect control nor FGF-2 reduced levels of GJTC as
assessed by scrape loading (Fig. 11C-ii and 11C-iv), indicating that MAPK activation
was not required for FGF-2-mediated effects on dye coupling. Combined
semiquantitative data on dye migration fiom 3 experiments are shown in Fig. 11D.

Figure 11. Efffect of MAPK inhibition on FGW-mediated Cx43 phosphorylation.
A- Western blot of myocyte lysates fiom cultures treated with the MEKI inhibitor

PD98059 andor FGF-2, as indicated, and probed with

ACTIVE^^ MAPK

antibodies. B. Autoradiographic detection of I ~ ~ P I - Cimrnunoprecipitated
X~~
fiom
cardiac myocytes treated with PD98059 andlor FGF-2, as indicated- C. Images of
fluorescent dye (6-CF) -fer

(introduced by scrape loading) between myocytes treated

with PD98059 andor FGF-2, as indicated. Length of m w s indicates the distance of dye

migration ffrom the primary-loaded ceils at the scrape line. Size bar = 50 Pm. D.
Combuied data fiom 3 experiments shown in panel C, comparing maximal dye migration
distance under different conditions, as indicated. Data are mean

* SEM.

2. Effect of the PKC Inhibitors Calphostin C and Cheleiythrine
on FGF-2-Mediated Changes in Cx43 Phosphorylation and GJlC
Cardiac myocytes were pre-incubated with the PKC inhibitors calphostin C and
chelerythrine (1 PM) before FGF-2 for 15 minutes. Pretreatment with cheIerythrine had
no effect on basal Cx43 phosphorylation, but completely blocked any increase in Cx43
phosphorylation induced by 15 minutes of FGF-2 treatment (Fig. 12A)- Calphostin C
pretreatrnent not only blocked the FGF-2-mediated increase in Cx43 phosphorylation, but
also reduced basal levels of Cx43 phosphorylation (Fig. 12B). Chelerythrine
pretreatment had no effect on the activation of MAPK by FGF-2 as assessed by Western
blotting with the ACWE~-MAPK antibody preparation (Fig. 12C).
To assess the role of PKC in the FGF-2-mediated reduction in dye-coupiing,
pretreatment with chelerythrine was used in scrape Ioadhg assays. Chelerythrine did not
affect basal levels of dye coupling (Fig. 12D-ii), but prevented ilte decrease in GJTC
initiated by FGF-2 treatment (Fig. 22D-iv). Combined semiquantitative data of dye
migration fiom 3 experïments are shown in Figure 12E. Taken together, these data
implicate PKC in the transduction of FGF-2 effects on Cx43 phosphorylation and GJIC.
Experiments in our laboratory had indicated that of al1 the PKCs present in
cardiomyocytes, PKCa and PKCE, were locaiized to cell-ce11 contact sites- Thus, we
investigated the involvement of PKCEand PKCa in FGF-2 induced effects on gap
junctions.

3. Effect of FGF-2Treatment on PKCELocalization.
In unstirnulated cardiomyocytes, staining with a polyclonal antibody to PKCE produced

an intempted pattern of localization at regions of interceIlular contact (Fig.
101

Figure 12. Effect of PKC inhibition on FGF-2-mediated Cx43 phosphorylation.
A. Autoradiographic detection of C ~ ~ P ] - C
immunoprecipitated
X~~
from cardiac myocytes

treated with chelerythrine a d o r FGF-2, as indicated- B. Autoradiographic detection of

[ 3 2 ~ ] - ~ x 4immunoprecipitated
3
from cardiac myocytes treated with calphostin-C andior

FGF-2, as indicated. C . Western blot of myocyte lysates corn cultures treated with
chelerythrine and/or FGF-2, as indicated, and probed with

ACTI ACTIVE^ MAPK

antibodies .D. Images of fluorescent dye (6-CF) transfer between myocytes treated with
chele-e

andlor FGF-2, as indicated. Length of arrows indicates the distance of dye

migration fiom the primary-loaded celis at the scrape line. Size ba.~-50 Fm. E. Combined
data tiom 3 experiments shown in panel D, comparing maximal dye migration distance

under dïfferent conditions, as indicated. Data are mean

* SEM-

i)

Control

iii) FGF-2

iv) FGF-2 + Chel.

13A). This pattern was very similar to that seen with uno of lu or es cent visualization of

cadherin, an intercellular attachrnent protein found at cardiomyocyte intercaiated disks in
adherens junctions and desmosomes (Kaufinann et ai., 1999)- In contrast,
cardiomyocytes stimulated with FGF-2 reveded a more continuous staining for PKCE
along the ce11 membranes of adjacent cells (Fig. 13D).
Staining for Cx43 with a monoclonal antibody under control conditions produced
punctate staining characteristic of gap junctions (Fig. 13B). Simuitaneous visualization
of both Cx43 and PKCE immunofluorescence indicated regions of coiocalization between
Cx43 and PKCE &eIIow) as well as regions of exclusive locdization of PKCE (green)

and Cx43 (red). A representative image showing dual immunofluorescent stainhg for
Cx43 and PKCE under control conditions is presented in Fig. 13C. With FGF-2

stimulation, more extensive coiocalization between Cx43 and PKCE was observed (Fig.

13F). No differences in PKCa locdization were observed as a result of FGF-2 treatrnent
(not shown).

4. Effect of PMA Treatment on PKCE Localization

Treatment of cardiomyocytes with 100 nM PMA For 15 minutes produced
identical changes in PKCE IocaIization as those induced by FGF-2 treatrnent (Fig- 14).
Under control conditions, anti-PKCE irnmunostaining was discontinuous along cell-ce11
contacts (Fig. 14A). PMA-treatment resulted in a more continuous, yet irregdar, staining
for PKCE along cell-cell contact sites (Fig. 14B). The incidence of exclusive Cx43
staining, with no overIapping PKCE staining, appeared higher in control (Fig. 14C)
versus PMA-treated (Fig, 140) cardiomyocytes-

Figure 13. Localization of PKCEand Cx43 to sites of interceIiular conttact.

A,B and D,E: Double immunofluorescence labeIing of cardiac myocytes fmr PKCEand
Cx43 (green and red, respectively). C, F: Sirnultaneous staining for both flctorochromes.

A-C: Myocytes under control, unstimulated conditions. D-F:Myocytes stimulated with

FGF-2. Areas of CO-localizationappear yellow. Arrows in B and C point to regions where
Cx43 and EPKCdo not overlap. In panels E and F, arrows indicate regions afoverlap

between PKCE and Cx43 staining. Bar=5O Pm-

Figure 14. Immunolocalization of PKCEand Cx43 in control and P M A treated
cardiomyocytes,
Cells were stained for EPKC(green) and Cx43 (red). A, C,unstimulated myocytes. B,D,
PMA-stimdated myocytes. Bar=20 pm.

5. Effect of FGF-2Treatment on Co-immunoprecipitation of Cx43

with PKCEand PKCa
To determine whether there might be a direct interaction between Cx43 and

PKCE, we used anti-Cx43-specific antibodies to imrnunoprecipitate Cx43 and interacting
proteinCs) £tom controi and FGF-2 stimulated cell fysates. Typical resuits are shown in

Fig. 15, Western blot analysis of immunoprecipitated proteins revealed the presence of

an ami-PKCEimmunoreactive band rnigrating at 90 kDa (Fig. 15A). As a rabbit antibody
was used to detect PKCE, and rabbit EgGs were also used in the irnrnunoprecipitation, a

broad band at 55 kDa corresponding to the rabbit IgGs was detected by the anti-rabbit
horse-radish peroxidase conjugate used for enhanced cherniluminescent visualization of
blotted proteins.
In contrast, when an anti-PKCa antibody was used to probe the same sarnples, no
band corresponding to the expected molecular mass of PKCa (approx. 82 kDa) was
visualized, even afier an extended exposure time. Under conditions of long exposure,
some bands were detected, presumably non-specifically, and the intensity of these bands

did not change with FGF-2 treatment (Fig. 15B). Levels of the 90 kDa PKCE
immunoreactive band were significantly elevated in immunoprecipitates h m FGF-2
treated samples compared to control samples (Fig. 1SC,n=4).

6. Eflect of Expression of the Tmncation Mutant PKC&(L-401)on Cx43
Phosphorylation

Cardiac myocytes were transiently transfected with a tnincated form of murine
PKCE,PKCE(,-40137 which has k e n shown previously to act as a dominant negative
inhibitor of PKCE (Cai et al., 1997). Using a modified calcium phosphate transfection
protocol (Jordan et al., 1W6),transfection efficiencies of nearly 20% were achieved.

Figure 15. Co-precipitation of PKCEwith anti-Cx43 antibodies.
(A): Western blot analysis of protein Unmunoprecipitated with polyclonal anti-Cx43

antibodies and probed for PKCE. Lane 1, protein Eom unstimulated myocytes, Lane 2,
protein from FGF-2-stimuiated myocytes. Migration of immunoglobulin (IgG), PKCE
and molecular mass markers is indicated. (B): Western blot analysis of protein
imrnunoprecipitated with polyclonal anti-Cx43 antibodies and probed for PKCa.Lane 1,
protein fiom unstimuiated myocytes, Lane 2, protein fiom FGF-2-stimulated myocytes.
Migration of immunoglobulin (IgG),and molecular mass markers is indicated. (C).
Derisitomettic quantitation of CO-precipitatedPKCE, as s h o w in panel A. Astensk
indicates statisticaliy significant differences between FGF-2-treated and control samples

*

(n=4, P<0.05, Student's t-test). Data are mean SEM,

I.P.: Cx43
Blot: PKCE

I.P.: cx43
Hot: PKCa

Relative Quantitation of PKCE
co-immunoprecipitated with Cx43

A representative p i c m of neonatd rat cardiomyocytes transfected using this technique

with a 6-galactosidase reporter gene albwed to express for 48 hours and then stained for
f3-galactosidase activity (blue) is presented in Fig. 16. Expression of the truncated PKCE
isoform in transfected cells was assessed by Western blotting with an antibody raised

against the amino-terminus of PKCE that detected a band at approxbately 50 kDa,
corresponding to the truncated protein (Fig. 17A). Native PKCa levels (90 kDa band)
were unchangeci in cells transfected with vector or PKCql-401)- Levels of Cx43
phosphorylation, determined by immuuoprecipitation of [ 3 2 ~ ] - ~ x and
4 3 corrected for
variations in total Cx43 present in the samples, were signxcantly decreased in cultures
expressing the PKCE(I-40 1) compared with vector-transfected controls (Fig. 17B and

17C).

