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  Pref ace   

 The main objective of writing this book on gap junction proteins is to address the 
audience who are not familiar with the gap junction proteins known as connexins. 
Connexins, or gap junction proteins, are a family of structurally related transmembrane 
proteins that assemble to form intercellular channels known as gap junction channels. 
This book provides a basic overview of the family of connexin proteins. After 
providing brief introduction about the connexins and their historical perspective, the 
book furnishes detailed insight about the genomic organization and the expression 
regulation of the connexin proteins. Moreover, a comprehensive overview of the 
distribution and role of connexin proteins in various tissues has been addressed. 
The latter topics have dealt with the role of connexin mutation in various human 
diseases. I hope my little endeavour will benefi t the students who are interested to 
know the fundamentals of gap junctions. To make this book better, criticisms and 
suggestions are most welcomed.  

  Srinagar, Jammu and Kashmir     Mahboob     Ul     Hussain    
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    Chapter 1   
 Introduction to Gap Junction 

                    Multicellular organisms with complex tissue systems have evolved over a period 
from simple unicellular organisms. As opposed to unicellular organisms, which 
carry out most of their biological processes within a single cell, individual cells 
within a multicellular organization need to communicate with each other for the 
successful exchange of nutrients and signals, necessary for the maintenance of the 
organization. Organisms have evolved multiple strategies to achieve this goal, which 
include long-range interactions mediated by neural or endocrine mechanisms or 
short-range interactions that include direct physical or cell–cell contact. This is 
accomplished in a variety of ways, mostly by the formation of a series of pores, or 
communicating channels, which can facilitate cell–cell communication. In animal 
cell system, gap junctions between the cells form one such communication system. 
The fundamental function of two or more cells, coupled by gap junctions, is clearly 
to “communicate”. While humans communicate with other humans via words, body 
language, and touch, cells communicate with each other in a multicellular organism 
via chemical signals. The major physiological role of gap junctions is to synchronize 
metabolic or electronic signals between cells in a tissue. Cells have four basic 
functions, namely, (1) to proliferate, (2) to differentiate, (3) to apoptose or die by 
programmed cell death, and (4) to adaptively respond, if it is already terminally 
differentiated. In multicellular organism, a delicate coordination or orchestration of 
these four cellular functions must occur. Growth, differentiation, apoptosis, wound 
healing, and homeostatic control of differentiated functions must occur in a single 
space, and this is achieved by coupling the cells within a tissue/organ mainly through 
gap junctions.   
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    Chapter 2   
 Historical and Topological Perspective 
of Connexins 

                    Preceding to the discovery of gap junction, it was observed that there might exist a 
pathway for direct cell–cell communication. Based on the work of Weidmann, it 
was observed that the space constant for the spread of current extends beyond the 
expected value for a single Purkinje fi bre. Accordingly, it was suggested that this 
phenomenon might be due to the existence of a low-resistance intercellular channels. 
Further evidence supporting the existence of such intercellular channels was pro-
vided by the discovery of electric transmission at the giant crayfi sh motor synapses. 
These and other observations established that the cells of most invertebrate and 
vertebrate tissues are directly linked together by communicating channels mediated 
by low-resistance intercellular channels. In vertebrates, most of the cells form gap 
junctions except red blood cells, spermatozoa, and skeletal muscle. However, the 
progenitors of these cells are known to form gap junctions. Direct evidence for the 
existence of intercellular communicating channels was provided by the electron 
microscopic studies. It was observed that in excitable tissues, a current transfer 
between the adjacent cells only occurs when the plasma membrane of these cells 
was in close proximity and no such electric transmission was detected when the 
cells were not in close proximity with each other. Further studies confi rmed the 
existence of such intercellular channels, and these were assigned several names, 
like nexus, macula communicans, and fi nally gap junction. 

 The gap junctions’ topology has been signifi cantly elucidated using electron 
microscopy and other biochemical strategies. Transmission electron micrography 
indicates that the gap junctions assemble in the regions where the plasma membranes 
of adjacent cells closely approach each other with a small gap of about 2–3.5 nm 
(Fig.  2.1 ). Freeze-fracture electron micrography of vertebrate junctions reveals that 
on the P-face, particles of 8.5  to 9.5 nm exist either singly or in plaque- like arrays 
with complementary pits on the E-face. Similarly, atomic force  microscopy (AFM) 
indicates a dense packing of particles with a centre-to-centre distance of 9–10 nm. 
Based on these studies, it was demonstrated that these particles contain a pore-like 
structure with a diameter of 2 nm, a depth of 1 nm, and a width of 3.8 nm. According 
to X-ray diffraction studies and Fourier analysis, the gap junction forms a hexagonal 
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twisted cylinder with an apparent aqueous pore in the centre. The structure of the 
gap junction channel has been refi ned in recent years by using various genetic 
engineering approaches. Recombinant gap junction proteins and various truncated 
and mutated versions paved way for elucidating the fi ner structural details of these 
channels. Expression and purifi cation of gap junction proteins led to their structural 
analysis using X-ray crystallographic techniques. In one such study, the X-ray 
crystallographic structure of a gap junction, at a resolution of 7 A 0 , indicates that 
each hemichannel contains 24 α-helices corresponding to the four transmembrane 
domains of the six protein subunits.    

  Fig. 2.1    Gap junction channel. Gap junction channels assemble in plaques containing few to 
several hundred single channels. Each cell contributes one hemichannel called connexon that 
consists of six connexin proteins. The gap junction channels span a small gap (3.5 nm) between the 
cell membranes and connect the cytoplasm of neighbouring cells       

 

2 Historical and Topological Perspective of Connexins
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    Chapter 3   
 Molecular Components and Nomenclature 
of Gap Junctions 

                    After the confi rmation of the existence of gap junction channels, it was imperative 
to know their molecular composition. In the beginning, it was regarded that all the 
gap junctions are made of same kind of protein. However, further studies showed that 
there exist differences in the protein components of the gap junction. For example, 
the proteins obtained from various gap junction-enriched preparations showed 
different electrophoretic mobilities in the range of 21–70 kDa, when detected by 
SDS-PAGE. This concept was further established after performing micro- sequencing 
of the amino-terminal regions of these proteins that revealed the differences in the 
primary sequence of the gap junction proteins. Based on the primary sequence 
information, oligonucleotide probes were synthesized to screen libraries for the 
existence of other gap junction proteins. Moreover, generation of antibodies also 
proved instrumental for the isolation of different gap junction proteins. Based on these 
techniques, a gap junction protein of 32 kDa was isolated from the liver of rat and 
human cDNA clones. Similarly, a cDNA encoding a related but a different polypeptide 
of 43 kDa was isolated from rat heart gap junctions. In the following years, many 
different gap junction proteins were isolated from various cells and tissues. Thus, 
it became evident that there exists a family of gap junction proteins. Presently we 
now know that there are about 20 different gap junction proteins existing in the mouse 
and human genome. After the discovery of different gap junction proteins, their bio-
chemical characterization was performed, and it was found that the basic principal 
component of gap junctions is a membrane protein called connexin (Cx). The gap 
junctions are assembled from the connexin proteins, and this assembly is hierarchical 
in nature. Connexins assemble together to form a basic unit of structure called the 
connexon, which is a hexameric structure with a torrid appearance. An individual 
connexon from one cell docks or associates with a corresponding connexon on a 
neighbouring cell to form a gap junction channel. Usually, multiple channels cluster 
or aggregate in the plane of the membrane to form what is called as gap junction 
plaques. The question arises whether any other proteins, besides connexins, are part 
of gap junctions. However, the evidences indicate that the gap junctions are purely 
made of connexin proteins. For example, reconstitution of purifi ed connexins into 
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artifi cial membranes yields functional channels. Moreover, expression of connexin 
cDNAs in heterologous systems (including yeast) yields not only functional gap 
junction channels but also gap junctions that are ultrastructurally identical to those 
occurring naturally in vivo. Further sequence and structural elucidation of connexins 
demonstrated that each connexin protein is composed of nine main domains. 
These include four transmembrane domains, intracellular N-terminal and C-terminal 
domains, two extracellular loops that are stabilized by intramolecular disulfi de bonds, 
and a cytoplasmic loop (Fig.  3.1 ). The N-terminus, the two extracellular loops, and 
the four transmembrane domains are highly conserved among different connexin 
isoforms. In contrast, the cytoplasmic loop and the C-terminal domain are divergent 
and variable in length and sequence, thus accounting for the functional differences 
between the different connexins and the connexon types.

   Due to the discovery of many different connexins, it was proposed that some 
nomenclature might be established for naming the connexin proteins. Accordingly, 
two systems were used to name the connexin proteins: (1) The fi rst is based on a 
“number” system whereby the molecular weight predicted from the cDNA sequence of 
the connexin denotes the type of the connexin. The connexin is denoted as “Cx” and 
then followed by the molecular weight of the protein. For example, Cx26, Cx32, and 
Cx43 refer to the connexins with molecular weight 26, 32, and 43 kDa, respectively, 
and (2) the second is based on sequence similarity and length of the cytoplasmic 
domain of the connexins, thereby classifying them into α-, β-, and γ-subgroups. In this 
latter system, the connexins are designated as “GJ” for gap junction, followed by a 
number indicating the order of their discovery within each subgroup. For example, 
Cx43 was the fi rst connexin discovered in α-subgroup and was designated as Gja1, 
while Cx32 was the fi rst in the β-subgroup and was designated as Gjb1. In this book, the 
nomenclature based on the molecular weight of connexin proteins will be followed.   

  Fig. 3.1    Topological of a connexin protein. The cylinders represent transmembrane domains 
( M1–M4 ). The loops between the fi rst and the second, as well as the third and fourth, transmembrane 
domains are predicted to be extracellular ( E1 and E2 );  CL  represents cytoplasmic loop between 
M2 and M3 transmembrane domains.  N- and C-  represents N-terminal and C-terminal domains       
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    Chapter 4   
 General Cell Biology of Connexins 

4.1                        Synthesis, Maturation, and Transport 
to the Cell Membrane 

 Similar to other transmembrane proteins, connexin translation occurs on the ribosomes 
attached to the endoplasmic reticulum (ER), followed by co-translational release of 
the protein in the lumen of ER. During the transport of connexins from ER to Golgi 
network, they are folded into the three-dimensional structure, followed by their 
oligomerization into hexameric hemichannels called connexons. Each connexon 
subunits can be either homomeric (made of similar connexins) or heteromeric 
(made of different connexins). The possibility of forming the heteromeric connexin 
channels is signifi cant, as many cells express more than one type of connexin 
protein. Hence, more the expression of different connexins in a cell, the possibility 
of forming various permutation combinations of connexin channels increases 
signifi cantly. Moreover, channels formed of heteromeric connexons have different 
properties from those of homomeric channels of the constituent connexins, thereby 
allowing for critical regulation of the permeability and conductance of gap junctions. 
However, it is regarded that there exists some selective compatibility between 
various connexins to form heterotypic channels, and this compatibility has been 
attributed to the N-terminal and C-terminal domains of each connexin. Furthermore, 
the transport of connexon hemichannels involves their packaging into vesicles, and 
then these vesicles deliver the connexon hemichannels to the plasma membrane. 
The transport of these vesicles to the plasma membrane has been demonstrated to 
be both microtubule and actin mediated. The insertion of connexon hemichannels to 
the plasma membrane is regarded to be random. However, some studies have shown 
that microtubules target the connexon hemichannels to a specifi c domains or regions 
of plasma membrane, which are rich in adherens junction proteins. The inserted 
connexon hemichannels interact with the apposing connexion hemichannels of 
adjacent cell, thus allowing the formation of complete intercellular gap junction 
channel. The interaction between the apposing connexon hemichannels is mediated 
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by the external loop domains. The individual channels aggregate in the membrane 
to form plaques and hence are known as gap junction plaques. However, under 
certain conditions, the inserted connexon hemichannels remain uncoupled, thus 
connecting the intracellular milieu directly to the extracellular. The existence of 
these hemichannels has been well established and is known to play important roles 
in cell physiology.  