7. Effect of Infeetion with the Dominant Negative PKCE-expressingAdenovirus
Ad. PKCE(DN) on Cx43 Phosphorylation

Infection of cardiomyocytes with an adenovinis expressing a dominant-negative
f o m of PKCE ,Ad. PKC@N), was performed as previously described (Ping et al.,
1999). The dominant negative PKCE encoded by Ad-PKCE(DN)is still capable of
membrane translocation, but cannot phosphorylate its target based on a mutation to its
kinase domain (Ping et al., 1999)- Very hi& levels of expression of the dominant
negative PKCE isoform were detected when myocytes were infected at a multiplicity of
infection of 50 infectious viral particles per cell. Using Western blotting and ECL
conditions that do not detect endogenous PKCE, very high Ievels of the dominant
negative PKCE were detected (Fig. I8A). Longer ECL exposure times resulted in
detection of the endogenous isoform (as in 17A) in the lane containing lysates from
111

Figure 16. Transfcetion of aeonaW rat cardiomyocytes with a fLgalactosidase
reporter construct,
Cells were tninsfected, using a modified calcium phosphate technique, with 6 pg of a

plasmid constnict encoding &galactosidase under the control of a CMVpromoter and
were aUowed to express the transfected protein for 48 hours. Cells were then fixed and

stained for fLgalactosidase activity as indicated in the Methods section. A. Field of
cardiomyocytes photographed with a 20X objective lens; bar = 50 p.m. B. Field o f
cardiomyocytes photographed with a 4X objective lens; bar = 100 pm.

Figure 17. Effect of P K C q l ~ lon
) Cx43 phosphorylatioo.
A. Detection of PKCq i

4 ) expression by

Western blotting. Myocytes were transfected

by the calcium phosphate method with vector or the cDNA coding for PKCq141h as
indicated. Migration of the endogenous PKCE (at 90 kDa) and the tnincated PKCq 14i)

is indicated. [32~]-labeledCx43 was quantified by irnmunoprecipitation from labeled
myocyte iysates and analysis by SDS-PAGE, followed by autoradiography and
densitornetry. Levels of I - ' ~ P ] - C Xwere
~ ~ corrected for the Cx43 content from each
lysate, determined by parailel Western blotting and densitornetry. Cx43 phosphorylation
in control cultures was arbitrarily d e h e d as 10094, and values from the treated cultures
were expressed relative to control values. Cultures were transfected with cDNA for

PKCqlai) or vector, as indicated (n=4, * p < 0.05, unpaired t-test). C . Representative
autoradiograph of

P P I - Cimmunoprecipitated
X~~
from myocytes transfected with vector

or P K C E + ~cDNA.
~ ~ ) Migration of molecular mass markers (A and C) is shown in kDa,

Figure 18. Effect of Ad.PKC&@N) on Cr43 phosphorylation.
A- Detection of Ad.PKC&@N) by Western blotting. Myocytes were infected with

adenovins alone (vector) or with Ad-PKCE@N),as indicated. B. Procedures a s in Fig.
178. Cultures were infected with adenovinis done or Ad.PKC@N) (n=3, * p < 0.05,

unpaired t-test). C. Representative autoradiograph of L ~ ~ P I - C
immunoprecipitated
X~~

fiom myocytes transfected with vector alone or A~.PKCE(DN).Migration o f molecuiar

mass markers (A and C) is shown in kDa,

Ad. PKCE(DN)

vector-infected cells, but the lane correspondkg to Ad.PKC&(DN)was then completely
black. Levels of [ 3 2 ~ ] - ~ x 4nomiaiized
3,
to total (2x43 levels, decreased sharply in
cultures expressing Ad.PKC&@N)compared with controls treated with a vector controf
virus (Fig, 18B and 18C).
The adenoviral expression system allowed for very high transfection eficiency

with greater than 95% of cardiac myocytes over-expressing PKCE. This was determined
by sraining cardiomyocytes with a monoclonal anti-PKCEantibody preparation. In
control cells (uifected with vector virus), this antibody reacts weakly with endogenous
PKCE. (Fig. 19A). In Ad.PKC&(DN) infected cells there is very strong staining of
cytosolic and intercellular contact sites (Fig- 19B and 19C). Figure 19B was
photographed under the same exposure conditions as 19A, while 19C was photographed
under reduced exposure conditions to aliow better visudization of PKCEstaining8. Effect of Dominant Negative PKCEand MKK1 on PMA-stimulated
Phosphorylation of Cx43
We used the Ad.PKC&@N)adenovirus and another adenovins encoding a

dominant negative isoform of MKK Z (MEK 1), to determine the effects of inhibiting
these signaling molecules on Cx43 phosphoryIation due to PMA stimulation of neonatal
for a period of
rat cardiomyocytes. Cells were labeled with [35~]-methioninelcysteine
four hours, treated with t O0 n M PMA during the Iast 2 5 minutes of lakiing and then
processed for irnmunoprecipitation of Cx43 and fluorography. PMA treatment caused a
hyperphosphorylation of Cx43 that resufted in a shifi in migration of Cx43 fiom a series
of bands ranging in molecular mass from 4 1 to > 45 kDa, to a broad band of Cx43
(possibly a doublet or multiplet), migrating above 45 kDa,with very little of the lower
molecular weight isoforms of Cx43 remaining (compare Fig. 20A control, vs PMA).

Figure 19. Expression of Ad.PKC&@N) in cardiac myocytes.

Immunofluorescence stainùig for PKCE (red) using the monoclonal antibody preparation.
Nuclear staining (blue) with HOE 33342 is aiso shown. (A).Myocytes infected with
adenovirus alone show background levels of anti-PKCEstaining. (B). Myocytes infected
with Ad.PKC&@N)and photographed under identical conditions of film exposure as in
(A) show strong expression of PKC&@N).(C). Same field as in B, photographed under

decreased conditions of film exposure- Bar-50 Pm.

Cells that were expressing a dominant negative isoform of MKK 1, that shouid block
signaling through MAPK, still responded to PMA with a hyperphosphorylated pattern o f
Cx43 rnobility (Fig. SOB). Cells that expressed dominant negative PKCE, on the other

hana did not respond to PMA with an obvious hyperphosphorylationof Cx43 (Fig. 20C).
These results indicate that Cx43 hyperphosphorylation induced by PMA treatrnent in
neonatal tat cardiomyocytes requires the epsilon isofom o f PKC, and does not require
MAPK activation,

Figure 20. Effeet of dominant negative MKKZ and PKCEon PMA stimulation of

Cx43 phosphorylation.
Lysates fiom cells metabolically Iabeled with [ 3 5 ~ ] - m e t h i o e / c y e that
e were either
treated or lmtreated with 100 nM PMA during the last 15 minutes of labeiing, were
adjusted to contain identical amounts of total Cx43. Cx43 was immunoprecipitated fkom
these samples, run on SDS-PAGE gels, and processed for fluorography. A. Cells treated
with vector virus at m-0.i. 50, either untreated or treated with PMA as indicated. B.

Cells treated with adenovinis encoding a dominant negative isoform of MKKl (rn.0.i.
50), either mtreated or treated with PMA as indicated, C . Ceiis treated with adenovins

encodùig a dominant negative isoform of PKCa (m.0.i- 50), either untreated or treated
with PMA as indicated-

Ad. Vector

Ad. d/n MKKI

Ad. d/n PKCE

C SERINE 262 OF CX43 AFFECTS CARDIOMYOCYTE DNA SYNTHESIS,

AND IS REQULRED TO OBTAiN THE PHOSPHORYLATED SPECIES OF
LOWST ELECTROPHORETIC MOBILITY

INTRODUCTION:
In the previous chapters, we found that FGF-2, a known mitogen for
cardiomyocytes, causes PKC-dependent phosphorylation of Cx43 and decreased GJIC in
neonatal rat cardiomyocytes. Basal as well as PMA-induced Cx43 phosphorylation codd
be reduced by inactivating the specific PKC Ïsofonn, PKCE,with strategies utilizing

dominant negative PKCE mutants. tncreased CO-immunoprecipitationand colocalization
of PKCEand Cx43 upon FGF-2 t r a m e n t suggested that PKCe rnay act directiy on Cx43
to phosphorylate it on serine (S) residues. Senne is a polar amino acid with the following
defining side chah: HO-CH2- .There are five consensus phosphorylation sites for PKC

in the carboxy terminus of Cx43 targeting the following residues: i) S262; ii) S297; iii)
S364; iv) S368 and; v) S372 (Kreegipuu et ai., 1999)Indirect evidence from our Iaboratory suggests that the FGF-2 induced
phosphorylation of Cx43 and reduced GJK may be related to the mitogenic effect of

FGF-2 on neonatai rat cardiomyocytes. For instance, TGF$, a factor that cancels the
mitogenic effects of FGF-2 on cardiomyocytes, prevented FGF-2 induced
phosphorylation of Cx43 (Kardami and Doble, 1998). This notion is in keeping with
severai studies that have shown a positive correlation between reduced GJIC and
increased cellular growth (reviewed in: Yarnasaki and Naus, 1996). Our initiai studies
(Results: Chapter 1) on FGF-2-induced masking of Cx43 epitopets) suggested that
affected arnino acids were Iocated between residues 261-270 of rat Cx43- Since 5262, a

potentiai PKC targef resides in this span of amino acids, we decided to study the function
of this residue, and for wmparison, two other potential PKC targets, S297 and S364,
through the use of site-directed mutagenesis. We hypothesized that if phosphorylation of
Cx43 on S262 was contributing to the FGF-2 effects on cardiomyocyte proliferation and /

or growth, mutating this residue might affect cardiomyocyte growth properties in cells
overexpressing the mutant connexin.

In addition, since phosphorylation of Cx43 affects its electrophoretic mobility, we
hypothesized that mutating S262 to an unphosphory latable amino acid residue such as

alanine (A), that has a defining side chah consisting of a single methyl (CH3-) group,
might prevent the shift to lower mobility species seen in gels of wild type Cx43. Thus,
this chapter addresses the role of S262: i) in the regulation of the electrophoretic mobility
of Cx43 (indirect evidence of the ability to becorne phosphorylated in the physioIogical
environment of the ce11 as well as the degree of phosphorylation); and ii) in the regulation
O Ecardiomyocyte DNA synthesis.