4.2     Post-translational Modifi cations, Half-Life, 
and Degradation 

 Connexins are not regarded as mere intercellular channels that link two communi-
cating cells, but connexins are now regarded to play important role in controlling 
various other cell functions. In part, these connexin functions are determined by various 
post-translational modifi cations, which include phosphorylation, hydroxylation, 
acetylation, nitrosylation, and palmitoylation. The most important of these connexin 
post-translational modifi cations is phosphorylation of various amino acid residues 
of connexins. Most of these phosphorylation events occur at the C-terminal domain 
of the connexins, thus modulating the function of each connexins and hence the gap 
junction channel. Most of the connexins, except Cx26, are known to be phos-
phorylated, which include Cx31, Cx32, Cx37, Cx40, Cx43, Cx45, Cx46, Cx50, and 
Cx57. Various kinases have been identifi ed that target connexin proteins, which 
include Src, PKC, MAPKs, tyrosine kinases, etc. Phosphorylation serves as an 
important post-translational modifi cation system that regulates various aspects of 
connexin in including the formation and modulation of gap junction channels. 
Phosphorylation events regulate the gating of connexin channels and thus control 
the opening and closing of these channels. The effect of phosphorylation on channel 
gating is very specifi c, as the phosphorylation of a connexin isoform such as Cx43 
on different residues by the same kinase may lead to opposite effects with respect 
to enhancing or inhibiting gap junction function or gap junction intercellular 
communication (GJIC). Besides gating, connexin phosphorylation affects various 
other aspects of connexins such as traffi cking, assembly and disassembly, and 
degradation. Moreover, connexin phosphorylation at specifi c residues controls the 
interaction of connexins with other proteins, and these events affect other cellular 
functions of connexins that are independent of gap junctions, including the control 
of growth and proliferation, cell migration, etc. 

 Just like other proteins in the cell, connexins are degraded in a controlled 
manner, and their turnover is very fast, with a half-life not exceeding few hours. 
The newly synthesized connexins are delivered to the membrane and incorporated at 
the existing gap junction plaques, while the older connexins are internalized from the 
existing gap junction plaques and fi nally degraded. Thus, the gap junction plaques 
are highly dynamic in nature, having newly delivered connexons localized to the 
periphery of existing gap junctional plaques, while those destined for degradation 

4 General Cell Biology of Connexins
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are present at the centre of the gap junctional plaque. The mechanism of gap junctional 
internalization is through the formation of annular junctions, which are large 
double-membrane vesicular structures that could contain the entire gap junction, 
or a fragment of it, and transport it from cell–cell boundaries into one of the two 
interacting cells. Following gap junction internalization, these complexes undergo 
preliminary degradation in the annular junctions, leading to disassembly of gap 
junctions and connexons into individual connexins. The connexin proteins undergo 
complete degradation either through proteasomes or through lysosomes, with each 
of the two degradation pathways having different roles.    

4.2 Post-translational Modifi cations, Half-Life, and Degradation
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    Chapter 5   
 Genomic Organization of Connexins 

                    The general genomic structure of connexin genes is rather simple. The 5′-untranslated 
region (5′-UTR) of connexin mRNA is part of exon 1 that is separated from exon 2 
by a long intron. Exon 2 harbours the entire open reading frame and the subsequent 
3′-untranslated region (3′-UTR). However, with the accumulation of new experi-
mental data, it became evident that the genomic organization of several connexin 
genes refutes this simplicity. The identifi cation of different splice isoforms of 
several connexin genes demonstrated that exon 1 harbouring the 5′-UTR could be 
spliced in an alternate manner possibly due to alternate promoter usage. However, it 
should be emphasized that these transcript isoforms vary only in their 5′-untranslated 
region, leaving the coding region unaltered. Moreover, there are well-known 
exceptions to the above-proposed genomic structure. For example, Cx36, Cx39, and 
Cx57 coding regions are interrupted by another intron. The variation in the genomic 
organization of various connexin genes can be ascertained by the following para-
graphs that describe the structure of several individual connexin genes. 

5.1     Cx32 

 The genomic organization of Cx32 gene consists of two exons, separated by a 6.1 kb 
intron. Exon1 constitutes the 5′-UTR, while the entire coding region and 3′-UTR 
are present in exon 2. However, multiple alternatively spliced transcripts of Cx32 
gene have been identifi ed in the mammalian species. For example, two different 
transcripts were identifi ed in the rat and human, while in cow and mice three 
different transcripts have been identifi ed. Additionally, two promoter elements have 
been identifi ed in the rat Cx32 gene, and the usage of these promoters is known to 
be cell type specifi c. In hepatocytes Cx32 mRNA is transcribed from the promoter 
1 (P1) that is located upstream of exon 1, while in Schwann cells it is transcribed 
from an alternative promoter 2 (P2) that is located upstream of exon 1B. In humans, 
Cx32 gene consists of three exons, designated as 1, 1B, and 2. Exons 1 and 1B 
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are alternatively spliced with exon 2 to produce mRNAs with different 5′-UTRs. 
Transcription initiation occurs from two different sites, and each initiation site is 
driven by cell type-specifi c promoter. In liver, the promoter P1 that is located 
more than 8 kb upstream of the translation start codon is used, while in nerve 
cells promoter P2, located 497 bp upstream from the translation start codon, is used 
for the transcription. Mouse Cx32 gene contains at least four exons designated as 
1, 1A, 1B, and 2. Three main transcripts have been identifi ed, which arise by the 
alternative splicing of exon 1, 1A, and 1B with exon 2 (E1/E2, E1A/E2, E1B/E2). 
The three transcripts are transcribed from two promoters specifi cally active in 
different tissues. Transcript E1/E2 (exon 1/exon 2) is transcribed in the hepatocyte 
from the promoter P1 that is upstream of exon 1, and transcript E1A/E2 is tran-
scribed in embryonic cells and liver from the same promoter P1. However, transcript 
E1B/E2 is transcribed in the Schwann cell using promoter P2 upstream of exon 2 
(Fig.  5.1 ). The specifi city of P1 promoter is determined by the presence of cell 
type-specifi c binding site for the hepatocyte nuclear factor-1 (HNF-1). In addition, 
the promoter P1 contains putative binding site for various ubiquitous transcription 
factors, such as Sp1/Sp3, nuclear factor 1 (NF-1), and Yin Yang 1 (YY1). Similarly, 
the specifi city of promoter P2 is driven by the presence of binding sites for 
nerve-specifi c transcription factors, like Sox10 and early growth response gene-2 
(Egr2/Knox20).

5.2        Cx40 

 Similar to Cx32, various transcripts of Cx40 have been identifi ed in different cell 
types and in different organisms. Two transcripts are found in the human, three in 
mouse, and one in the rat. Human Cx40 gene contains at least three exons designated 
as 1A, 1B, and 2, which are spliced in cell type-specifi c manner. Transcript E1A/E2 
(exon 1A/exon 2) is transcribed in human umbilical cord vein endothelial cells 
(HUVEC), whereas transcript E1B/E2 (exon 1B/exon 2) is transcribed in human 
placenta. However, in the human heart, both transcripts have been identifi ed in 
various regions, like the left atrium, right atrium, left ventricle, and right ventricle. 

  Fig. 5.1    Genomic organization of Cx32: ( a ) human and rat, ( b ) mouse and bovine. “E” represents 
exons, “P” represents promoter       
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In mice, the three transcripts arise due to the differential splicing of exon I as exons 
1A, 1B, and AS. This results in the formation of three transcript of Cx40 (E1A/E2, 
E1B/E2, and EAS/E2), having same coding region, however differing in the 5′-UTR. 
The different transcripts of mouse Cx40 show differential tissue expression. For 
example, E1A/E2 is ubiquitously expressed, while EAS/E2 is expressed abundantly 
in the oesophagus. Rat Cx40 is only expressed as single transcript that arises from 
exon 1 and exon 2 of the Cx40 gene.  

5.3     Cx43 

 Cx43 gene was known to possess two exons, that is, exon 1 containing most of the 
5′-UTR and exon 2 containing little part of 5′-UTR and the entire coding region 
along with the 3′-UTR. However, this general genomic organization of Cx43 has 
been challenged recently by the identifi cation of many more noncoding exons. It has 
been demonstrated that, at least in mice, there exist six exons (E1A, E1B, E1C, 
E1D, E1E, and E2), out of which E1A, E1B, E1C, E1D, and E1E form the 5′-UTR, 
while E2 contains the coding region and the 3′-UTR. The alternative splicing of 
these exons results in the production of various transcripts, and these different 
transcripts are transcribed from three different promoters (P1–P3) (Fig.  5.2 ). In mice, 
differential promoter usage and alternative splicing result in the formation of 
different Cx43 transcripts   , which include E1A/E2, E1As/E2, E1A/E1E/E2, E1B/E2, 
E1Bs/E2, E1Bs/E1D/E2, E1C/E2, and E1C/E1D/E2. In the mouse Cx43 gene, the 
P1 promoter is located upstream of exon 1A, which was earlier regarded as the 
main promoter of Cx43 gene. Promoter P2 is located within exon 1A, and promoter 
P3 is located upstream of exon 1C. Similarly in rat, four exons have been identifi ed 
(E1A, E1B, E1C, and E2), the alternate splicing of which results in the production of 
six different Cx43 mRNA transcripts, which includes E1A/E2, E1As/E2, E1A L /E2, 
E1B/E2, E1Cs/E2, and E1C/E2. In humans, the differential promoter usage and 
alternate splicing of Cx43 are yet to be identifi ed.

   Moreover, Cx43 is the only known connexin, which possesses a pseudogene 
(ψCx43). The pseudogene is located on human chromosome 5, while the main Cx43 
gene is located on the human chromosome 6. The ψCx43 lacks an intron between 
exon 1 and exon 2, and it has been found that the ψCx43 possesses an open reading 
frame which is almost similar to that of main Cx43, albeit with some amino acid 
changes. Interestingly, it has been shown that the Cx43 pseudogene is transcribed 
specifi cally in several breast cancer cell lines and not in the normal mammary 

  Fig. 5.2    Genomic organization of Cx43: “E” represents exons, “P” represents promoter. E1A–E1E 
are noncoding exons, while E2 is the coding exon       
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epithelial cells. There seems to be inverse relation between the expression of Cx43 
transcript and ψCx43 transcript. Moreover, it has been demonstrated that the 
Cx43 pseudogene can be translated in an in vitro translation system and that the 
Cx43 pseudogene product inhibits cell growth similar to that of Cx43.  

5.4     Cx45 

 Cx45 gene varies a little from the general connexin gene structure. Cx45 gene 
contains three exons, with 5′-UTR represented by exon 1, exon 2, and part of exon 
3. However, the entire coding region and 3′-UTR are present in exon 3. Differential 
splicing of exon 1 gives rise to various transcripts, differing in 5′-UTR. Accordingly, 
various alternative spliced transcripts of Cx45 have been identifi ed; each of them 
shares exon 2 and exon 3, while exon 1A, 1B, and 1C are alternatively spliced with 
exons 2 and 3. For example, mice Cx45 gene is composed of fi ve exons, designated 
as exons 1A, 1B, 1C, 2, and 3. Exons 1A, 1B, 1C, and 2 are part of 5′-UTR, while 
exon 3 contains the remaining 5′-UTR, entire coding sequence, and the 3′-UTR. 
Additionally, some transcripts have been shown to possess only exon 2 and exon 3. 
The different transcripts of Cx45 have been shown to arise either due to differential 
splicing or due to multiple promoter usage. For example, the promoter element, 
which transcribes the Cx45 mRNA containing exon 1A/2/3, is nearly ubiquitous; 
the promoter element which transcribes the Cx45 transcript containing exon 1B/2/3 
is found in colon, while the transcript containing E1C/2/3 is found in the bladder, 
lung, skeletal muscle, ovary, and heart.  