1. Expression of Mutant Cx43 in Embryonic Chicken Cardiomyocytes by
Transient Gene Transfer:

Site-specific mutants targeting three serines of the carboxy terminus of Cx43 were
constructed using mutagenic PCR primers. The mutations were confumed by DNA
sequencing as descnbed in Materials and Methods. Serine residues were mutated to
alanine residues to render these positions in the Cx43 molecule unphosphorylatable. We
chose to transfect embryonic chicken cardiomyocytes with our Cx43 constructions for the
following reasons: i) these cells are eficiently transfected using the calcium phosphate
technique; ii) they express very littie immunodetectable Cx43; iii) they provide the

intracellular environment of a cardiomyocyte for the expression of our connexin mutants.
Using a modified calcium phosphate transfection method, relatively high (approx. 20%)
and consistent leveis of transfection were obtained as assessed by Western blotting and

visualization, through indirect immunoff uorescence microscopy, of cells over-expressing
Cx43.
Transfection of chicken cardiomyocytes uith wild-type and mutant rat Cx43

plasmids resulted in levels of Cx43 protein that were easily detectable by Westem
blotting with a polyclonal antibody to Cx43. Two representative Western blots, each
fkom an îndependent transfection experiment, are shown in Fig, 2 1A. Protein IeveIs were
adjusted so that al1 lanes contained equal amounts of protein (20 pg). Optimal exposure
times for the detection of transfected Cx43 by enhanced cherniluminescence revealed no
bands in the lane correspondîng to vector-transfected cardiomyocytes (Figure 2 1A, lane
1). This indicates that any endogenous Cx43 present in the chicken cardiomyocytes is

undeteciable when compared to transfected (2x43, Thus, Western bIots for Cx43 fiom
Cx43 transfected chicken cardiomyocytes display ody the transfected Cx43 isoforms. A
lane containing 1 pg of totd protein Iysate ficorn neonaîal rat cardiomyocytes was run as a
positive control for Cx43 immunoreactivity (Fig- 2 1 4 Iane 6).
Expression of wild type Cx43 produced four Cx43 immunoreactive bands,
labeled, in order of decreasing mobility and increased phosphorylation, as: NP (for nonphosphorylated), P l , P2 and P3 (Fig. 21A, lane 2). Four bands were also produced when
mutant comexins S297A and S364A were expressed (Fig. 2 1A, Ianes 4 and 5,
respectively), and they seerned to display sirnilar electrophoretic mobiiity as those in ceils
expressing the wiId type Cx43. Resolution of the first blot shown in Fig. 21A (10%

polyacrylamide gel; PAG), combined with higher relative levels of the faster migrating

forms did not allow complete separation between NP and Pl bands. Additional analysis
Figure 21. Effect of Sto-A mutations on the elech-ophoretic mobility of Cr43
expressed in chicken cardiomyocytes.
A. Immunoblots from hvo independent transfection experiments, using 10% and 9%

polyacrylamide gels (PAG), respectively, probed with poIycIonaI anti-Cx43 antibodies.
Lanes 1-5 were loaded with 20 pg Lysate protein from chicken cardiomyocyte cultures
transfected with vector or the different Cx43 plasmids, as indicated. Lane 6 was loadeci

with 1 pg of rat cardiomyocyte Iysate. Arrows point to the different Cx43 species (NP,

Pl, P2, P3). Electrophoretic motility of moIecuIar mass markers is indicated in kûa, B.
ImmunobIot obtained by stripping the 9% PAG blot in A and reprobing it with
monoclonal anti-Cx43 antibodies specific for the NP f o m of Cx43. C. Autoradiogram
of c ~ ' P ] - c x ~~~u n o p r e c i p i t a t e dfiom chicken cardiomyocyte cultures transfected with

wild type or mutant Cx43 and labeled with [32~]-orthophosphate,
as indicated.

10% PAG

9
9% PAG

(9% PAG), shown in the second immunoblot, provided improved separation between the

NP and P l bands. In dl cases, expression of the S262A Cx43 mutant produced three
bands, corresponding in ekctrophoretic motility to the NP, P 1 and P2 bands, while no
6
P3 band was present In total,
band corresponding to the slowest migrating ( ~ 4 kDa)

thïs experiment was repeated three t h e s , with similar results: a P3 band was always
absent fiom the S262A transfectants, while four bands were expressed, to variable
degrees, by the other transfectants.

The 9% PAG blot shown in Fig.2lA was reprobed with a monoclonal antibody
preparation specific for the 41 kDa non-phosphoryiated Cx43 in cardiomyocytes (Nagy et
ai., 1997). As shown in Fig. 21B, o d y the faster migrating 41 kD Cx43 band was
detected in ail t d e c t a n t s . Finaüy, Cx43 was immunoprecipitated fiom chicken
cardiomyocyte transfected cultures labeled with [32~]-orthophosphate.[ 3 2 ~ ] - ~ x 4 3
rnigrated as a broad band in the range of 43-46 kDa (Fig. 2 1B), as expected for the P 1,

P2, P3 species. This is similar to the pattern obtaïned h m [32~]-uicorporationin
endogenous Cx43 in rat cardiomyocytes (see Chapter 1). Afthough the resolution of the

method did not aflow separation of individual Cx43 species, [ 3 2 ~ ] - ~ x from
4 3 the S262A
transfectant had a slightly faster motility compared to d l the others, consistent w i the
~
absence of the slowest migrating P3 band.

2. Transfection of Cx43 Site-Directed Mutants into HeLa cells:

To assess whether rnutating S262 would have similar effects on Cx43 mobility in
a mammalian system, the same plasmids that were transfected into the chicken
cardiomyocytes were iransfected into HeLa ceIIs. The cells were maintained in low

serum to reduce phosphorylation that might occur due to growth stimulatory pathways

Figure 22. Effcct of Sto-A mutations on the electrophoretic mobüity of Ca43
expressed in Hela ce&.

Western blots of iysates fiomHeLa ceiis transfected with wild type or mutant Cx43s, as
indicated, before or after 15 minute incubation with 100 nM PMA (fPMA, as indicated).
The intensely labeied band at aromd 4142 kD is presumed to represent both the NP and

Pl species. Slower migrahg Cx43 species are indicated as P2 and P3.

and some were treated with the phorbol ester PMA. HeLa cells, like the chicken
cardiomyocytes, express no immunodetectable Cx43, so only transfected Cx43 was
detected in Western blots. Without PMA stimulation (Figure 22, as indicated), the
transfected Cx43 species exist predominantly in hi& mobility forms corresponding to
low levels of endogenous phosphorylation. With the addition of PMA for 15 minutes

Fig. 22, as indicated), there is the clear appearance of NO lower rnobility forms of Cx43,

P2 and P3. As in the transfected chicken myocytes, only WT, S297A and S364Atransfected cells presented both P2 and P3 Cx43 isoforms; the S262A transfectants
clearly had no band correspondhg to P3.

3. Eflect on DNA synthesis in Neonatal Rat Cardiomyocytes Transiently
Transfected With S262A Cx43
The S262A mutant and a new mutant that replaces S262 with a negatively
charged aspartate residue (D), mirnicking serine phosphorylation at this site, were
îransfected, dong with WT Cx43 and a vector control, into neonatal rat cardiomyocytes.
We chose to transfect these cells as opposed to the HeLa cells or chicken cardiomyocytes

as we are most interested in the effects of the Cx43 mutants in a mamrnalian
cardiomyocyte system. We used the incorporation of the thymidine analogue,
bromodeoxyurïdine (BrdU), to assess the degree of DNA synthesis in these transfected
cells,

An average transfection effrciency of 7.2 +/- 2.4% was obtained for all
transfectants. Transfection eficiency was assessed by counting myocytes clearly
overexpressing Cx43 (identified by intense cytoplasrnic and ce11 membrane
immunofluorescent staining) and determining the ratio of these overexpressing cells to

the total nurnber of myocytes in a rnicroscopic field. This method underestimates the
actual transfection eficiency as only strong overexpressors are scored positive for
transfection. Transfection with the reporter gene f3-galactosidase, assayed by
histochemical visualization of fi-galactosidase activity, revealed that the transfection

method used here actually results in cardiomyocyte transfection efficiencies of
approxïmately 20% (see Fig. 16 of the previous chapter). The introduction of plasrnids
expressing wild type, S262A or S262D Cx43 resulted in al1 cases in a 2-fold increase in
total immunoreactive Cx43 assessed by Western blotting (Fig. 23); this was consistent
between plates. Labeling indices detennined by normaiinng the nurnber of myocyte
nuclei actively synthesizing DNA (BrdU positive), to the total number of myocyte nuclei
in a given field, are plotted in Fig. 24. The WT and S262D-transfected cells had Iabeling

indices not significantly different fkom the vector control, but the S262A mutant had a
labeling index approxïmately 50% of the vector control. The decrease in labeling index

was statisticdly significant @ < 0.05, ANOVA with Student-Newman-KeuIs muftiple
cornparisons post-hoc test). Also, the Iabeling index of S262D-transfected cultures was
significantly higher than the index of the S262A-transfected cultures (p < 0.05, unpaired

Student's t-test).

4. Localizatioa of Overexpressed Cr43 in Chicken and Rat Cardiomyocytes:

Wild-type and al1 serine mutants of Cx43 expressed in chicken cardiomyocytes
were localized to sites of intercellular contact between expressing cells and diffusely in

the cytoplasm (Figure 25). A similar localization was seen in similady transfected rat
cardiomyocytes (Figure 26). The presence of transfected Cx43 at the cell membrane

Figure 23. Leveis of Cx43 protein in neonatal rat carùiomyocytes traiisfeeted with
plasmids encoding WT and mutant Cx43.

Total protein lysates (10 pg) isolated fiom transfected neonatai rat cardiomyocytes were
analyzed by SDS-PAGE (100/0 PAG) and Western blotting with the rabbit polyclonai
anti-Cx43 antiserum. Lanes containing lysates fiom vector- as well as wild type- 0,

S262A-, and S262D- transfected myocytes are as indicated. The migration of molecular
mass standards is indicated in kilodaltons-

Figure 24. Effect of mutations on S262 of Cx43 on DNA synthesis of neonatal rat
cardiomyocytes.
Neonatd myocytes, maintained in 10% FBS, were transfected with vector, wild type,

S262A and S262D Cx43 cDNAs, and processed for imrnunofluorescence 1abeIi.g48
hours later, afier labeling with BrDU for 6 h. Labelhg Index, ratio of BrDU positive
myocyte nuclei to total number of myocyte nuclei, is indicated in the vertical axis (6)Error bars are SEM- *denotes p < 0.05 between vector-transfected and S262A Cx43

expressing cultures (ANOVA with Student-Newman-Keds multiple cornparisons posthoc test).

DNA Synthesis in Cx43-Transfected
Neonatal Rat Cardiomyocytes

Vector

WT

S262A

S262D

Transfected Plasmids

indicates that the mutants are still propedy targeted, and are most likely able to form
intercellular gap junctional structures. In both rat and chicken cells, strong perEnudear
staining was also observed- This staining most probably indicates Cx43 in endopIasmic

reticuiar and Golgi sites as it is being synthesized and processed for membrane insertion.

Figure 25. L o ~ t i o of
n introdoced Cx43 and Cx43 mutants in chicken
eardiomyocytes.

Double-immmofluorescence iabeling for myosin (A, B, C, D) or Cx43 (E, F, G, H),
respectively, of chicken cardiomyocyte cultures transfected with wild type and S-to-A

mutants of Cx43, as indicated. Arrows point to membrane sites of intercellular contact.

Bar = 20 p.

Figure 26. Localization of introdnced Cx43 and Cx43 mutants in rat
cardiomyocytes.