5.5     Cx26 

 Cx26 gene possesses the basic genomic organizations, having only two exons, with 
exon 1 as noncoding and exon 2 as the coding and having 3′-UTR. However, the length 
of exon 1 and intron (between exon 1 and exon 2) varies among different species. 
For example, in the mice, the length of exon 1 is 234 bp and that of intron is 3.8 kb. 
Similarly, in the human Cx26 gene, the length of exon 1 is 160 bp, while that of 
intron is 3.148 kb. The promoter element of Cx26 gene is known to possess binding 
sites for various transcription factors, like Sp1/Sp3, with a prominent TATA box.  

5.6     Cx31 

 The Cx31 gene comprises exon 1A, exon 1B, and exon 2. Exons 1A and 1B constitute 
the 5′-UTR, and exon 2 possesses the coding region and 3′-UTR. However, there 
are variations from the general structure of Cx31 gene in different organisms. 

5 Genomic Organization of Connexins
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For example, mice possess the same genomic structure as described above, while in 
rat, the transcripts with exon 1A and exon 2 have been identifi ed. Mouse 1B is 
transcribed from a proximal promoter region 561 bp upstream and serves as a 
basal promoter in both mouse embryonic stem (ES) cells and a mouse keratinocyte- 
derived cell line. The promoter element of Cx31 does not possess TATA box and 
contains many GATA-2/GATA-3 binding sites. Moreover, putative binding sites for 
NFκB, CCAAT-box, cEBPα/CEBβ, cAMP response element, and multiple E-box/
E-box are also known to be present in the promoter region.  

5.7     Cx30 

 Gene organization of Cx30 consists of at least six exons, named as exons 1, 2, 3, 4, 
5, and 6. Among these, exon 1 to exon 5 constitute the 5′ UTR, while exon 6 contains 
the coding information and the 3′-UTR. Differential splicing of exon 1 to exon 5 
results in the formation of various transcripts of Cx30. In humans, all six exons have 
been identifi ed with tissue-specifi c differential expression. For example, in hair 
follicle keratinocytes, four different transcripts are known to express, and these 
transcripts share only exon 5 and exon 6. The transcripts of Cx30 are transcribed 
from a TATA box-containing promoter element, fl anking upstream of exon 1. The 
promoter element contains putative binding sites for Sp1 and early growth gene 
(Egr) transcription factor.  

5.8     Cx36, Cx39, and Cx57 Genes 

 Exceptions to the general genomic organization of connexins are the Cx36, Cx39, 
and Cx57 genes. The coding region of these connexin genes is interrupted by 
introns. The coding regions of Cx36, Cx39, and Cx57 genes are located on two (or 
more) different exons. In rat Cx36, the coding region is interrupted by a 1.14 kb 
intron at the N-terminal region, separating the fi rst 71 bp from the rest of the coding 
region. Similarly, the coding region of the mouse Cx39 is also interrupted by a 1.5 
kb intron. In mouse retinal Cx57 gene, a part of C-terminal domain is spliced with 
another exon 3. As a result, 97.6 % (480 amino acids) of the coding region of mouse 
Cx57 gene is located on exon 2, whereas the residual 2.4 % (12 amino acids) is 
encoded by the third exon, which is separated by an intron of about 4 kb. The con-
nexin genes whose coding region is interrupted by introns, the exons are required to 
be spliced properly for the proper translation. Otherwise, alternative splicing would 
lead to a dramatic modifi cation of the connexin coding region.    

5.8 Cx36, Cx39, and Cx57 Genes
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    Chapter 6   
 Transcriptional Regulation 
of the Connexin Gene  

                    As described previously   , alternate splicing and differential promoter usage can give 
rise to various transcripts of a particular connexin gene. Some of these transcripts 
are ubiquitously expressed, while some are tissue specifi c. The transcription of con-
nexin genes is controlled by of various transcription factors and other biological 
substances. The transcription factors play an important role in regulating the 
expression of connexin gene. The types of transcription factor(s) determine whether 
a particular connexin is expressed ubiquitously or in cell type-specifi c manner. In the 
following sections, the role of various transcription factors and other signalling 
molecules that regulate the ubiquitous or tissue-specifi c expression of connexin 
genes will be discussed. 

6.1     Regulation by Ubiquitous Factors 
and Signal Transduction Pathways 

 The basal level of connexin transcription is established by the RNA Pol II promoter 
elements and the basal transcription factors. The ubiquitous expression of connexins 
is determined by the various housekeeping transcription factors. Some of these tran-
scription factors are discussed below. 

6.1.1     Sp1 and Activator Protein 1 (AP-1) 

 The Sp family of transcription factors constitute the ubiquitously expressed proteins. 
Sp1 is an important member of Sp family of transcription factors that recognizes 
GCGG sequences, called as GC boxes. DNA-binding domain of Sp1 consists of 
three zinc fi ngers, which recognize and bind the GC box. Sp1 regulates the basal 
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transcription of several connexin genes, such as Cx32, Cx40, Cx43, and Cx26. 
In addition to Sp1, Sp3 is known to bind the P1 promoter elements and control the 
expression of rat Cx40 and Cx43. The cumulative effect of Sp1 and Sp3 binding is 
required for the transcription of various connexin genes. The P1 promoter element 
of Cx32 possesses two binding sites for Sp1 transcription factor, and the binding 
regulates only its basal transcription and not the tissue-specifi c expression. The 
binding of Sp1 and Sp3 to the promoter elements of connexin gene is regulated by 
various signalling molecules and signalling pathways. Moreover, during certain 
pathophysiological conditions, the Sp1/Sp3 transcription factors are known to be 
involved in the deregulation of connexin expression. For example, high blood 
glucose concentration downregulates Cx40 expression in the vascular endothelial 
cells and that results in the impaired endothelial capillary network formation. The 
decreased expression of Cx40 has been attributed due to high glucose-induced 
downregulation of Sp1 transcription factor. 

 Activator protein 1(AP1) is a basal transcription factor, which activates the 
 transcription of its target genes. AP1 acts as dimer and consists of either Jun pro-
teins (Jun homodimer) or Fos proteins (Fos homodimer) or the combination of Jun 
with Fos (Jun–Fos heterodimer) or even heterodimer of these proteins with other 
proteins. AP1 transcription factor forms a characteristic DNA-binding domain 
called leucine zipper. AP-1 binds to a consensus sequence [TGAC (T/G) TCA] in 
the promoter and induces transcription of the gene. One or more AP-1-binding 
sites have been identifi ed in the mouse, rat, and human Cx43 proximal promoters 
P1. The rat Cx43 promoter contains two AP-1-binding sites, whereas the mouse 
and human promoters each have one AP-1-binding site. Although the AP1 regulates 
the basal transcription of various connexin genes, however, under certain circum-
stances, it induces the expression of certain connexin genes. For example, during 
the onset of labour, AP-1 transcription factor is necessary for the upregulation of 
Cx43 expression. 

 The AP-1 transcription factors are the target of various signalling molecules and 
pathways that in turn results in the regulation of connexin expression. For example, 
stimulation of urinary bladder smooth muscle cells by the basic fi broblast growth 
factor (bFGF) upregulates Cx43 transcription via extracellular signal-regulated 
kinase (ERK) 1/2-AP-1 pathway. The binding of AP1 to the Cx43 promoter is 
regarded essential for the upregulation of Cx43 transcription upon stimulation with 
bFGF. Similarly, TGF-beta induces Cx43 gene expression in normal murine 
mammary gland epithelial cells. The signalling pathway that activates c-Jun/AP-1 
is essential for mediating TGF-beta1-induced Cx43 gene expression.  

6.1.2     Cyclic AMP 

 Cyclic AMP (cAMP) is a ubiquitous secondary messenger, which is formed in 
response to some extracellular stimuli that activate G protein-coupled adenylate 
cyclase. The cAMP in turn activates protein kinase A (PKA) and that mediates various 
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functions of cAMP by phosphorylating various target proteins. The adenylate cyclise 
converts ATP to cAMP at the inner surface of plasma membrane. The cAMP 
modulates the expression of various genes by binding and thus activating certain 
proteins known as cAMP response element binding (CREB) proteins. These 
proteins recognize certain sequence elements in the DNA, known as cAMP 
response elements (CRE). The promoter elements of various connexins contain 
cAMP response elements and thus are target of cAMP-mediated regulation. Cx43 
promoter element I contains putative cAMP response element, and the expression 
of Cx43 is enhanced when cells are treated with the cAMP analogue 8Br-cAMP. 
The signalling mediated by cAMP employs short-term and long-term effects on the 
regulation of Cx43. The short-term effects include the increased redistribution of 
Cx43 to the cell membrane, and the long-term effects include increased transcrip-
tion of Cx43 gene.  

6.1.3     Retinoids 

 Like cAMP, retinoids are known to induce gap junctional intercellular communication 
and upregulate Cx43 expression in normal and preneoplastic cells. Treatment 
with the synthetic retinoid tetrahydrotetramethylnapthalenylpropenyl-benzoic acid 
(TTNPB) is known to cause an approximate tenfold elevation of Cx43 gene tran-
scripts. However, the molecular mechanism for the upregulated expression of Cx43 
remained to be understood. It has been hypothesized that retinoic acid increased 
Cx43 expression in cells by increasing transcription and by stabilizing Cx43 
transcripts. The role of retinoic acid on the expression of Cx43 has been studied 
with reference to human endometrial stromal cells. It has been shown that the retinoic 
acid upregulated Cx43 mRNA and protein expression with the concomitant increase 
in the gap junction intercellular communication in the human endometrial stromal 
cells. The endometrial stromal cells express retinoic acid specifi c nuclear receptors 
and the binding of retinoic acid to these receptors results in the upregulation of 
the transcription of Cx43 gene. In addition to increasing Cx43 mRNA and protein 
levels, retinoic acid also enhances the dephosphorylation of Cx43, so that the 
nonphosphorylated form increases with respective to phosphorylated forms. The 
decrease in the phosphorylation status of Cx43 increases the gap junction commu-
nication between the cells. 

 Similar studies in human skin epidermis have shed more light on the regulation 
of connexin expression by retinoic acid. Human keratinocytes are connected by 
many gap junctions, and these junctions are mostly made from Cx26 and Cx43 
proteins. It is well known that connexins are involved in keratinocyte differentiation 
and retinoic acid provides the necessary link by regulating the expression of connexins 
during cell differentiation. The mechanism by which retinoic acid modulates the 
differentiation of the epidermis is still not well understood. However, it is regarded 
that retinoic acid changes the expression of connexins and modulates the gap junction 
mediated cell–cell communication.  