Immunofluorescence staining of rat cardiomyocyte cultures expressing introduced wild
type or mutant Cx43, as indicated Arrows point to membrane sites of intercellular
contact- E3-20

Pm.

IV. DISCUSSION
A. FIBROBLAST GROWTH FACTOR-2 DECREASES METABOLIC
COUPLING AND STIMULATES PHOSPHORYLATION AS WELL AS
MASKING OF C O M X I N 4 3 EPITOPES LN CARDIAC MYOCYTES

FGF-2 is known to be released fiom myocytes during contraction and especially
after injury, and is expected to exert both acute and long-term effects during the injury-

repair response. We have examineci the acute changes in intercellular communication
and Cx43 in response to FGF-2. We initially used the scrape-Ioading technique to
assess, in a relatively quick and easy manner, whether FGF-2 treatrnent had any effect on

GJIC in cardiomyocytes. This technique Ïs widely used (Blornstrand et ai., 1999; Ciray
et al., 2000; Kang et al., 2000),although it has k e n suggested that it be used only as an

initial screening tool to be followed with a more quantitative technique (McKarns and
Doolittle, 1992). In a recent Methods paper, Trosko et al. proposed that quantitative data
can be obtained h m scnipe-loaded cells with appropriate digitization and analysis of
collected scrape-loading images (Trosko et al., 2000).
Our scrape-loading data clearly implicated FGF-2 as inducing a reduction in the dye-

coupling between cardiomyocytes. These data were fuily supported by the more
quantitative technique of fluorescent dye microinjection. In these experiments FGF-2
significantly reduced transfer of injected dye fiom the injected ceIl to adjacent
neighboruig cells. Microinjection also had the advantage of allowing dye-couplhg
measurements to be determined with the ceils bathed in their maintenance ce11 culture
medium, containing physiological Ievels of extraceIIular ions. In contras&scrape-loading
is done under reduced calcium conditions to prevent calcium-mediated closure of GJs

upon wounding (and loading) the cells wÏth the bathing solution contauiing 6-CF.
It has become evident that Cx43 is the predominant connexïn in rat ventricular
myocytes, therefore, the FGF-2-rnediated effect on dye-coupling in our study rnost Iikely
reflects a change in the permeability of gap junctionai channels composed of Cx43.
Although earlier studies had suggested that Cx45 is aiso expressed by ventncular
cardiomyocytes, this view is no longer held (Coppen et al., 1998). Enstead, Cx45 is
expressed prirriarily in cardiac conduction tissue (Coppen et al., 1998).

The reduction in dye-coupling caused by FGF-2 treatment is in contrast to our
hdings in rat h a r t fibroblasts (Doble and Kardami, 1995) and the fmdings of others in
different ce11 types (Abdullah et al., 1999; Pepper and Meda, 1992). On the other hand,
studies in mouse osteob1ast.sand rat cortical and striatal astroglial cells support a role for

FGF-2 in the reduction of GNC (Shiokawa-Sawada et al., 1997). A possible explanation
for these differential effects is that different cells express different receptor subtypes that
signal through alternative pafhways. In the case of FGF, not only can different high

affuiity receptors lead to alternative signaling, but different types of low affinity heparan
sulfate proteoglycans can aiso modulate the effects of FGF stimulation (McKeehan et al.,

1998; Quarto and Amalnc, 1994). Another possibility is that even when the same
receptors are expressed by different ce11 types, the result of stimulation by a single
growth factor may differ due to the existence of different intracellular signalhg
components. For instance, both PC12 cells and Swiss 3T3 fibroblasts express only

FGFRI, but PC 12 cells respond to FGF-2 by differentiating, while 3T3 cells respond by
proliferating (Maher, 1999). The difference in FGF-2 effects in these cells is thought to
be due to different levels of the signaling molecule p38 MAPK in the two ce11 types

(Maher, 1999). Thus, r e d t s obtained frorn growth factor stimulation of one celi type do
not necessady apply to other ce11 types.
Decreases in GJIC may mise due to severaï mechanisms: i) a reduction in
cornexin synthesis (Reuss et al., 1998; Shiokawa-Sawada et al., 1997); ii) an increase in
cornexin degradation (Musil et al., 2000); iii) a reduction in gap junction plaque size due
to altered connexin trficking or aggregation (Bukauskas et ai,, 2000); iv) changes in gap
junction properties that result in reduced channe1 permeability (Kwak and Jongsma,
1996; Nicholson et al., 2000); and v) interaction with another protein@) that leads to
blockage of the gap junction pore (Peracchia et al., 2000). Gap junctions have been
shown to be incredibly plastic structures that can move Iaterally in the plane of ce11
membranes and that can be pinched oEin vesicles for traffickuig to recycling or
degradation compartments in time courses measured in minutes mukauskas et al., 2000;

Falk, 2000; Holm et al., 1999; Jordan et al., 1999; Martin et al., 2000; Windoffer et al.,
2000). In cultured neonatal rat cardiomyocytes, as well as in intact rat hearts, Cx43 has
been shown to have an unusually fast turnover rate (approx. 1.5 hum), much higher than
that of most membrane proteins (Beardslee et al., 1998; Hare and TayIor, 1991; Laird et
al., 1991). Thus, an imbalance between degradation and synthesis, favoring degradation,
could Iead to very rapid decreases in Cx43 content at ceIl membranes that would be
apparent by immunofluorescent detection of Cx43. In addition, changes in plaque size
fiom Iarge plaques to smdler plaques would also be obvious through immunofluorescent
detection of Cx43. A critical pIaque size appears to be necessary for a communicating
gap junction (Bukauskas et al., 2000), so a marked decrease in plaque size could be
responsible for reduced dye coupling. We used two different Cx43-specific antibodies,

one monoclonal, one polyclonal, in immunofluorescence studies to determine if FGF-2
was causing any gross changes in Cx43 abundance and / or distribution.

The two antibodies used were raised aga& different regions of the carboxy
terminus of Cx43. Icmmunostaining with the rabbit antibody revealed no change in Cx43
distribution or quantity d e r FGF-2 treatment. This was also confirmed by Western
blotting. On the other hanci, a dramatic decrease in Cx43 staining by the monoclonal

antibody was evident after FGF-2 treatment, indicating that the epitope(s) recognized by
this antibody were altered / masked. Such an alteration in recognition by an antibody
codd be due to: i) a conformationai change in the antigen caused by changes in the local
environment (such as pH or ca2+levels); ii) a direct modification of a reactive epitope

due to a pst-translational modification such as phosphorylation; iii) interaction of the
antigen with another molecule(s) that blocks antibody access to reactive epitopes; or any

combination of the above. Our data do not exclude any of these scenarios as mechanisms
for the observed masking of epitopes recognized by the monoclonal antibody. Local
intracellular increases in caZC
levels have been shown to occur in rat cardiomyocytes
upon FGF-2 treatrnent (Merle et al., 1995; Merle et al., 1997). This change in caZtcould
possibly contribute to changes in Cx43 epitope conformation and aiso to the observed
decrease in GJIC. Also, direct modification of Cx43 by phosphorylation and a possible
interaction with an unidentified protein did occur in our experimental system, as
discussed.
As descnbed in the Introduction, Cx43 phosphorylation regulates its fùnction at

gap junctions (see pages 17-26). Both tyrosine and serine phosphorylation of Cx43 c m
cause rapid decreases in GJIC (Crow et al., 1990; Filson et al., 1990; Kanemitsu and Lau,

1993; Kwak and Jongsrna, 1996). Thus, we exarnined whether part o f the mechanin for
the FGF-2induced reduction in GJK, and perhaps for the epitope masking phenornenon,

might be due to increased Cx43 phosphorylation. Cardiac phosphorylated Cx43 migrates
at 43-47kDa (Laird and Revel, 1990; Lau et al., 1991). FGF-2 consistently stirnulated
[32~]-labelïngof Cx43,migrating at approx 46 kDa. Autoradiographs o f [32~]-1abeled
Cx43 resulted in broad, rather diflùse bands, so we c m o t d e out that subtle shifts in
rnobility may have occurred that are undetectable by this technique.
Phospho-amino acid analysis of immunoprecipitated c ~ ~ P ] - cdetemined
x~~
that
Cx43 was phosphorylated on serine residues in both control and stimulated conditionsTherefore, the additional phosphorylation induced by FGF-2 concerned serine residues.
This finding was in apparent contrast to our data showing imrnunoprecipitation of Cx43
with anti-phosphotyrosine antibodies after FGF-2 stimulation. We cannot completely
rule out the possibility that our technique for detecting phospho-amino acids was not
sensitive enough to detect low levels of tyrosine-phosphorylated amino acids. However,
in view of the significant increase in s e ~ phosphorylation
e
caused by FGF-2, we
propose that the anti-phosphotyrosine antibody may have immunoprecipitated another
tyrosine-phosphorylated protein, or cornplex of proteins, associated with Cx43. Kinases
such as PKC and MAPK have been proposed to phosphorylate Cx43 on serine residues

(Kwak and Jongsma, 1996; Lampe et al., 2000; Wm-Cramer et al., 1998; Wam-Cramer
et al., 1996) and are also capable o f king tyrosine phosphorylated (Cobb et al., 1991;
Konishi et al., 1997). Proteins such as these, which can be activated by FGF-2 in rat
cardiomyocytes (Bogoyevitch et al,, 1994; Disatnik et al., 1995; Padua et al., 1998), may
interact with Cx43 to yield the anti-phosphotyrosine imrnunoprecipitation data we have

Obtained.

To surnmarize: i) FGF-2 induces Cx43 phosphorylation on serine residues
accompanied by a reduction in GJIC and a masking oECx43 epitopes recognized by a
rnonoclonaI antibody; ii) an interaction between Cx43 and an unknown tyrosïnephosphorylated protein is strongly suggested by immunoprecipitation studies. The
reduction in GJIC caused by FGF-2 treatment of neonatal rat cardiomyocytes may have
relevance with respect to the growih potentiai of cardiomyocytes in hyperplasia or
hypertrophy and / or may have implications in cardiomyocyte conduction of action
potedais. Thus, it is important to determine the signal transduction pathway
intermediates that are involved in the FGF-Zmediated phosphorylation of Cx43 and
decreased GXC.

B. PKCEIS REQUIRED FOR PHOSPHORYLATION OF CX43 IN NEONATAL

RAT CARDIOMYOCYTES
Having established that FGF-2 treatment of neonatal rat cardiomyocytes leads to
Cx43 phosphorylation on serine with a concomitant decrease in GJIC, we proceeded to
identifL which category of kinase(s) rnight be involved Two kinases known to be
coupled to FGF signal transduction in cardiomyocytes, PKC and MAPK (Bogoyevitch et

ai., 1994; Disatnik et al., 1995; Padua et d-,1998), have also been linked to the direct
phosphorylation of Cx43 in other expenmental systems (Lampe et al., 2000; Warn-

Cramer et ai., 1998; Wam-Cramer et al., 1996). Therefore, we asked whether MAPK and
/ or PKC mediate the effects of FGF-2 on gap junctions in cardiornyocytes-

The MEKl inhibitor PD98059, which completely blocked the FGF-2-induced
activation of MAPK, failed to prevent the FGF-2-induced increase in Cx43

phosphorylation and reduction in GJK- Furthemore, MAPK remained active under
conditions (chele-e

treatrnent) that completely biock the FGF-2 effects on Cx43

phosphorylation and dye coupling. Overall, our findings are consistent with a lack of
involvernent of the MAPK pathway on the FGF-2- induced effects on Cx43 in cardiac
myocytes- This is in contrast to studies that examined the EGF stimulation of T5I B rat
liver epithelial cells and cetls derived fiom Cx43 knockout mice (Kanemitsu and Lay

1993; Wam-Crarner et al., 1998). These studies suggested that EGF stimulates MAPK to
phosphorylate Cx43 directly on serine residues with a resultant reduction in GJXC.
Similar studies using PDGF stimulation of TSIB cells suggested an indirect role for

MAPK in PDGF-mediated reduction of GJIC, in which MAPK does not phosphorylate
Cx43 directly, but is still required for PDGF effects on gap junctions in combination with

other signaling molecuies such as PKC (Hossain et al., 1999b). Activation of MAPK
done did not appear to be sufficient for Cx43 phosphorylation or decreased G.iIC in

T51B cells, since fxatment of these cells with sorbitol or H D 2 , which clearly activated
MAPK, had no effect on Cx43 phosphorylation or GJK (Hossain et ai., 1999a)- As
outlined earlier (page 77),different ce11 types c m respond differently to growth factors
with respect to gap junction properties. Thus, although FGF-2, EGF, sorbitol, Hz02 and

PDGF al1 activate W K , perhaps it is not surprising that the result of MAPK activation
upon stimulation with these different factors appears to be different with respect to Cx43
phosphorylation and GaC. It appears that the integration of different signals initiated by
each factor is ceII-type specific-

We then investigated the involvement of PKC activation in mediating the effects

of FGF-2 on cardiac GI. Both PKC inhibitors, chelerythrine and calphostin C, used at

doses that have been s h o w to inhibit PKC activity in rat hearts and isolated rnyocytes
(Kashiwagi et ai., 1998; Yoshida et ai., 1997), prevented the FGF-2-induced increase in
Cx43 phosphoryiation, indicating that PKC activation is required. Furthemiore,
chelerythrine blocked the eEect of FGF-2 on dye migration, indicating that PKC
activation was required for the FGF-2 decrease in cardiomyocyte dye-coupling, and
strengthening the link between Cx43 phosphorylation and the regulation of gap junction

permeability. Our data are in agreement with several previous reports that have shown
that PKC activation by phorbol esters decreases coupling and increases Cx43
phosphorylation (Berthoud et al., 1993; Kenne et al., 1994; Kwak et al., 1995; Matesic et

al., 1994; Shiokawa-Sawada et al-,1997).
Cx43 is an integrd plasma membrane protein. Having implicated PKC activation
in the mediation of FGF-2 effects on Cx43, we investigated the possibility that PKC,
which translocates to membrane and sarcolemmal (Padua et ai., 1998) sites upon
activation, might be directly involved in the phosphorylation of Cx43. The carboxy
terminus of Cx43 contains five consensus sites for PKC phosphorylation. Thus, direct
phosphorylation of Cx43 by PKC is theoretically possible- Neonatal rat cardiomyocytes
express at least 6 different PKC isoforms at IeveIs detectabIe by Western blotting
(Disatnik et al., 1994). CoIocaiization of specific PKC isoforms with their putative
substrates in a ceIl is proposed to enhance the specificity and speed of kinase action, and
there is increasing evïdence suggesting that PKC bindç to specific a n c h o ~ proteins,
g
such as the RACKS (receptors for activated C kinase) located at various subcellular sites
(Mochly-Rosen and Gordon, 1998).
The caicium-independent PKC isoform, PKCE,has been reported to Iocalize to

intercaiated disk-like sites upon stimulation with PMA and the d m g diazoxide, a
mitoK(ATP) channe1 opener (Disatnik et al., 1994; Wang and Ashraf, 1999; Wang et al.,
1999). PKCE is stimulated by FGF- 1 (Disatnik et al., 1995) and FGF-2 (Padua et al.,
1998) in rat cardiomyocytes. Activation of PKCEby FGF-2 was detected as an increased
association of PKCE with the cardiac myocyte membrane fraction in neonatal and adult
cardiomyocytes (Doble et al., 1998; Padua e t al., 1998). Thus, based on the above
findings, we thought PKCE was a good candidate for a direct interaction with Cx43. We
used the same polyclonal antibody used by Disatnik et al, to visualize PKCE (Disatnik et

ai., 1994).
In our cultures of neonatal rat cardiomyocytes, we detected PKCa at membrane
sites of intercellular contact irrespectively of stimulation with FGF-2 or PMA, in contrast
to the report of Disatnik et al. in which linle membrane staining was seen before PMA
treatment, whik intensified intercalated disk staining was apparent &er PMA treatment

(Disatnik et al., 1994). This difference in staining pattern detected with the same
antibody could be due to different fixation or permeabilization protocols used to prepare
the sarnples for immunofluorescent staining, or couid be due to different culture
conditions (e.g. substrate, media, S e m , etc.). We did notice a change fiom an
intempted, intercalated disk-like pattern of PKCE stainïng in control cells to a more
continuous staining along cell-ce11 contacts after PMA or FGF-2 treatment. Our findings
suggest that there is always a detectable quantity of PKCE localized to the plasma
membrane under al1 conditions.

Our ïmmunofiuorescence findings have been confimed by Western blotting
analysis of cardiac membrane fractions ( e ~ c h e d
in sarcoIemma1membranes) from non-

stimulated adult hearts and neonatal rnyocytes (Doble et al., 1998; Padua et al., 1998): a

90 kD band, recognized by three diKerent anti-PKCE antibody preparations was present

in these fractions. Furthemore, PKCECO-precipitatedwith Cx43 irrespectively of
stimulation, a fmding that further reinforces the validity of our immunofluorescence
studies.
The continuous pattern of PKCB locdization at intercellular contact sites upon
stimulation, in conjunction with the increased association of PKCE with membranes
detected by Western blotting (Doble et aI., 1998),wouid suggest that additionai PKCE is
translocated to previously unoccupied plasma membrane sites. It is also possible that
some re-distribution of membrane-associated PKCE may occur upon stimulation. FGF-2
and PMA induced the same qualitative changes in the pattern of distribution of
membrane PKCE,in agreement with the notion that FGF-2 stimuIates this PKC isofonn

in cardiac myocytes.
The CO-localizationand CO-immunoprecipitationstudies point to an interaction

between PKCE and Cx43 at cell-cell contact sites, an interaction that becomes more
extensive in stimulated cells- Interaction between a serine-threonine b a s e and a
potentid substrate under activation conditions which are known to result in increased
substrate phosphorylation, offers strong support to the notion that PKCE can
phosphorylate Cx43 directly upon activation.
To fùrther examine whether there was a cause and effect relationship between

PKCEactivation and Cx43 phosphorylation in the intact myocyte, we used expression of
a dominant negative truncated PKCE,PKC~(1-401)(Cai et al., 1997). In cultures
expressing the PKC&(l-401) a statistically significant reduction of Cx43 phosphorylation

was achieved, despite the relatively low transfection efficiency (20%) of cardiomyocytes

under these conditions. One problem, however, with this approach is that the truncated

PKCE, Iacking the catalytic C-terminal rnay not target to the approptiate celluIar sites
(Acs et al., 1997).
To circumvent transfection efficiency problems, and any doubts as to the
effectiveness of tnincated PKCEas a dominant negative reagent, we aiso used an
adenovinis expressing a site-directed dominant-negative mutant of PKCE, PKC&@N),
îhat differs fiom wi1d type PKCa by o d y one amino acid that renders its kinase domain
inactive but does not affect its ability to be properly targeted to membranes (Ping et ai.,

1999). Adenoviral infection enswed high IeveIs of PKC&@N)expression in vimÿllly alI
treated myocytes allowing for a very effective dominant negative strategy (Ping et al.,

1999). Under these conditions we were able to show a drarnatic decrease in Cx43
phosphorylation in cultures expressing PKC&@N) but not the vector, demonstrating that
active PKCa is required for Cx43 phosphorylation in neonatal rat cardiomyocytes.
Another PKC isofonn, PKCa, was ako a candidate for direct interaction with
Cx43 because it is found locaiized to the plasma membrane of neonatal cardiornyocytes

(Disatnik et al., 1994), and is activated by FGF-2. Under the same irnmunoprecipitation
conditions îhat revealed an association between PKCE and Cx43, PKCa did not coprecipitate with Cx43. This suggested that a selective interaction exists between Cx43
and PKCE. In addition, expression of a truncated fonn of PKCa, shown to act in a
dominant negative fashion (Doble et al., 1998), had no effect on Cx43 phosphorylation of
myocytes (data not shown).
PKCa has been implicated in a number of processes in the heart such as

contractility, cardioprotection, preconditioning and hypertrophy (see page 55). It has
been hypothesized that the mechanism by which PKCs protect h e m fkom ischemic
damage is through the regulation of mitocbondrial K(ATP) channels (Wang and Ashraf,
1999; Wang et al., 1999). The rnitoK(ATP) charnel opener, diazoxide, activates three

PKC isofoms, alpha, delta and epsilon, but only delta is actually seen to translocate to
the rnitochodria (Wang and Ashraf, 1999; Wang et al., 1999). PKCE translocates only to

the intercalated disk, the site of gap junction localization (Wang and Ashraf, 1999; Wang

et al,, 1999). Perhaps, gap junctions, targeted by PKCE, also contribute towards the
overall cardioprotective effect induced by PKCEstimuIated by cardioprotective agents.

In support of this notion are studies that have shown that anesthetics such as halothane,
that cause decreased gap junctional permeability, are also cardioprotective (Cope et al.,
1997; He and Burt, 2000).