6.1 Regulation by Ubiquitous Factors and Signal Transduction Pathways
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6.1.4     Wnt Pathway 

 Wnt genes encode a large family of secreted glycoproteins, which play important 
roles in directing cell fate and cell behaviour and in tumorigenesis. Wnt signalling 
pathway results in the activation of certain transcription factors, like TCF/LEF 
proteins. Nuclear localized β-catenin/TCF complexes regulate the transcription of 
target genes by binding to the consensus sequence A/TA/TCAAAG, known as the 
TCF/LEF binding site. Various studies have demonstrated the co-localization of 
Wnt and connexin expression. Connexins are known to have an important role in 
regulating cell growth and differentiation. Connexin genes are regarded as the targets 
of Wnt signalling. Interestingly, rat Cx43 promoter P1 contains two TCF/LEF binding 
consensus sequences in opposite orientations. Two similar TCF/LEF motifs are also 
found in the human and mouse Cx43 promoters. One of the prime targets of Wnt 
signalling is the expression regulation of Cx43 in cardiomyocytes. Wnt signalling 
and Cx43 expression have been shown to be important for the normal development 
of the heart. Besides regulating expression of Cx43, several lines of evidence 
suggest that the Wnt signalling also modulates the gap junction channel activity of 
Cx43. The molecular mechanisms involved in the Wnt signalling and Cx43 are still 
emerging. One such mechanism involves the Wnt-dependent accumulation of 
β-catenin near the membrane and the transcriptional activation via a β-catenin/TCF 
nuclear complex. Since    Cx43 is known to interact with β-catenin, the activation of 
Wnt signalling results in the enhanced interaction between the Cx43 and the 
β-catenin as part of a complex within the junctional membrane. The sequestration 
of β-catenin by Cx43 serves to negatively regulate its own transcription, as well as 
other β-catenin/TCF-dependent transcriptional targets. These fi ndings are cor-
roborated by the observations demonstrating the upregulation of β-catenin levels in 
various human cancers that act as an important oncogenic signal for the neoplastic 
transformation of the cells. Since Cx43 is known for its tumour suppressor activity, 
hence its sequestration by increased β-catenin levels may serve an important event 
for deregulating the growth of the cells. In addition to the role in regulating cell 
growth, Wnt–β-catenin–Cx43 signalling is also involved in human cardiomyopathies. 
During cardiomyopathies, expression of Cx43 is either downregulated or abnor-
mally localized in the cell. The abnormal expression of Cx43 has been linked with 
decreased β-catenin activation of Cx43 promoter. These observations indicate 
that the alterations in Wnt signalling infl uence β-catenin function, which in turn 
infl uence gap junction channel gene expression in the heart. These facts are con-
fi rmed by the downregulation of β-catenin and concomitant decrease in the Cx43 
abundance during various forms of heart disease.   

6.2     Regulation by Tissue-Specifi c Factors 

 The expression of some connexins shows differential spatial and temporal expression. 
These connexins are only expressed in certain cell types, and many connexins 
show development regulation. Besides ubiquitous transcription factors, tissue- specifi c 
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expression is mediated by additional cell type-specifi c transcription factors and the 
signalling pathways that activates such factors. Some of the cell type- specifi c 
transcription factors and the signalling molecules involved in tissue-specifi c expres-
sion of connexins are discussed below. 

6.2.1     Homeodomain Transcription Factors 

 Homeodomain-containing proteins are the family of transcription factors that 
regulate gene expression during development. The homeodomain is 60 amino acid 
motif that recognizes a specifi c stretch of 180 bp DNA sequence in the promoter 
region of various genes, known as homeobox. Nkx2.5 is a transcription factor, 
which is expressed mostly in cardiac tissue and is critical for the proper develop-
ment of heart. This protein factor belongs to the family of homeodomain containing 
transcription factors. Nkx2.5 shows a wide range of expression in the cardiac tissue 
from drosophila to humans. Cx43 is the main connexin that is expressed in cardiac 
tissue, and the promoter element P1 of Cx43 contains consensus binding site for 
Nkx2.5 transcription factor. Nkx2.5 activates the expression of Cx43 and under 
certain conditions may repress it. Moreover, Nkx2.5 is also known to bind the 
promoter element of another cardiac connexin, Cx40, and activates its expression. 
In addition, some studies have pointed out the role of Nkx2.5 in the regulation of 
cardiac- specifi c Cx45. Another homeodomain transcription factor that is known to 
infl uence the transcription of connexins is Shox2. Shox2 binds the promoters of 
Cx40 and Cx43 and activates their transcription. In mouse cardiac cells, Cx40 
transcription is further regulated by homeodomain-only protein (Hop). The Hop 
encodes a 73 amino acid protein that contains a domain (the 60-amino acid home-
odomain) homologous to those seen in homeobox transcription factors. Unlike all 
other known homeobox transcription factors, Hop does not directly bind DNA. It is 
expressed in the embryonic heart and plays an important role in development of the 
adult cardiac conduction system. Various studies have demonstrated that the 
expression of Hop is required for the proper expression and localization of Cx40 in 
the cardiac conduction system.  

6.2.2     T-Box Transcription Factors (Tbx5, Tbx2, Tbx3) 

 T-box transcription factors form a large family of proteins that possess a helix–
loop–helix type DNA-binding domain. They are regarded critical for various 
developmental fates. This family of proteins possesses both transcriptional activators 
(Tbx5) and transcriptional repressors (Tbx2 and Tbx3). The helix–loop–helix 
domain of these proteins recognizes the same sequence on the DNA, and hence both 
activators and repressors bind the same sequence. Thus, the outcome of the binding 
of T-box transcription factors on the gene expression is determined by the relative 
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concentration of activators and repressors. Several T-box binding sites have been 
identifi ed in rat and mouse Cx40 and Cx43 promoters. The T-box protein expression 
coincides with the expression of Cx40. Tbx5 is a T-box transcription factors that 
is known to bind at multiple sites on the Cx40 promoter. Tbx5 haplo-insuffi cent 
mice show marked decrease in the Cx40 mRNA. Besides Tbx5, two other T-box 
transcription factors are known to infl uence the expression of Cx40. These include 
Tbx-2 and Tbx-3 that are known to act as transcriptional repressors. These facts 
are based on the observations that there exists an inverse relation between the 
expression of Tbx-2 and Cx40 mRNA in various regions of the developing heart. 
For example, during mouse embryonic stages 9.5–14.5, the presence of Tbx2 in the 
cardiac chamber of the embryos is inversely related with the expression of Cx40 and 
Cx43. Similar to Tbx2, the Tbx3 shows an inverse relation with the expression of 
Cx43 and Cx40 during cardiac development. The Tbx3 specifi cally interacts with 
the TBE-containing DNA region of the Cx43 promoter, indicating that Tbx3 directly 
represses Cx43.  

6.2.3     GATA Family 

 GATA transcription factors belong to the category of transcription factors that 
possess two zinc fi nger DNA-binding domains. They recognize the DNA with a 
consensus sequence of (A/T) GATA (A/G). Based on their expression profi le, 
the GATA proteins have been divided into two subfamilies, GATA-1, GATA-2, 
and GATA-3 and GATA-4, GATA-5, and GATA-6. The GATA-1, GATA-2, and 
GATA-3 genes are prominently expressed in haematopoietic stem cells, where they 
regulate differentiation and specifi c gene expression of T-lymphocytes, erythroid 
cells, and megakaryocytes. GATA-4, GATA-5, and GATA-6 genes are expressed in 
various mesoderm- and endoderm-derived tissues such as the heart, liver, lung, 
gonad, and gut, where they play critical roles in regulating tissue-specifi c gene 
expression. GATA transcription factors specifi cally regulate the expression of 
connexins in various tissues. Rat Cx40 promoter contains putative binding sites for 
GATA-4, and it has been shown that GATA-4 expression induces the transcription 
of Cx40.  

6.2.4     HNF-1 

 HNF-1 is a liver-specifi c transcription factor, which regulates the expression of 
many liver-specifi c genes. Two isoforms, HNF-1α and HNF-1β, are known, and 
these show developmental expression regulation. The HNF-1α is highly expressed 
in adult liver, whereas the HNF-1β is expressed during the embryonic development. 
The HNF-1 functions either as a homodimer or as a heterodimer. The promoter region 
of the mouse Cx32 gene contains two putative binding sites for HNF-1. HNF-1 is 
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mainly responsible for the cell-specifi c expression of Cx32. These observations 
are based on the fact that the HNF-1α null mice show signifi cantly decreased Cx32 
expression.  

6.2.5     Oestrogen 

 Oestrogen is a steroid hormone, which directly infl uences the expression of many 
genes by binding and subsequent activation of oestrogen receptor. Oestrogen 
receptors constitute the widely studied nuclear receptor. There are two subtypes of 
the oestrogen receptor, which are known as ER-α and ER-β, and they are the products 
of two different genes and show tissue-specifi c expression. In addition to the nuclear 
receptor-mediated action, oestrogen also infl uences various physiological processes 
by infl uencing various other signalling pathways. Oestrogen infl uences the expres-
sion of connexins, in particularly the Cx43. As described above, oestrogen exerts 
its effect by binding to nuclear receptors, and the complex binds specifi c DNA 
sequences in the promoter region of target genes, called as oestrogen response 
elements. The role of oestrogen on the connexins transcription has been studied 
with reference to the Cx43 upregulation during the onset of labour. It is well estab-
lished that the Cx43 plays a critical role during the onset of labour by increasing the 
myometrial cell coupling and their coordinated synchronous contraction. This 
phenotypic effect is strongly correlated with the dramatic increase in both mRNA and 
protein levels of Cx43 in the myometrium. Interestingly, rat Cx43 promoter has been 
shown to possess oestrogen response elements, and these elements are responsive to 
the oestrogens, thus responsible for the increase of Cx43 expression.  

6.2.6     Thyroid Hormone 

 The role of thyroid hormone in regulating the expression of connexins has been 
studied with reference to Cx43. The role of thyroid hormone in regulating Cx43 
transcription was deduced from the observation that the treatment of rat liver samples 
with thyroid hormone resulted in elevated Cx43 mRNA. Subsequent sequence 
analysis of the Cx43 upstream promoter element leads to the discovery of thyroid 
hormone response elements located at positions −480 to −464. Additionally, it is 
regarded that the −480 position in the rat connexin43 forms stronger complexes 
with thyroid hormone receptor alpha/retinoid X receptor alpha heterodimers than 
with vitamin D receptor/retinoid X receptor alpha heterodimers. The physiological 
relevance of the thyroid hormone in regulating connexin expression has been studied 
in Sertoli cell of testis. It is well known the thyroid hormones regulate Sertoli cell 
proliferation and differentiation in the neonatal testis. Further studies have shown 
that thyroid hormone inhibits Sertoli cell growth and proliferation by inducing the 
expression of Cx43. The upregulation of Cx43 expression was associated with 
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increased gap junction communication between the cells. These studies were 
further corroborated by the inhibitors of gap junction coupling that were shown to 
signifi cantly reverse the inhibitory effect of thyroid hormone on the Sertoli cell 
growth and proliferation. 

 The importance of thyroid hormone regulation of connexins expression is  evident 
from the association of hypothyroidism with the expression of various connexins in 
the thyroid cells. The outcome of iodine defi ciency-related hypothyroidism is the 
decreased gap junction communication between the thyroid cells. Similarly, in 
autoimmune-related hypothyroidism, the thyroid cells show reduced expression of 
Cx43, Cx32, and Cx26. Moreover, the thyroid-stimulating hormone (TSH), 
produced in the hypothalamic region of the brain, regulates thyroid hormone 
production by increasing the connexin function of thyroid cells. Hence, thyroid 
hormone acts as an important signalling molecule that regulates the expression of 
various connexins. Moreover, the expression of connexins is regarded essential for 
the proper release of thyroid hormone from the thyroid gland.     

6 Transcriptional Regulation of the Connexin Gene
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    Chapter 7   
 Epigenetic Regulation of Connexins 

                    Besides regulation of connexin expression by the direct binding of transcription factors 
to their regulatory elements, various other epigenetic mechanisms are involved in 
the expression of connexin gene. Regulation at the epigenetic level is a prerequisite 
for other regulatory mechanisms to function. Epigenetic processes play an impor-
tant role in the regulation of connexin gene expression. This type of regulation has 
important physiological signifi cance, and any disruption in this type of regulation 
has severe consequences on the cell physiology. One such example is the role of 
epigenetic factors on the cell growth and proliferation. Connexins are known to 
regulate cell proliferation, and it is well established that they possess tumour sup-
pressor function. Thus, it is anticipated that the connexins are the target of various 
epigenetic regulatory mechanisms. Involvement of various epigenetic mechanisms 
in connexin expression and function is discussed below. 

7.1     Histone Acetylation/Deacetylation 

 Like other eukaryotic genes, connexin genes are present on various chromosomes 
and thus are warped in protein–DNA complex. Histones form the important protein 
components of these complexes. Histones are subject to post-translational modifi cation 
by enzymes, and these modifi cations include methylation, citrullination, acetylation, 
phosphorylation, SUMOylation, ubiquitination, and ADP-ribosylation. The main 
function of these modifi cations is to affect the gene expression by remodelling 
the chromatin structure of a particular gene. For the transcription of connexin genes, 
the chromatin structure needs to be modifi ed, and histones are the prime targets of these 
modifi cations. Studies have demonstrated that the acetylation/deacetylation consti-
tutes an important mechanism of the connexin gene regulation. For example, the use of 
various histone deacetylase inhibitor results in the increased Cx43 transcription. 
The increased transcription of Cx43 is attributed due to more acetylation of H3 and 
H4 histones of the chromatin near the promoter region of Cx43. In one such study, 
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it was shown that the treatment of prostate cancer cells with trichostatin A (TSA) 
results in the increased acetylation of histones in the Cx43 promoter. The increased 
acetylation was found due to the recruitment of p300/CREB-binding protein, a 
transcriptional coactivator displaying histone acetyltransferase (HAT) activity, to 
the promoter region of Cx43. Because of the chromatin remodelling, the binding of 
transcription factors AP-1 and Sp1 to the Cx43 gene promoter is enhanced manifold 
with the concomitant increase in Cx43 transcription.  

7.2     DNA Methylation 

 DNA methylation is one of the important epigenetic mechanisms of controlling the 
expression of genes. DNA methylation dynamics are mostly associated with the 
promoter regions of genes. Promoter methylation occurs mostly at the CCGG 
sequences known as CpG islands. In this context, hypermethylation of promoter 
regions results in the silencing of the gene expression. DNA methylation of promoter 
regions of connexins has been well studied, and most of these are frequently studied 
in a clinical context. Downregulation of connexin expression has been associated with 
the hypermethylation of their promoter. Cx26, Cx32, and Cx43 promoter elements 
have been found hypermethylated in various malignant tissues like cultured human 
lung cancer cells, primary human renal carcinoma cells, cultured human oesophageal 
cancer cells, etc. Similarly, in liver carcinogenesis, Cx26 expression is downregulated, 
and this has been found to have strong correlation with the hypermethylation state 
of its promoter. The mechanism responsible for the connexin gene silencing and 
hypermethylation is not well understood. Many factors have been attributed as a 
link between DNA hypermethylation and impairment of connexin expression. It has 
been shown that hypermethylation results in the aberrant binding or recruitment of 
transcription factors to the promoter elements. For example, Cx43 promoter has 
been found hypermethylated in human primary non- small cell lung carcinoma, and 
this has been related with the reduced binding of AP1 transcription factor. Moreover, 
the Sp1 binding site overlaps with the CpG islands, which are the prime targets of 
methylation. In addition, Sp1 is a ubiquitous transcription factor involved in the 
expression of various connexin genes. Thus, it may be construed that hypermethylation 
will result in the aberrant binding of Sp1 transcription factor. In fact, Sp1 binding 
sites of the Cx26 gene promoter and the Cx32 gene promoter in cultured and primary 
human breast cancer cells have been found hypermethylated with the concomitant 
decrease in the expression of these connexins.    

7 Epigenetic Regulation of Connexins
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    Chapter 8   
 Translational Regulation of Connexins 

                    The transcriptional control constitutes a major step in the regulation of gene expression. 
However, proteins are the major cell entities that act as the actual business ends of 
the cell physiology. The transcriptional regulation of gene expression is just an 
initial step in the formation of proteins. Translation of mRNAs into proteins consti-
tutes another important step in regulating the expression of proteins. For the proper 
functioning of a cell, the functional entities, which include the proteins, must be 
present at a defi ned concentration, at a particular time, and at a proper location. 
At a particular time, cells possess thousands of mRNA molecules, each competing 
for the components of translational machinery. Thus to avoid such competition, it 
becomes imperative for a cell to regulate the translation of its different mRNAs. 
Moreover, cells are always exposed to varying conditions, and for its survival, it needs 
to respond properly and in a particular period. Regulation at the transcriptional level 
takes some time, while regulation at the translational level is a rapid and more direct 
one. Thus, translational regulation gives a cell the required adaptability to respond 
to the changing conditions. Translational regulation can occur at multiple steps, like 
initiation, elongation, and degradation. Regulation at the initiation step is the 
most critical one, and this allows for the precise spatial and temporal fi ne-tuning of 
protein levels to permit normal physiological function. The regulation of connexin 
translation can be studied at two levels. One is cap-dependent and another is 
cap-independent translation. The role of these two means of translational regulation 
of connexin expression is discussed below. 

8.1     Cap-Dependent and Cap-Independent Translation 

 Translation initiation in eukaryotic mRNAs is a highly regulated process that 
accounts for the last step of gene expression control. For a majority of the eukaryotic 
mRNAs, the ribosome associates with the mRNA by virtue of the cap structure, a 
7-methyl guanylic acid residue at the 5′ terminus. Then, this cap-binding complex 
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scans the 5′-UTR till it fi nds the start codon. While most mRNAs initiate translation 
by the above-discussed mechanism, a growing number of mRNAs appear to follow 
different rules, wherein certain  cis  elements present in the mRNA were found, 
enough to recruit the translational machinery without the need of a cap structure, 
hence named as cap-independent translation. These cis-acting are termed as the 
internal ribosome entry site (IRES). 

 Translation of connexins is usually mediated by a classical cap-dependent 
mechanism, where an initiation complex is assembled at the 5′ cap of the connexin 
mRNA. The initiation complex scans the 5′-UTR of connexin mRNAs until an 
authentic start codon is reached. Besides the classical cap-dependent translation, 
connexin mRNAs are known to be regulated by cap-independent translational 
mechanisms. The importance of exon 1 in the expression of a connexin was recently 
observed in the Cx32. A point mutation in the 5′-UTR of the Cx32 gene was found 
in patients with the X-linked form of Charcot–Marie–Tooth disease (CMTX), a 
neurological disorder characterized by demyelination of the peripheral nerves and 
leading to paralysis at an early age. When this mutation was tested in transgenic 
mice, the mRNA synthesis and splicing of pre-mRNA were found to occur normally, 
but translation was completely blocked. This observation led to the discovery of an 
internal ribosome entry site (IRES) in the 5′-UTR of Cx32 mRNA. IRES- mediated 
initiation of translation was fi rst discovered in picornavirus and later also in some 
other viral RNAs that do not have a cap structure at their 5′ end. More recently, 
several cellular genes have also been shown to contain IRES elements. In most cases, 
however, it is not known whether the IRES elements are essential for expression 
of those genes. The fact that a mutation in the IRES of Cx32 causes a CMTX 
phenotype indicates that the IRES are essential for the expression of that gene in 
peripheral nerves, specifi cally, in Schwann cells. This represents one of the fi rst 
examples of an essential IRES element in the expression of a normal cellular gene 
and of an IRES mutation causing a human disease. An even more active IRES element 
has since been discovered in the 5′-UTR of the Cx43 gene. A similar type of internal 
ribosome entry site was found in Cx26. The IRES in Cx43 and Cx26 are known to 
play an important role in the translation of these connexins during contact inhibition. 
Interestingly, an internal IRES element (in the coding region of exon 2) was found 
in the zebrafi sh connexin (ZfCx55.5), which results in the separate translation of 
carboxy-terminal domain of this connexin. This mechanism has added a new 
dimension in the translation of connexins, which can explain some of the functions 
of connexins that are regarded as gap junction independent. Most cellular mRNAs, 
presumably translated from the cap structures at their 5′-ends   , have relatively short 
5′-UTRs, <50 nucleotides long. Cap-mediated translation of such mRNAs is 
effi cient because ribosomes traverse only a short distance between the site of attach-
ment to the mRNA (cap structure) and the translational initiation site. In contrast, 
the 5′-UTRs of mRNAs translated from IRES elements typically are considerably 
longer, which is very ineffi cient for cap-mediated translation. Comparison of the 
5′-UTRs of various connexin genes revealed that most of the 5′-UTRs of connexins 
are all much longer than 50 nucleotides. If the other connexin genes indeed also 
contain functional IRES elements, then it is interesting to know why connexin genes 
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have acquired IRES elements for their effi cient translation. One speculation is that 
connexins have a very important cellular function that requires that these proteins to 
be translated even under the conditions when global translation is inhibited. Indeed, 
IRES-mediated initiation of translation has been found in genes of proteins that 
need to be expressed under conditions where cap- mediated translation is impaired. 
This includes some transcription factors, heat shock proteins, and proteins involved 
in apoptosis and cell cycle regulation. Cap- mediated translation initiation is typically 
inhibited during mitosis, apoptosis, and conditions of cellular stress. Connexins 
may be an additional family of proteins for which their continued synthesis must be 
ensured under conditions where cap- mediated translation is impaired. A further 
advantage of IRES-mediated translation may be the rapid initiation of translation of 
pre-existing connexin mRNA in response to cellular signals without affecting the 
rate of overall protein synthesis. One of the theories of the origin of cancer proposes 
that most cancers arise from mutations in stem cells rather than mutations in 
differentiated cells. Because of their stem  cell- like properties, malignant tumour 
cells have lost their ability to communicate with their neighbours and thus are 
unable to maintain their differentiated state. The importance of cellular communica-
tion in preventing dedifferentiation is illustrated by the fact that reintroduction of 
functional connexin genes into a cancer cell phenotypically reverts the cell to normal. 
Tumour promoters, for example, phorbol esters, are known inhibitors of gap junction 
communication. In their presence, a mutated initiated stem cell loses its ability to 
differentiate and remains in, or returns to, the immortal state of a stem cell, which 
because of the mutation now proliferates unchecked. Thus, the expression of 
connexin genes must be allowed under all physiological conditions, even when 
cap-mediated translation is suppressed. This would include mitosis, apoptosis, and 
cellular stress situations, such as heat shock. Evidence indicates that gap junctional 
communication is required for apoptosis to occur. Cancer cells typically cannot 
apoptose because of the absence of gap junctional communication. To ensure con-
tinued gap junctional communication, rapid initiation of translation of pre-existing 
connexin mRNA must be possible in response to specifi c cellular signals. The 
presence of IRES elements in the 5′-UTR of gap junction genes would satisfy this 
requirement. It would also explain why during evolution all connexin genes have 
acquired the additional exon upstream of the coding exon. Whether the fi rst exons 
of other connexin genes also contain IRES elements, as would be predicted by this 
hypothesis, remains to be seen.  

8.2     MicroRNAs (miRNAs) and Translational Regulation 

 MicroRNAs (miRNAs) are an endogenous class of small noncoding RNAs, 
typically 18–22 nucleotides in length that regulate gene expression by binding 
to the 3′-UTR of the target mRNAs. Their conservation in different species is 
suggestive of their physiological importance and an indication of their participation 
in the essential biological processes. Except for the rapidly evolving RNA Pol III 
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transcribed miRNA clusters, all the miRNA genes are transcribed by RNA Pol II in 
the nucleus. The primary transcript of a microRNA gene is called the primary miRNA 
(pri-miRNA), and in most of the cases, it possesses a single 70-nucleotide-long 
hairpin, a 5′ cap, and a 3′ poly (A) tail. The pri-miRNAs are processed by the nuclear 
processor complex (Drosha and its cofactor DGCR8) into ~60-nucleotide precursor 
miRNA called as the precursor miRNA (pre-miRNAs). The pre-miRNAs are trans-
ported into the cytoplasm by the Ran-GTP-dependent exportin-5 transporter. In the 
cytoplasm, the pre-miRNAs are cleaved into ~21–25 nucleotide mature miRNAs by 
the riboendonuclease called Dicer. In the fi nal step of miRNA biogenesis, one of the 
strands of the 22-nucleotide miRNA duplex is incorporated into a ribonucleoprotein 
complex, called miRNA-induced silencing complex (miRISC). The miRISC 
targets the specifi c mRNA and the specifi city of the target selection is determined 
by the complementarity between the seed region (2–8 nucleotides from 5′ end) 
of the miRNA and its target site in the 3′-UTR of the mRNA. The binding of the 
miRISC to the target mRNA results either in the mRNA cleavage or the  translational 
repression. 