The mechanisms regulating cardiomyocyte growth and hypertrophy appear to be
manifold, involving numerous signaling pathways that respond to stimuli such as
mechanical stretch, ceIIu1a.r stress or injury, and local or circdating extracellular factors
(Hefli et al., 1997; Omens, 1998; Yamazaki et al., 1998). One factor that has been

implicated in the upregulation of cardiomyocyte DNA synthesis and hypertrophy is FGF2 (Bogoyevitch et ai., 1994; Hefti et al-, 1997; Kardami, 1990; Parker et al., 1991;
Pasumarthi et al., 1994; Pasumarthi et al., 1996; Scheinowitz et al., 1998; Schneider et

ai., 1992; Schultz et al., 1999; Speir et al., 1992). Perhaps the most direct evidence
[inking FGF-2 to cardiac hypertrophy is the fmding that FGF-2 knockout mice show
significantly less hypertrophy due to pressure overload compared to normal mice
(Schultz et al., 1999). FGF-2 is found in the heart at al1 developmental stages, as is one

of its hi&

affhïty receptors, FGFRl (Cassceiîs et al., 1990; Jin et ai., 1994; Kardami and

Fancirich, 1989; Kardami et al., 1995; Kardami et al., 1990; Liu et al., 1995; Speir et al.,

1992; Speir et al., 1989). Although many targets of FGF-2 signal transduction have been
identifie4 there are still gaps in our knowledge as to how FGF-2 mediates its eEects.
hterestingly, PKCE has also been strongly implicated in the development of
cornpensatory hypertrophy and in the regulation of normai myocardial growth in
physiological hearts (Mochiy-Rosen et ai., 2000; Takeishi et ai., 2000). Overexpression

of PKCE in a transgenic mouse leads to rnild concentric cardiac hypertrophy with no
detriment to cardiovascular function (Takeishi et al., 2000). In cells that are capable of
hyperplasia, PKCEhas k e n shown to act as an oncogene (Cacace et al., 1993). For
instance, when PKCE was overexpressed in rat-6 embryo fibrobIasts, it increased the rate
of ce11 division, reduced contact inhibition and promoted tumorigenesis of these cells
when injecteci in nude mice (Cacace et al., 1993).

In nurnerous non-cardiac systerns, a strong inverse relationship between cellular
growth and GJIC has been illustrated in mice (Yamasaki et d-,1999; Yamasaki and

Naus, 1996). Indeed, even in cardiomyocytes, there are several studies that have shown
decreased Cx43 protein, ofien with altered locdization, in hypertrophic hearts (Hall et al.,

2000; Peters et al., 1993). Although most of these reports assumed that the decrease in
Cx43 was a result of the hypertrophy, mt the other way around, some recent evidence

suggests that alterations in Cx43 expression are an early event in the genesis of cardiac
hypertrophy and myocardial dysfunction (Hall et al., 2000). Interestingly, in developing

human hearts, the distribution of Cx43 assessed by immunofluorescent~onfocd
microscopy gradually changes from a scattered distribution of Cx43 irnmunoreactivity

over the entire swrface of cardiomyocytes in neonatal hearts to the restricted intercaiated
disk-associated localization of Cx43 in the addt heart (Peters et al., 1994). This change

in distriiution correlates with the gradua1 decrease in hypertrophic growth of the heart
that occurs during postnatal human development.
Although these studies link gap junction density and localization with cardiac
hypertrophy, more subtle changes in gap junction fùnction that do not cause overt
changes u1 localization rnay also play a role in hypertrophy. In light of recent frndings
that indicate that srnall gap jmction plaques are much less permeable than large plaques
(Bukauskas et ai., 2000), the scattered distribution of Cx43 in neonatal human hearts rnay

indicate that their myocytes are not as w d coupled as those fiom adult hearts that
contain large gap junctiond plaques locdized to intercalated disks. It rnay be that
reduced metabolic coupling between myocytes in neonatal human hearts ailows them to
grow, and that this growth is arrested by the development of better intercellular coupling.
Other mechanisms which reduce intercellular couphg, such as cornexin
phosphorylation, rnay also be capable of regulating the hypertrophic response.
Having identified Cx43 as a target for PKCE action, and with the knowledge that

FGF-2, PKCEand Cx43 have all been implicated in the generation of cardiac
hypertrophy, perhaps dl three molecules h c t i o n Î n concert to regulate ccudiac growth.
Regdation of cornexin levels or functionai properties rnay not o d y be a possible
modulator of cardiac hypertrophic growth, but rnay d s o play a role in the control of
cardiomyocyte hyperplasia.

C. PHOSPHORYLATION O F CX43 O N SERINE 262 AFFECTS NEONATAL

RAT CARDIOMYOCYTE DNA SYNTHESIS AND THE
150

ELECTROPHOREXIC MOBILITY OF CX43
We have shown that FGF-2, a potent mitogen for neonatai rat cardiomyocytes,
stimulates serine phosphorylation of Cx43 and reduces GJIC in these cells. In other
cellular systems, treatments with mitogens such as EGF or PDGF d s o cause serine (S)
phosphorylation of Cx43 as wel1 as reduced GJIC and a concomitant increase in cellular
proliferation (Hossain et al., 1998; Hossain et al., 1999b; Kanemitsu and Lau, 1993; Lau
et al., 1992). Having identifieci Cx43 as a target for PKCE in neonatal rat

cardiomyocytes, we were interested in the precise site of phosphorylation, since changes
in the phosphorylation state of this residue might be sufficient to regulate Cx43 function

with respect to cellular proliferation / DNA synthesis. There are five possible PKC
phosphorylation sites in the carboxy terminus of Cx43 (Kreegipuu et ai., 1999), one of
which is serine 262 (S262). We were most interested in this residue because it resides

within the epitope recognized by the monoclonai antibody; this epitope appears to be
masked upon FGF-2 treatment. We sought to determine if mutating this single serine
residue or two other putative PKC phosphorylation sites, S297 or S364, to the
unphosphorylatable amino acid alanine (A), would affect the phosphorylation pattern and
fùnction of Cx43 relating to cardiomyocyte DNA synthesis.

Our previous studies on Cx43 phosphory Iation and gap junction permeability
were conducted ushg neonatal rat cardiomyocytes, but this model was not appropriate
for examining expression and electrophoretic migration of transiently expressed sitespecific connexin mutants since the high endogenous Cx43 levels would make it
impossible to distinguish between endogenous and mutant Cx43 by Western h!otting. Tc
circumvent this problem, we used prïmary cell cultures derived from embryonic chicken

ventricles that express very liftle immunodetectable endogenous Cx43. We did not use
Cx43 "tagged" with a f k e d peptide such as GFP, since we did not want to &ter the

cytoplasrnic tennini of Cx43 in any way that might affect the conformation,
phosphorylation or regdation of Cx43.
Western blots of lysates fiom embryonic chicken celIs transfected with S262A,
S297A and S364A Cx43 mutants indicated that the slowest migrating Cx43 isoform (P3)

seen in wild-type transfectants was missing only in the S262A transfectants. It is well
established that phosphorylationaffects the electrophoretic migration of Cx43. Multiple
sites become phosphoxylated, resuiting in progressively slower migration of the molecule
(43-47 kDa) (Kade et al., 1991 ;Laird et al., L 99 1 ;Moreno et al., 1994). Mitogenic
stimulation is reported to induce additionai phosphorylation of Cx43, indicated by bands
migrating at 46-47 kDa (Lau et al., 1992; Xie et al., 1997). Thus, it would appear that the
presence of S262 is required to produce the slowest migrating band, presumably by
phosphorylation, a finding that aiso implies that S262 becornes phosphorylated in the
physiological environment of the cell. The effect on electrophoretic motility was not
simpiy due to substitution of serine with alanine since it was not observed in the other
two mutants, both of which continued to display the slowest migrating bands.

We sought to confirm these results in a mammalian system in which endogenous
Cx43 expression is very Iow. We chose the HeLa ce11 Iine for transient transfections of

the Cx43 site-directed mutants since these cells have been used extensively by several
groups to perform structure-fùnction analysis of comexins (Eckert et al., 1993; Elfgang
et al., 1995; Mesnil et al., 1995). In this system, and under low serum conditions, relative
Ievels of the high molecular mass phosphorylated species o f the transfected Cx43 mutants

were minimal. Upon a nfteen-minute treatment with PMA though, a sirnilar pattern as
seen in the chicken myocytes maintaineci in high s e m was obtained, Le. WT, S297A,
and S364A Cx43 transfectants gave nse to a slow migrating Cx43 band of approx. 46
kDa @3), while the S262A transfectants did not. These results point not only to a rote
for S262 in the phosphorylation of Cx43, but also imply that its phosphorylation is
dependent on PKC activation. Taken together, the experiments fiom the chicken
myocytes and the HeLa cells strongly hplicate S262 of rat Cx43 as being a target for

PKC under stimulating conditions such as high senun in the chicken cells or presence of

P M . in the HeLa celis- PMA treatment of HeLa cens also stimulated increases of a 4 4
kDa Cx43 species, indicating the presence of additional PKC-dependent phosphorylation
sites; a likely candidate for direct phosphorylation by PKC is S368 (Lampe et ai., 2000).
Additional molecular modifications may aiso affect Cx43 motility, and there have
k e n reports of CO-migrationof more than one phosphorylated Cx43 species (Cruciani
and MikaIsen, 1999). It is therefore possible that each band (P 1, P2, P3) in our analyses
may contain more than one Cx43 species, and/or that the bands designated as Pl-3 fiom
one transfectant are not identical in composition to the cornigratuig bands from another
transfectant. Two-dimensional electrophoresis would help resolve this issue. However,
Cx43 is a very basic protein and, to the best of our knowledge, there have been no reports

of successfùl separation of the various Cx43 species by thk method.
It is not clear whether phosphorylation at a single Cx43 site is sufficient to cause a
detectable shift to a slower migrating band in one dimensional electrophoresis, or
whether phosphorylation of two or more sites are needed per motility shift. It is however
generally accepted that slower migration signifies more extensive phosphorylation within

the individual molecule. The complete absence of a band rnigrating at the P3 position in
the S262A transfectants therefore indicated that phosphorylation at this site is required to
achieve the more extensively phosphorylated species of Cx43 within the cellular
environment.

S262 was not required to produce the less phosphorylated PI or the intermediate
and overall more abundant P2 Cx43 species. It is suggested that newly made Cx43 is
first undergoing phosphorylation at amino acids other than S262, leading to the P 1 and

P2 species. The b u k of neonatai rat cardiomyocyte Cx43 migrates predominantly as the

P2 species, whiie growth factor o r PMA stimulation resuits in the appearance of a slower
migrating, -46 kDa Cx43 (see Fig. 8).

With the knowledge that S262 of Cx43 appeared to be a target for
phosphorylation, we sought to assess the fünctional consequences of this posttranslational modification on a growth factor end-point such as stimulation of DNA
synthesis. We used the S262A mutation and another site-directed mutation S262D, in

which S262 was replaced with îhe negatively charged aspartate residue (D), to sirnulate
phosphorylation of this residue. The strategy of mutating se&

to aspartate has been

used successfùly by other investigators to simulate phosphorylation of s e ~ residues
e
of
several proteins, including Cx43 @eck et al., 1998; Wam-Cramer et al., 1998).
Expression of the S262A mutant significantly decreased the fraction of cells synthesizing

DNA @rdU labeling index), while expression of the S262D Cx43 mutant had no effect

on cardiomyocyte DNA synthesis. Thus, it appears that phosphorylation of 5262, a
consensus site for PKC phosphorylation, may play a role in the regulation of DNA
synthesis in cultured neonatal cardiomyocytes.

The possibility that ce11 proliferation and intercellular cornmuni-cation were
Uiversely related was first suggested by Loewenstein in the 1960s (Loewenstein, 1968;
Loewenstein and Kanno, 1966). In order to test the correlation between turnor
progression / formation GIIC, the tumor promoter PMA has been used extensively (see
page 24). PMA was shown to be a very potent himor promoter that also caused a marked
reduction in GJIC. Numerous follow-up experiments on the effects of PMA on Cx43
phosphorylation and gap junction function have reveaied that PMA causes an increase in

the amount of Cx43 phosphorylation with a concomitant reduction in GIIC, presurnably
through PKC activation (Madhukar et al., 1983; Mosser and Bols, 1982; NewboId and
Amos, 198 1 ;Rivedai et al., 1985; Ruch et al., 1987; Shiba et a[-,1989; Waider and

Lutzelschwab, L984; Yamasaki et al., 1985; Yarnasaki et al., 1983) (see page 24).
Onfy recently has direct phosphorylation of Cx43 by PKC been exarnined. Our

own studies strongly irnplicate the epsilon isoforrn of PKC as a direct mediator of Cx43
phosphorylation in cultured rat cardiomyocytes, and a study by Lampe et al. (Lampe et

al., 2000) identifies S368 of rat Cx43 as a probable site of direct PKC phosphorylation.
The results of Lampe et al. convincingly support a role for S368 as a substrate for PKC,
but do not nile out the phosphorylation of other Cx43 sites by PKC, since S368A mutants
still show Cx43 band shifts to slower mobilities upon PMA treatrnent. Also, single

channel events thought to occur due to PKC phosphorylation of S368 are still found in
the S368A mutant. As the identification of S368A as a direct PKC target in this study

was accomplished by comparing two-dimensional tryptic phosphopeptide maps of Cx43

fiom PMA stimulated cells and from peptides phosphocylated in vitro by a mixture of

PKC isoforms a,fl,and y, sites phosphoryIated by other PKC isoforms may have been

rnissed.
Studies that followed up on Loewenstein's onginai theory proposing decreased

GJIC as a key to turnorigenesis have found that, in most turnor cells, GJIC is reduced,
and conversely, when connexins and GI[C are re-established in communication deficient
ceIls, these cells Iose their tumorigenic properties (Yarnasaki et al., 1999; Yamasaki and
Naus, 1996). The general theory is that cells require gmwth inhi-bitory signals fiom their
neighbors in order to keep their own growth in check. The identification of the signals

that are communicated through gap junctions to maintain growth control has not yet been
achieved, but cyclic nucleotides, IP3, DAG, ca2+,~ aand
+ K+have al1 been suggested as
possible mediators of growth eBects (Bevans et al., 1998; Cao et al., 1998; Kam et ai.,

1998; Nicholson et ai., 2000; Niessen et ai-,2000; Yarnasakï et al., 1999; Yamasaki and
Naus, 1996).
The mechanism by which gap junctions composed of Cx43 are gated appears to
be strongly reliant on the carboxy terminus of this molecule. Delanar et al. have proposed
a particle-receptor model of Cx43 gating in which the carboxy terminus of Cx43 acts a s a

particle that, upon a conformational change induced by intracellular acidification or
growth factor activation, Leads to the closure of gap junctionat channels (Ek-Vitorin et d.,

1996; Morley et ai., 1997; Morley et al., 1996). Regions of the carboxy terminus that are
thought to be important for the regulation of intercellular communication in the particlereceptor model are residues 26 1-300 and 3 74-3 82 for pH-mediated closure, and a m h o
acids 26 1-280 for growth factor-mediated closure.
Recent experirnents have also implicated the carboxy terminus of Cx43 in the
regulation of the growth parameters of HeLa and 363 A3 1 fibroblast cells- Stable

bransfectants of 363 A3 1 fibroblasts, expressing a truncation mutant of Cx43 consisting
of amino acids 1-256 of rat Cx43, were s h o w to have a decreased growth rate and a
lowered mitogenic response to platelet derived growth factor compared to that of
untransfected or vector transfected ceIIs (Moorby, 2000; Moorby and Gherardi, 1999).
These fibroblasts, expressing truncated Cx43, had decreased BrdU incorporation
following growth factor stimulation, with an apparent arrest of growth in the G2 or M
phases of the ceU cycle and aiso revealed reduced ceIl rnotility (Moorby, 2000; Moorby

and Gherardi, 1999). SimiIar experiments in HeLa cells have also revealed a vitai role
for the carboxy terminus in the regulation of Cx43 properties related to g o &

HeLa

cells transfected with full-length (2x43 showed no major differences in tumorigenic or
growth properties, while those transfected with a truncation mutant suppressed
anchorage-independent ce11 growth and de1ayed the appearance of tumors in nude mice
(Omori and Yarnasaki, 1999).

Thus, it appears that the carboxy terminus is very important for the regdation of
Cx43 gating and regulation of its properties related to growth- The full length Cx43
molecule has several phosphorylation sites in its carboxy terminus that are probably
phosphorylated by different kinases and are invoIved in regulating the permeability of
(2x43 channels. Loss of this regdation, through the truncation of the carboxy tail, Ieads

to a Cx43 charnel that is constihitively open, resulting in decreased growth due to
intercellular diffusion of the yet unknown negative growth regulatory factors.

In the present study, mutation of S262 to an unphosphorylatable residue was able
to decrease the DNA synthesis of whole populations of cardiomyocytes, even though the
apparent tramfection efficiency was only 7.2

+/- 2.4%- As the transfection efficiency

was determineci by counting the number of myocytes clearly overexpressing

immunodetectable Cx43, this value underestimates the actuai transfection efficiency

which is probably closer to the 20% level we obtained by assaying myocytes, transfected
with a reporter plasmid expressing fi-galactosidase, for enzyme activity (see Fig. 16).

Since PMA-mediated phosphorylation of Cx43, presumably through PKC,l a d s
to a decrease in interceI1uIa.r communication (Kwak and Jongsma, 1996; Kwak et al.,
1995), it is likely that the phosphorylation o f S262, a putative PKC substrate, contributes
to decreased GJ permeability (perhaps in addition to effects of S368 phosphorylation),
aIthough this remains to be tested. Our cardiomyocytes, maintaineci in 10% FBS, would
have had a strong activation of many growth-related s i g n a h g pathways, including the

PKC pathway. Thus, cardiomyocytes transfected with vector oniy displayed maximal
DNA synthesis, accompanied by extensive Cx43 phosphorylation- Prevention of the
phosphorylation of S262 will theoretically release some of the inhibition of interceUu1a.r
communication between myocytes, thus restricting growth of the cells through the
communication of growth inhibitory factors. Since the inhibition of growth is thought to
be due to the increased diffusion of negative growth factors, a single ceIl expressing the

mutant (open) channels may exert its effect on ail ceIIs it is in contact with. Thus, the
S262A charnels may exert a dominant effect, causing the opening of herni-channels with

which they dock.
Considering the exciting new data obtauied through the use of Cx43-GFP h i o n
proteins (&lm et al., 1999; Jordan et al., 1999; Martin et al., 2000; WindoRer et al.,

2000), we now know that gap junctions are extremely motile structures that move
laterally within the membrane, and pinch-off and &se with the membrane via vesicular

trafficking. It is possible that c o ~ e x i n fiom
s
one cell can be endocytosed by a partner
ce11 and then re-targeted to a membranous plaque, allowing for the flip-flop of different
connexin types between adjacent cells. This would also allow for another way for mutant
channel properties to be manifested in cells not onginally expressing the mutant
In cells overexpressing wild type Cx43, there was a trend towards decreased DNA
synthesis. This is not surprïsuig, as decreased ceIl proliferation has been reported in other
cell types that have been transfected with Cx43 (Chen et al., 1995; Mehta et ai., 1991;
Mehta et al., 1999; Naus et al., 1992; Rose et al., 1993; Zhu et ai., 1991). Perhaps
expression of excess Cx43 overwhelms the mechanisms which regulate its function in

gap junction channeis. Alternatively, Cx43 may function to suppress ce11 growth via
mechanisms other than regdation of GnC (discussed below).
Since Iack of phosphorylation of S262 caused decreased DNA synthesis, one
could expect that its constitutive phosphorylation rnight potentiate DNA synthesis.
Under the conditions of our experiments the S262D mutation did not enhance DNA
synthesis above control levels. This rnight be because the cells were maintained in 10%

FBS and were theoretically maximally stimdated. Future experiments should examine
the effect of the S262D mutation under non-stimulated conditions- One c m also
speculate that phosphorylation at S262 may be permissive for the manifestation of the
effects of mitogens, rather than contributing directly to stimulation of DNA synthesis.
Still, there was a statistically significant difference between the labeling indices of cells

transfected with S262A and S262D, indicating thaî simuIated phosphorylation or
prevention of phosphorylation on this residue gives rise to different effects on DNA
synthesis.

The exact mechanism by whÎch the S262A mutation results in inhibition of

cardiornyocyte DNA synthesis remains to be established. It is assumed that it prevents
gap junction uncoupling caused by mitogenic stimulation; this needs to be addressed by

electrophysiological and dye transfer studies. On the other hand, Yarnasaki et al. have
provided some evidence for connexin growth regulation independent of intercellular
communication (Knitovskikh et al., 2000; Yamasaki et al., 1999). Thus, we cannot
exclude the possibiIity that the mutant S262A had additionai or altemate effects,
independent of or concurrent with effects on coupling. These mïght inchde interaction
with intracellular signahg molecules and / or molecular complexes.

SeveraI groups have demonstrated that expression of Cx43 results in formation of

functional gap junction channels in various ce11 types (Elfgang et al., 1995; Koval et al.,
1995). It is therefore Wcely that this is the case in our experimental systems as well.
Formation of intercellular channels is a fimction of the arnino (N)-terminal half of the
molecule (Fishman et al., 1991). The N-terminal half of Cx43 remained identical in d l
our Cx43 transfectants, therefore, no differences in localization were anticipated. Our
imrnunolocalization studies confirmed that wild type as weIl as mutant Cx43 localized in
association with plasma membranes at sites of cell-to-ce11 contact, Some accumulation
was also observed in the cytosol; this was presumably a result of overexpression and
saturation of plasma membrane sites. Certainly wild type and al1 mutant Cx43s were
phosphorylated to a substantial degree and al1 presented the slower migrating bands
(predomuiance of PZ)presumed to be present at functional, plasma membrane gap
junction channels (Musil and Goodenough, 1991).
Cardiomyocytes derived from embryonic or neonatal rat hearts are stiI1 capable of

DNA synthesis and mitosis @Jeno et al., I988), but it is generally accepted that shortly
&er birth they lose these abilities and become terminally differentiated (Long et al.,

1990; Ueno et al., 1988). Thus, the heart is Ieft with no mechanism to replace
irreversibly damaged cardiomyocytes that resuit afier a myocardial infàrction, but can
compensate only by increasuig the size of remaining myocytes (hypertrophy). The
critical factors involved in the permanent withdrawal of cardiac myocytes trom the ceIl
cycle are stiIl unclear. Thus, it is important to ident* ali mechanisms that are involved

in the regulation of cardiomyocyte proliferation, hypertrophy and differentiation.
Recent experiments in our iaboratory (Banerji, Doble, Ping, Agustin and

Kardami, manuscript in preparaton), have demonstrated that PKCE is essentid for the
manifestation of growth-factor stimulation of cardiomyocyte DNA synthesis. Use of

PKCs(DN), conditions that prevent growth factor or P U A induced phosphorylation of
Cx43 (as in Chapter 2), also completely blocked cardiomyocyte DNA synthesis.
Therefore, a close relationship exists between PKC activation, Cx43 phosphorylation and
stimulation of DNA synthesis- Our data indicate that phosphorylation of Cx43 on S262
is an important element of the mechanism by which growth factors stimulate
cardiomyocyte proliferation.