 Growing evidence shows that microRNAs (miRNAs) regulate various develop-
mental and homeostatic events in vertebrates and invertebrates. Recently, miRNAs 
have emerged as important regulators in various developmental, physiological, 
and pathological conditions such as tumorigenesis, viral infection, and cell 
differentiation. 

 The role of miRNAs in connexin expression regulation has been recently 
investigated, and the data indicates that connexins are the candidate genes for the 
miRNA- mediated regulation. The role of miRNAs in regulating connexin expres-
sion has been studied with reference to Cx43. miRNA analysis indicated that Cx43 is 
the major target of various miRNAs as compared with the other gap junction proteins. 
The interplay of miRNAs and connexin regulation has important physiological 
and pathophysiological signifi cance. This was fi rst demonstrated in osteoblast 
differentiation. Expression of Cx43 is regarded critical for the proper differentiation 
of osteoblasts and bone formation. During the bone differentiation process, the 
expression of Cx43 is increased, and this upregulation has been correlated with 
the concomitant decrease in the miR-206. Subsequent studies have shown that the 
miR-206 binds the 3′-UTR of Cx43 mRNA and brings about the translational 
downregulation. These observations were further confi rmed by the over-expression 
of miR- 206 in osteoblasts that results in the suppression of their differentiation. 
Moreover, knockdown of miR-206 in the osteoblasts depicted enhanced cellular 
differentiation. Interestingly, transgenic mice expressing miR-206 in osteoblasts 
possessed underdeveloped bone formation with low bone mass. Furthermore, it has 
been demonstrated that during the differentiation of C2C12 myoblast cells into 
multinucleate myotubes, miR-206, miR-1, and miR-133 play important roles by 
decreasing the levels of Cx43. It has been demonstrated that the miR-206 and miR-1 
can bind the 3′-UTR of Cx43 and downregulate its translation. 

 Besides their involvement in various physiological processes, many disease 
conditions have further highlighted the importance of miRNAs in regulating 
connexin expression. For example, it is well known that the expression of Cx43 
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is substantially increased in response to hypertrophic stress in cardiomyocytes. 
The up- regulation of Cx43 has been signifi cantly correlated with the downregulation 
of miR-1 in the hypertrophic heart samples. In fact, it has been established that the 
binding of miR-1 and the downregulation of miR-1 leads to increased translation of 
Cx43 mRNA. Besides being the    direct target of miRNAs, the connexin-formed gap 
junction channels have been demonstrated to constitute an important route for the 
intercellular traffi cking of miRNAs. Hence, gap junctional communication provides 
an important route for the transfer of small regulating RNA molecules to the neigh-
bouring cells for maintaining cellular homeostasis.    

8.2 MicroRNAs (miRNAs) and Translational Regulation
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    Chapter 9   
 Interaction Partners of Connexin Proteins 

                    For the functioning of proteins, they need be placed at a proper location in the cell. 
Connexins, being the membrane proteins, are to be delivered to the membrane for 
the assembly and establishment of gap junction communication. However, connex-
ins are known to be multifunctional proteins, and the mere formation of gap junc-
tion communication does not explain all the potential functions infl uenced by the 
connexins. In addition to the gap junction communication, connexins are part of 
various protein complexes, which control various physiological processes of the 
cell. Thus, connexins not only help in intercellular communication but also mediate 
intracellular communication by interacting with many other proteins. The number 
and diversity in connexin-associating partners has increased steadily over the past 
years, implicating the importance of these interactions for the proper functioning of 
gap junctions. Below are discussed the various interaction partners of connexins and 
the role of these interactions in regulating various cell functions. 

9.1     Cytoskeleton Proteins 

 For the transport and proper docking of connexins to the membrane, they need to 
interact with various cytoskeletal proteins. This interaction is also important for the 
turnover of connexin proteins. Various cytoskeleton interaction partners of connex-
ins include microtubules, actin, α-spectrin, debrin, etc. 

 Microtubules are dynamic structural polymers consisting of tubulin proteins. 
Cx43, being one of the major connexins, is known to interact with microtubules. The 
C-terminal domain of Cx43 has been found essential for the interaction. The amino 
acids in the C-terminal domain, which are critical for this interaction, have been 
mapped from 234 to 243 with the sequence of KGVKDRVKGL. Cx43 binds directly 
to α- and β-tubulin and that microtubules at the cell periphery co-localize with Cx43-
based gap junctions. Based on multiple alignment studies, similar kinds of domain 
have been mapped in the Cx41 and Cx46. The interaction of connexin proteins with 
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microtubules is essential in allowing direct transport of newly synthesized connexin 
hemichannels to the plasma membrane. Microtubules also interact with other junc-
tional molecules such as cadherins, which allows increased specifi city in targeting the 
connexins to the adherens junction, and this directs the delivery of newly synthesized 
connexins to areas of pre-existing adherens junctions. 

 Actin is the major cytoskeletal protein, and studies have revealed that Cx43 and 
actin co-localize in various cell types. Moreover, membrane cytoskeletal protein 
α-spectrin has been shown to co-immunoprecipitate with the gap junction. Another 
cytoskeletal protein, which has been found to interact with Cx43, is Drebin. Drebin 
is known to be involved in mediating cell polarity, and interestingly, studies have 
shown that Cx43 mediates cell migration. Whether the interaction of Cx43 with 
debrin is essential for mediating cell polarity and cell migration needs to be ascer-
tained. In general, the interaction of connexin with the cytoskeletal proteins plays an 
important role in the life cycle of connexins by stabilization of gap junction proteins 
at the membrane and their internalization.  

9.2     Junction Proteins 

 The gap junction proteins have been usually mapped in the region of plasma mem-
brane where other junctional proteins exist. Thus, there exists a close association 
between the connexins and other junctional proteins. Both direct and indirect inter-
actions of connexins with other junctional proteins have been demonstrated. The 
interaction between connexins and other junctional proteins is regarded to be essen-
tial for connexin assembly, traffi cking, turnover, and channel gating. Hence, these 
interaction partners of connexin are critical for regulating the connexin life cycle, 
including membrane insertion, localization, and gap junctional plaque formation. 
At the plasma membrane, various junction proteins are known to interact with con-
nexins, and these include Zonula occludens-1 (ZO-1), zonula occluden-2 (ZO-2), 
Occludin, Cadherins, and Catenins. 

 Zonula occludens-1 (ZO-1) and zonula occluden-2 are tight junction membrane- 
associated guanylate kinase proteins and are involved in the organization and traf-
fi cking of gap junctions. ZO-1 and ZO-2 interacts with the C-terminal domain of 
Cx43, and this interaction is mediated by the second PDZ domain of ZO-1. Similarly, 
studies have indicated that Cx45 interacts with ZO-1, and this interaction is medi-
ated in a similar manner as that of Cx43. ZO-1 being a scaffolding protein can bind 
many other proteins, thus, increasing the potential of interaction partners of Cx43 
with other proteins. Interestingly, the association between Cx43 and ZO-1 increases 
during certain conditions. For example, cardiac Cx43 gap junction remodelling 
occurs during cardiac development and in certain pathophysiological conditions. 
Moreover, the preferential interaction of Cx43 either with ZO-1 or with ZO-2 is 
determined by the stage of cell cycle. Connexin 43 interacts preferentially with 
ZO-1 during G0 stage, whereas the interaction with ZO-2 is preferred during the 
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other stages of cell cycle. Based on the homology studies, the PDZ domain has been 
found to be present in other connexins, thus raising the potential of other connexins 
to interact with ZO-1/2. 

 Occludin is a transmembrane protein and has been found to co-localize with gap 
junction plaques. Freeze-fracture and co-immunoprecipitation studies have con-
cluded that the Cx32 is a potential interaction partner of occludin. Similarly, Cx26 
has been reported to interact with occludin. Interaction of connexins with occludin 
is regarded essential for the proper assembly of connexin at the membrane. 

 Adherens are another class of junctional proteins, which form close associations 
with the gap junction proteins. Many functions of gap junctions, like cell prolifera-
tion and cell growth, are thought to be mediated by forming functional associations 
with adherens. Moreover, adherens are regarded to modulate the assembly of con-
nexins at the cell membrane. Thus, based on these functional links, it is presumed 
that adherens form important interaction partners of connexins. One such important 
interaction partner of Cx43 is β-catenin. β-catenin is a multifunctional protein, 
 having both membrane and nuclear localization properties. β-catenin has both cell 
adhesion characteristics and transcriptional properties. Cx43 interacts with β-catenin 
and co-localizes mainly at the cell membrane. Both β-catenin and Cx43 play a role 
in cell growth, and the interaction of β-catenin with Cx43 is regarded as one of the 
mechanisms used by Cx43 in regulating cell growth. Besides Cx43, other connex-
ins, like Cx26 and Cx32, have been shown to interact with the α-catenin. Similarly, 
it is established that the Cx30, Cx32, and Cx43 associate with both α-catenin and 
β-catenin in mammary epithelial cells. Studies have shown that this interaction is 
important for sequestering β-catenin away from the nucleus in differentiation per-
missive conditions. Besides the role of connexin–catenin interaction in regulating 
cell growth and differentiation, studies suggest that the interaction of α-catenin with 
connexins is critical for the assembly and traffi cking of the gap junction proteins to 
the membrane. 

 Additionally, co-immunoprecipitation and co-localization studies have shown 
that N-cadherins are another type of adherens proteins that interact with Cx43. This 
association is regarded to be critical for the gating of Cx43 channel, as mice lacking 
N-cadherins show decreased cell coupling.  

9.3     Enzymes 

 As mentioned previously, connexins are the target of various post-translational 
modifi cations, and among these, phosphorylation is the most prominent one. 
Most of the connexins are phosphoproteins and thus are the target of various 
kinases and phosphatases. The dynamics of phosphorylation and dephosphoryla-
tion regulates various aspects of connexin functions, like gating, interaction with 
other proteins, assembly and degradation, cell growth and differentiation, etc. 
For carrying out phosphorylation and dephosphorylation, it is imperative that 
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connexins interact with various kinases and phosphatases. Various kinases are 
known to target connexins in general and alter their function. These kinases 
include tyrosine kinases and serine/threonine kinases. 

 The tyrosine kinases are the enzymes that phosphorylated the tyrosine residues 
in the target proteins. Various signalling molecules activate these kinases, and the 
majority of these are the growth factor signalling molecules. The binding of the 
signalling molecules to the receptor tyrosine kinases (RTKs) activates their intrin-
sic tyrosine kinase activity, which in turn results in the phosphorylation of the 
tyrosine residues present on the cytosolic face of these receptors. This trans-phos-
phorylation event of the receptor subunits and/or the associated proteins is known 
as trans- autophosphorylation. The intracellular signalling proteins that bind to 
phosphotyrosine residues on activated receptor tyrosine usually share two highly 
conserved non-catalytic domains called SH2 and SH3 (SH stands for Src homol-
ogy regions 2 and 3 because they were fi rst found in the Src protein, which has a 
role in cancer). It has been demonstrated that Cx43 is the target of various tyrosine 
kinases and one such known kinase is v-Src. In the  Xenopus  oocytes, mutation of 
the putative v-Src phosphorylation site in the Cx43 results in lack of gap junction 
closure by v-Src. It has been shown that the phosphorylated Tyr265 in Cx43 forms 
a docking site for the SH2 domain of v-Src and the SH3 domain of v-Src can bind 
to a proline-rich stretch in Cx43. In addition, Tyr247 can be phosphorylated by 
v-Src. The phosphorylation of Cx43 Tyr247 leads to the channel closure. Moreover, 
phosphorylated Cx43 binds to c-Src via the SH2 domain, competing with ZO-1 
binding to the connexin protein. 

 The involvement of serine/threonine kinases in gap junction regulation has also 
been well documented. For example, PKC acts on Ser368 of Cx43, resulting in 
inhibition of gap junctional intercellular communication (GJIC). Interestingly, 
PKCε, which is implicated in inhibition of GJIC downstream of the fi broblast 
growth factor-2, is also known to co-immunoprecipitate and co-localize with 
Cx43 in cardiomyocytes. However, an upregulation of GJIC occurs by PKCα con-
comitant with Cx43 phosphorylation, and as such, maximal Cx43 phosphorylation 
and GJIC are observed during mammary gland differentiation and lactation. 
Moreover, Cx26, 32, and 43 are regulated by MAP kinases during differentiation of 
rat mammary epithelial cells. Interestingly, MAPK interact with Cx43 and mediate 
its phosphorylation; however, the effect of this phosphorylation on gap junction gat-
ing and function remains controversial. The seemingly contradictory effects of 
PKCs on Cx43 and GJIC likely refl ect the complexity of channel regulation, where 
it may regulate and alter the permeability of gap junctions and hemichannels. 

 The phosphorylation of the connexins by various kinases demands that these 
events need to be regulated by dephosphorylating the target connexins. This action 
is mediated by the specifi c phosphatases. To perform such kind of reactions, the 
phosphatases need to interact with various connexins. In fact, numbers of interac-
tion partners of connexins are the serine/threonine and tyrosine phosphatases. The 
role of serine/threonine phosphatases is to limit gap junctional conductance. These 
effects of phosphatases have been observed in cardiac myocytes upon conditions 
of hypoxia or metabolic starvation and also upon stimulation of T51B rat liver 
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epithelial cells with EGF. Similarly, phosphatases have been shown to function 
upon treatments of cells with known gap junction inhibitors such as 
18-β-glycyrrhetinic acid and 2,3-butanedione monoxime. On the other hand, tyro-
sine phosphatases have a role in enhancing GJIC, as inhibition of the activity of 
these enzymes signifi cantly decreased GJIC in various cell types.  

9.4     Other Proteins 

 Besides the associating proteins discussed so far, other interacting connexin part-
ners are known to interact with connexins either directly or indirectly. These include 
plasma membrane ion channels, membrane transport proteins, receptors, aquapo-
rin- 0, and acetylcholine receptors. Various connexins have also been shown to inter-
act with calmodulin, which has been implicated in control of connexin channel 
gating. Furthermore, the calcium-/calmodulin-dependant kinase II (CaMKII) inter-
acts with and phosphorylates Cx36 and mediates channel gating. CaMKII has also 
been shown to mediate enhanced gap junctional coupling, mostly through Cx43, in 
response to high extracellular K +  in mouse spinal cord astrocytes. Thus, this interac-
tion of connexins with CaMKII may have a general regulatory role in neuronal 
signal transmission, with a role in electrical coupling in addition to the defi ned role 
of CaMKII in chemical synaptic transmission. Other interactions include choles-
terol, which was shown to interact with gap junction channels in different ratios 
during fi bre cell differentiation in embryonic chicken lens. Moreover, Cx43 is 
known to translocate to mitochondria and interacts there with the heat shock protein 
90 (Hsp90) and translocase of the outer mitochondrial membrane (TOM). 

 Furthermore, we have recently shown that Cx43 interacts with an adenosine 
triphosphate- sensitive K +  channel (Kir6.1). Adenosine triphosphate-sensitive 
K + channels are the protein channels responsive to changes in ATP/ADP ratio and 
provide a means to couple movement of potassium ions, to relate membrane poten-
tial with cellular energy status. Both Cx43 and Kir6.1 are known for their role in cell 
protection during stress conditions. Moreover, studies have shown that Cx43 and 
Kir6.1 are part of the same signalling pathway that imparts protection during isch-
aemia preconditioning. Interestingly, it was shown that phosphorylation at Serine 
262 of Cx43 was indispensible for the interaction with Kir6.1. Studies have shown 
that the status of Cx43 phosphorylation is regulated in response to various physio-
logical functions and has been attributed to alter interaction of Cx43 with other 
proteins. Moreover, phosphorylation of Cx43 has been shown to be indispensable 
for various protective treatments such as ischaemic preconditioning.    
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    Chapter 10   
 Tissue Distribution of Connexins 

                    There are more than 20 known connexin proteins identifi ed in the human and mice 
genome. However, not all the 20 connexins are expressed in all the cells. The expres-
sion of connexins has been shown to vary between tissues. Some of the connexins, 
for example, Cx43, show wide tissue distribution and while others are restricted to 
a particular cell type or tissue. The tissue distribution of connexins demonstrates 
their relevance in executing tissue-specifi c functions. Although connexins show 
similar, topological features, there exists appreciable amount of variability among 
different connexins. The variability involved in connexins allows for a great deal of 
diversity in gap junction formation. Each gap junction appears to confer some 
specifi city for what type of molecules pass through it, based on either the charge or 
size of the molecule. Based on that specifi city, it seems likely that even small 
amounts of a particular gap junction with a unique composition of connexins could 
be important for the movement of a particular metabolite or set of metabolites. 
Identifying what connexins are present in a particular tissue, even if only in small 
amounts, could thus be crucial for understanding their roles in cell communication 
as well as cell adhesion. These subtle variations in connexins and hence gap junctions 
are crucial for performing specialized function of different cell types and tissues. 
In the following paragraphs, the tissue distribution and tissue-specifi c function of 
connexins will be discussed. 

10.1     Connexins in Vascular System 

 The vascular system is known to expresses many connexins, like Cx37, Cx40, 
Cx43, and Cx45. Both the smooth muscle cells and the endothelium cells express 
Cx37, Cx40, and Cx43. Using immunocytochemistry, Western blotting, and electron 
microscope studies, the presence of Cx37 and Cx40 has been unequivocally found 
in the endothelium. However, the expression of Cx43 in the endothelial cells is more 
controversial and appears to vary with vessel size, vascular region, and species. 
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In the smooth muscles, connexin expression is not that well defi ned as that of the 
endothelial cells. Expression of Cx43 and Cx40 in the smooth muscle cells has been 
described, and recently, Cx45 has been reported as well. Moreover, in some 
instances, Cx37 that is usually thought to be an endothelial connexin has also been 
reported in smooth muscle cells. Physiological signifi cance of connexins in the 
vasculature is to coordinate various functions by communicating between different 
cells. This communication between different cells of vasculature plays a central role 
in coordinating various cellular functions. Moreover, gap junctions formed between 
the smooth muscle and endothelium provide the pathway for the radial and longitu-
dinal communication in the vascular system. Physiological signifi cance of various 
vasculature connexins is briefl y discussed below. 

  Cx40:  The role of Cx40 has been demonstrated using Cx40 knock-out animals. 
Based on these studies, it has been shown that Cx40 is involved in the vasomotor 
tone regulation. Cx40-defi cient animals develop hypertension and depict irregular 
vasomotion. The occurrence of hypertension in these animals has been correlated with 
the reduced density of the endothelial gap junctions, mediated by Cx40. The role of 
Cx40 in regulating the blood pressure has been attributed due to the formation of 
gap junctions between the renal endothelial cells and the renin-secreting cells of the 
afferent arteriole. Thus, the intercellular communication between the endothelial 
cells and the renal renin–angiotensin system plays an important role in the regulation 
of blood pressure. Moreover, deletion of Cx40 results in the elimination of a very 
rapid, non-decremented component of axial conduction induced by electrical stimu-
lation or acetylcholine (Ach) stimulation. More studies are required to understand 
the molecular basis for this type of conduction. This will pave way for the development 
of various vasodilatation methods, enabling to communicate over long distances 
using Cx40 gap junction channels and thus might play a key role in the maintenance 
of vasomotor tone and blood pressure. 

  Cx45:  The role of Cx45 in the vasculature has been ascertained using Cx45- 
defi cient animals. Although    the Cx45-defi cient embryos show normal initiation of 
vasculogenesis, however, various defects are manifested, which include defective 
remodelling and organization of blood vessels and failure to form a smooth muscle 
layer surrounding the major arteries. 

  Cx37:  Although Cx37 has been shown to be expressed in the vascular smooth 
muscles, deletion of these connexins does not show any defective vasculature or any 
defect related to the blood vessel development. Interestingly, simultaneous deletion 
of Cx37 and Cx40 is lethal with acute vascular abnormalities. 

  Cx43:  Although Cx43 expression in vasculature is not that intense, it has been 
found to be important for the proper development of the vascular system. Cx43 
controls cell proliferation and migration, and its expression in the smooth muscle 
cells is induced during mechanical injury. The role of Cx43 in cell migration, after 
mechanical injury, has been corroborated in the cultured endothelial cells, which 
resulted in the increased expression of the Cx43 expression, with the downregula-
tion of the Cx37 expression, and no change in the Cx40. Moreover, endothelial 
cell-specifi c deletion of Cx43 causes hypotension, in contrast to the deletion of 
Cx40, which results in hypertension.  
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10.2     Connexins in the Heart 

 The heart is an electric organ and the expression of gap junctions in this organ is 
well suited for the physiological function of the heart. For the conduction of electric 
impulses in the heart, the intercellular gap junction channels between various cells 
are regarded indispensible. The presence of different connexins in the heart is crucial 
for the functional differences between various regions of the heart. Although the 
different connexins expressed in the cardiomyocytes form similar gap junction 
channels, these gap junctions also differ signifi cantly in their channel properties in 
accordance to the region where they express. 

 The gap junction channel properties in the cardiomyocytes are highly dynamic 
and are targets of modulation by several conditions, for example,  hypoxia/ischaemia. 
The short-term changes on the gap junctional conductance are mainly caused by 
phosphorylation. Moreover, the prolonged changes in the gap junctions are known 
to occur at the transcriptional level. Various growth-inducing factors, like epidermal 
growth factor (EGF), platelet-derived growth factor (PDGF), transforming growth 
factor b (TGFb), and tumour necrosis factor a (TNFa), are reportedly known to 
increase the expression of Cx43 in the neonatal cardiomyocytes. The increased 
expression has been attributed to the increase in the mRNA levels as well as in the 
decrease in the turnover of Cx43. 