The cardiomyocytes of the heart are coupled through nurnerous gap junctions that
are vital for coordinated contraction of the hart; proper coupiing is d s o important in
preventing arrhythmias. The necessity for electrical coupling through gap junctions may
be part of the mechanisrn that precludes proliferation of differentiated cardiomyocytes, in
view of the inverse relationship between GJIC and cellular proliferation. Thus,
manipulations targeting the phosphorylation status of specific sites on Cx43 may provide

an important component of strategies to hduce caràiac regeneration-

Taken together, the data presented in this thesis provide new information on the
regdation of cardiomyocyte gap junction function as it relates to cardiomyocyte growth.

FGF-2 has been shown to induce Cx43 phosphorylation and decrease GJIC through a
PKC-mediated pathway. We have identified Cx43 as a substrate for the specific PKC
isoform PKCE, and have provided evidence indicatïng a role for phosphorylation of Cx43
on S262 in the regdation o f cardiornyocyte DNA synthesis. A schematic oveMew o f

these fmdings is presented in Fig. 27.

Our studies have k e n limited somewhat by currentiy available methodology and
the nature of our experimental model. niese limitations, and suggestions of how they

can be overcome with fùture experiments and new techniques, are discussed below.
Limitations of Our Study and Future Directions of Shidy:
Our approach to studying cardiovascular gap junctions has been to use a neonatal
rat cardiomyocyte cell culture model. While these myocytes are capable of DNA
synthesis, it is generally accepted that adult cardiomyocytes are n o t T'us,our studies on
the effects of Cx43 phosphory lation on cardiomyocyte DNA synthesis are not dirzctly
applicable to adult cardiomyocytes. Future experimeuts should be carried out to
determine if aïtering Cx43 phosphorylation, using for instance, the S262D mutant, in
adult cardiomyocytes, has any effect on the DNA synthesis of these Yermindly
differentiated" cells. Studies on adult cardiomyocytes would require a different
transfection system than the calcium phosphate technique used for the neonaîal cells
since these cannot be transfected with this technique. An adenoviral expression systern,
such as the one used to introduce dominant-negative PKCE in our neonatal
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i 23. Mematic diagram of the regolation of neonatal rat
cardiomyocyte gap juucîions by FGF-2 signai traasducti011and
phosphorglation of Cx43.

cardiomyocytes should be effective in introducing mutant comexins into adult
cardiornyocytes (Kirshenbaum et al., 1993).
It would also be very interesting to examine the effects of Cx43 phosphorylation

mutants in a transgenic mouse system, in which the effect of heart-targeted Cx43
phosphorylation mutants on parameters such as ce11 number and size could be
cietermined. A transgeuïc mode1 in which Cx43 phosphorylation mutants (e-g. S262D)
were targeted to the myocardium, but were also under control of an inducible promoter,

might be especially informative and could even be required if the phosphorylation mutant
had severe adverse consequences during fetal development, The teîracycline inducible
systems (Gossen and Bujard, 1992;Gossen et al., 1995) marketed by Clontech would be

ideal for these experiments. ln the "Tet-On" model, a transactivator activated by
tetracycline would be put under the control of a cardiac specifc promoter, while the
mutant Cx43 gene would be under the control of the tetracycline responsive
transactivator. Addition of tetracycline would activate the transactivator and initiate
transcription of the Cx43 mutant.
Another limitation of our study was that we assessed coupling by dye transfer
doue. As dye-coupling and ionic (electnc) coupling do not always parallel each other

(Kwak et al., 1995), it would be interesting to apply electrophysiological techniques used
to masure gap junctionai conductance to al1 of our experimenîs in which dye coupling
was assessed. Andysis of both dye and elecîrical coupIing would also be of interest with
respect to the Cx43 phosphorylation mutants we have generated.

Our assessrnent of Cx43 phosphorylation used irnrnunoprecipitation of [ 3 2 ~ ] - ~ x 4 3
or analysis of band shifls in Western blots. These methods, although widely used to

examine Cx43 phosphorylation, provide information only on changes in phosphorylation
levels, but not on which specific residues are being phosphorylated. Thus, we currently
do not know through direct assessrnent which residue(s) o f Cx43 are phosphorylated
upon FGF-2 treatment It will be vital to determine the actual sites that are
phosphorylated on Cx43 under various conditions to help cl&@ data that imply a change
in Cx43 function upon phosphorylation; that is, the exact stoichiometry of

phosphorylation o f Cx43 in numerous experirnentd modeIs needs to be determineci.
Towards that end, refîhements in mass spectrometry instrumentation and sarnple
preparation achieved within the last decade have led to the development of new
applications for this technique that are becoming increasingly popular with biochernists
and molecular biologists. While traditional mass spectroscopy techniques allowed only
for the analysis of relatively srnail, stable molecules, electrospray ionization (ESI) and
matrix-assisted laser desorptiodionization (MALDI) mass spectrometry allow for the
analysis of both s m d l and large (several hundreds of kilodaltons) biomolecules
(Kauhann, 1995; S i d a k , 1994; Stults, 1995). These new m a s spectrometry
techniques have becorne the method of choice for identieing unknown proteins isoiated
by techniques such as Zdirnensional electrophoresis, and are gaining popularity in

detemuning post-translational modifications of proteins and even non-covalent
interactions between proteins (Winston and Fitzgerald, 1997; Yates, 1998).
With respect to studying Cx43, MALDI and ES1 could prove invaluable in
helping to determine phosphorylation sites under control and treatment conditions in
different ce11 systems. This technique has the power to determine phosphorylated
residues in proteins derived from Coomassie-blue stained gels (Lennon and Walsh, 1999;

Matsumoto et al., 1998; Zhang et ai., 1998). Thus, the exact stoichiornetry and location
of phosphoryIated residues n e c e s s q to yield the multi-band electrophoretic profile of
Cx43 fiom rat hearts could be resolved by andyzing each band individually.

Detemination of phosphorylation sites may give some indication as to the kinases
that are involved in Cx43 phosphorylation, but direct proof of kinase interaction with
Cx43 must be determined for dl kinases implicated in Cx43 phosphorylation. The

curent strategies used to fmd kinases involved in Cx43 phosphorylation have been based
on screening likely candidates for Cx43 phosphorylation. An unbiased rnethod, such a s

the yeast two hybrid system (ras-rescue), may help in identifj6ng interacting kinases or
other interacting molecules without bias. The ras-rescue system (Aronheim, 1997;
Aronheim et ai., 1997; Broder et al., 1998) uses a speciai strain of yeast that contains a
temperature-sensitive (ts) mutation in the cdc25 gene. This strain of yeast can only
survive at 37 OC if it is complemented with membrane-associated hSos gene product. The
ts yeast are cotransforrned with a "1 ibrary" of membrane anchored 'Wget" proteins and a
"bait" protein (e-g. Cx43 carboxy terminus) fused to hSOS- A positive interaction
between the "bait" and "target" will provide membrane-associated hSOS for the ts yeast,
allowuig for ras-signaling and survival of the yeast at 37 OC. Yeast in which no
interaction occurs will die at the restrictive temperature. This yeast two-hybrid system is
system. This system would
commercially available fiom Stratagene as the c y t o ~ r a p T M
be ideal for identieing interactions between Cx43 and unknown proteins since
interactions occur in the cytoplasm near the plasma membrane, and both "bait" and
"target" polypeptides can be post-trandationally modified.
The Near Future of Connexin Research:

Connexin mutations have been identified as the cause of several hurnan diseases
including deahess (KelseIl et al., 1997; Rabionet et al., 2000),cataracts (Gong et al.,
1997; Mackay et al., 1999; Pal e t al., 2000; Shiels et al., 1998; Steele et al., 1998; White
et ai., 1998) and neuro-degeneration (Abrams et al., 2000). As with other genetic
diseases in which the cause is known, gene therapy aimed at restoring defective
connexins in the above diseases is sure to be explored in the near future.
Although stiU somewhat controversial, a direct roIe for cornexin alterations in the
development of cardiac arrhythmias is gaining increasing suppoct fiom knock-out rnice
(Cx40) (Kirchhoff et al., 1998; Simon et al., 1998) and other transgenic models (Cx43 +/-)

(Lerner et al., 2000). More research is needed to determine what sort of connexin
modifications may be responsible for the genesis of arrhythmias in humans. Questions
that remain to be addressed are: i) Are pst-translational modifications of comexin, such

as phosphorylation / dephosphorylatioq sufficient to predispose a heart to arrhythmias,
or are alterations in Cx43 protein levels or Iocalization required? As current strategies for
reducing arrhythmias in humans do not target comexuis, there exists a strong potential
for the development of new anti-arrhythmic therapeutic strategies once the nature of the
role connexins play in arrhythmogenesis is discerned.
Another c c h ~ tarea
" of recent connexin research is comexin traficking and
degradation (see pages 27-30)- The comexins have a very short half-life (1 -5hours for

Cx43) (Laird et al., 1991), which may have severe consequences if the comexin synthetic
machùiery is disrupted. As Cx43 has been shown to be degraded by both the proteasornai
and lysosomal systems (Beardslee et al., 1998), it wi-Il be important to determine what
cues Cx43 to be degraded by either pathway. Also, the mechanism by which comexins

are targeted to the plasma membrane and recruited into gap junctional plaques requires

M e r study.
The last decade of gap junction research has led fkom the evolution of gap
junctions king considered as passive aqueous channels with limited regulation, to being
recognized as dynamic, regdatable, motile structures that may serve as important targets
for therapeutics aimed at human disease. The manifold layers of regulation controolling
gap junction function, Gom their synthesis, degradation, phosphorylation, and targeting to

k i r modulation by environmental factors such as pH and &+,

as weli as the possibility

for numerous combinations of heteromeric or heterotypic channels, are o d y beginning to
be understood. Many fniitful years of gap junction research are still to corne.
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