 The expression of the connexins varies between different regions of the heart and 
during the development of the heart. Connexin43 (Cx43) constitute the major gap 
junction protein that is expressed in the cardiomyocytes of atrial and ventricular 
mammalian myocardium. In the mouse and rat, it is abundantly expressed in all the 
cardiac compartments with the exception of the sino-atrial (SA) and atrioventricular 
(AV) nodes, the His bundle, and proximal parts of both bundle branches, but it is 
expressed in more distal parts of the bundle branches. In humans, Cx43 is expressed 
in all parts of the ventricular conduction system. The role of the Cx43 in the normal 
functioning of the heart can be ascertained by the fact that many genetic alterations 
of the Cx43 in mouse lead to various abnormalities. For example, disruption of both 
the alleles of Cx43 in mouse embryos results in their death shortly after birth. 
The cause of death is due to the asphyxiation caused by the obstruction of right 
ventricular outfl ow. Moreover, Cx43 knock-out mice models have demonstrated the 
role of Cx43 during the development of the heart. The Cx43 null mice embryos 
show delayed looping of the heart tube and the formation of certain bulges, lined by 
smooth muscle marker cells. The abnormal bulges have been demonstrated to be 
formed due to the failure of cardiac crest cells to migrate to the tubular heart to form 
proper epicardium. The migratory failure of these cells has been attributed due to 
the lack of Cx43 gap junction communication. These studies have been corrobo-
rated by the transgenic mice that over-express Cx43 and show increased migration 
of cardiac crest cells, while the mice expressing low levels of Cx43 showed 
decreased migration of these cells. In addition, Cx43 null mice show abnormal 
development of coronary arteries and have reduced diameter, decreased expression 
of myosin, etc. A similar kind of manifestation has been observed in various human 
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cardiac abnormalities, including the coronary artery anomalies. Interestingly, various 
genetic mutations in human Cx43 have been associated with various coronary artery 
abnormalities, and the defi ciency of Cx43 in the ventricular cardiomyocytes has 
been associated with arrhythmias and sudden death. One of the common conditions 
associated with the embryos of Cx43 null mice−/− is the arrhythmias, and when 
these hearts are exposed to acute ischaemia, they show high frequency of ventricular 
tachyarrhythmias as opposed to heterozygous Cx43+/− mice. Thus, reduction of 
Cx43 expression, and consequently the electrical coupling, may play a critical role 
in ventricular arrhythmogenesis. Remodelling of Cx43, during acute ischaemia, is 
known to be the primary cause of developing arrhythmogenesis. 

 The Cx40 is expressed in the fetal and neonatal ventricles; however, its expres-
sion goes down drastically during the adult stages. Low levels of Cx40 expression 
have also been found in the SA node and AV node. Cx40 is involved in the 
 propagation of electrical impulse from the atria to the ventricles. The role of 
Cx40 has been ascertained using knock-out mice. Mice heterozygous for Cx40 
deletion possess similar electrophysiological properties as compared to wild-type 
mice. However, Cx40 KO null mice (Cx40−/−) show many electrophysiological 
disturbances. For example, the Cx40 KO mice exhibit disturbed cardiac infl ux 
propagation at various levels of the CCS and an increased incidence of inducible 
atrial arrhythmias. The disturbances of impulse conduction are in agreement with 
the expression localization of Cx40 in the AV node, the His bundle, and the bundle 
branches. In addition to the alterations of the electric activity, Cx40 KO mice show 
other cardiac malformations. These defects include atrial and ventricular septation 
and in some cases hypertrophy. Moreover, deeper analysis of Cx40 heterozygous 
newborn mice showed bifi d atrial appendages, ventricular septal defects, tetralogy 
of Fallot, and aortic arch abnormalities, whereas the Cx40 KO (Cx40−/−) mice 
showed double- outlet right ventricle, tetralogy of Fallot, and partial endocardial 
cushion defects. The defects in Cx40−/− indicate that Cx40 has a role in septum 
formation and in other cardiac development events. The expression pattern of 
Cx40 in the human heart is similar to that of the mouse heart. Thus, it is expected 
that the alterations in the Cx40 expression in humans will have similar consequences 
as that of Cx40 KO mice. Interestingly, dominant mutations in the transcription 
factors Tbx5 and Nkx2.5 that regulate the expression of Cx40 result in alterations in 
the cardiac electrophysiological and morphological phenotype resembling that of 
the Cx40- defi cient mice. 

 As far as Cx45 is concerned, its expression has been observed in the SA node, 
AV node, and the ventricular conduction system. Moreover, low levels of expression 
have been also reported from the atria and the ventricles. The importance of Cx45 
can be gauged by the observation that the Cx45 KO mice (Cx45−/−) die in utero on 
day 10.5 pc. The death is known to be caused by the defective vascular development 
and the block in the atrioventricular conduction. The Cx45 is regarded essential for 
the embryonic heart development. During the early stage of development, Cx45 
expression is seen in most of the cardiac compartments, and in the later stages, its 
expression goes down and remains specifi c to particular regions. Hence, in adult 
heart, Cx45 expression remains confi ned to SA node and inter-ventricular septum.  
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10.3     Connexins in the Nervous System 

 Connexins were fi rst described as the important molecular components of the 
electrical synapses in the central nervous system (CNS). Connexin expression is 
widely distributed in the central nervous system. Besides forming electrical 
synapses, connexins are also important as far as other physiological functions of 
the brain are concerned. In the following paragraphs, expression and functional 
analysis of different connexins in different cell types of the central nervous system 
will be discussed. 

10.3.1     Neuronal Connexins 

 Different techniques were instrumental in ascertaining the number of connexins, 
which are expressed in different regions of the central nervous system (CNS). Of 
these, electron microscopy and immunocytochemistry were very helpful in providing 
insights about the expression of different connexins in diverse regions of the 
CNS. Furthermore, with the use of different antibodies raised against various con-
nexin proteins, it was possible to immuno-detect various connexins in the different 
regions of the CNS. Until now, more than eight different connexins has been 
detected in different neuronal cell populations. Cx32 is one of the major neuronal 
connexins expressed in the neurons. Moreover, Cx26, Cx36, and Cx43 have been 
detected in different neuronal subpopulation. Connexins have been shown to be 
widely expressed in different regions of the brain. These regions include the hypo-
thalamus, striatum, inferior olive, hippocampus, olfactory bulb, retina, cerebral 
cortex, and cerebellum. Generally, it is regarded that the mature brain expresses less 
connexins as compared to the developing brain and there is a progressive decrease 
in connexin expression and gap junctional intercellular communication (GJIC) with 
the maturation of brain, although neuronal coupling persists in many brain regions 
in adults. Thus, it is regarded that there exists an inverse correlation between the 
connexin expression and neuronal differentiation. The observation is suggestive that 
gap junctional communication between different cells of the central nervous system 
allows passage of different signalling molecules between neurons and thus regulates 
the neuronal differentiation. Besides specifi c expression of connexin in different 
regions of the brain, there also exists neuronal specifi city of connexin expression. 
Connexin expression and gap junction communication has been found to exist in 
different neuronal cell types, like cerebellar basket cells, pyramidal cells in cerebral 
cortex and hippocampus, medium spiny neurons in the striatum, dopaminergic 
neurons in the substantia nigra, and motor neurons in the spinal cord. Moreover, the 
GABAergic interneurons are interconnected through electrical synapses, and this 
includes interneurons from the cerebral cortex, cerebellum, and striatum and reticular 
neurons from the thalamus. Pyramidal cells of CA1 and CA3 regions of the hippo-
campus communicate with each other using ultrafast axo-axonal coupling, and this 
is achieved using gap junction communication mediated by connexins.  
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10.3.2     Glial Connexins 

 In the CNS, glial cells outnumber the neuronal cells, and most of the glial cells are 
coupled through the gap junctions. Connexin expression remains more or less 
consistent in the glial cells during the development stages and persists through-
out the differentiated stage. Connexin expression in various glial cell types is 
discussed below. 

10.3.2.1     Astrocytes 

 Astrocytes are the star-shaped glial cells with long processes. The syncytial 
organization of astrocytes is maintained through the gap junction communication. 
The interconnection of the astrocytic organization can be appreciated by injecting a 
low molecular weight tracer, like lucifer yellow, into a single astrocyte, and within 
no time, the dye appears in around 100 astrocytes. Using various gap junction-
specifi c inhibitors, like carbenoxolone, the dye spread remains restricted to the 
injected astrocytes, thus confi rming the role of the gap junction communication in 
maintaining the astrocytic organization. The presence of high abundance of gap 
junctions in the astrocytes allows direct intercellular diffusion of ions, nutrients, and 
signalling molecules between these cells. Cx43 is the most abundant connexin 
expressed in the astrocytes and thus constitutes the major connexin contributing 
to the gap junctional communication of the astrocytes. Moreover, low levels of 
Cx30, Cx40, and Cx45 have been also detected in the astrocytes. Cx43 expression 
in astrocytes starts very early during development, and the levels increase progres-
sively during the adult stage.  

10.3.2.2     Oligodendrocytes 

 Oligodendrocytes constitute the myelin-forming cells of the central nervous system 
and are known to possess gap junctions. One of the major connexins expressed 
in the oligodendrocytes is Cx32. Moreover, Cx45 has also been detected in 
the oligodendrocytes. Immunofl uorescence studies have shown that the Cx45 is 
expressed mainly in the cell soma and proximal processes of oligodendrocytes 
localized in the white and grey matter. Recently, a novel gap junction protein 
called Cx29 was detected in the oligodendrocytes. The expression of different 
connexins in the oligodendrocytes is indicative of the presence of heterologous 
gap junctions between the oligodendrocytes. In fact, the presence of homologous 
gap junctions between the oligodendrocytes is still debated, and accumulating 
evidence indicates that the majority of gap junctions in oligodendrocytes are 
heterologous.  
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10.3.2.3     Microglial Cells 

 Microglia belongs to the class of glial cells that provide macrophagic function in 
the brain and spinal cord. The microglia constitutes the fi rst line of immune 
defence in the central nervous system (CNS). The microglia constitutes 10–15 % 
of the total glial cell population within the brain. Under normal conditions, the 
microglia acquire a specifi c ramifi ed morphological phenotype termed “resting 
microglia”. Microglia provides scavenging function in the CNS against damaged 
neurons and infectious agents. The microglia perform an important function in 
the CNS by acting as antigenic presenting cells and thus activating various 
immune cells. Microglial cells are considered the most susceptible sensors of 
brain pathology. Upon any detection of signs for brain lesions or nervous system 
dysfunction, microglial cells undergo a complex, multistage activation process 
that converts them into the “activated microglial cell”. For the activation, the 
microglia utilizes various communication mechanisms, and one such signalling 
communication is provided by the gap junction channels. Thus, it is regarded that 
the microglia uses gap junctional communication as an important means to 
achieve the activation state induced by specifi c factors in their microenvironment. 
Connexin expression in the microglial cells has been well documented. The 
expression of connexins in the microglial cells is highly dynamic. In the normal 
adult rat cerebral cortex, less than 5 % of microglial cells are found to be Cx43 
immuno-reactive. Moreover, the in vitro cultures of microglial cells show low 
levels of diffused Cx43 levels. However, in both cases, Cx43 expression dramatically 
increases after the activation of microglial cells. The activation under in vivo 
conditions can be caused by the stab wound, while in culture after treatment 
with infl ammatory cytokines. Moreover, under culture conditions, treatment with 
cytokines also shows increased cytoplasmic to membrane localization of the 
Cx43 and thus increased connectivity between the activated microglial cells by 
gap junctions. Besides Cx43, it is regarded that other con nexins mediate gap 
junctional communication between the microglial cells. These observations are 
based on the fact that the microglia of Cx43 null mice retain the capability of gap 
junctional communication.  

10.3.2.4     Ependymal Cells 

 Ependymal cells are the specialized glial cells that form the lining of the ventricles 
and cerebral aqueducts. These cells are highly coupled with the gap junctions. 
Ultrastructural details of the ependymal cells show numerous gap junctions, with 
smaller gap junctional plaques localized at the apical margins and the larger plaques 
at the lateral membranes between the apposed cells. The effi cient coupling is impor-
tant for the synchronized activity of ciliated ependymal cells. Connexin proteins that 
are specifi c to the ependymal cells are Cx26 and Cx43.  
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10.3.2.5     Meningeal Cells 

 The CNS is surrounded by three protective connective tissue sheaths of mesenchymal 
origin. Dura mater is the external meninge, whereas the two inner ones are the 
arachnoid and pia mater, or the leptomeninges, which send extensions into the 
neural parenchyma. Gap junctions are extremely abundant in the developing and 
adult meninges. Indeed, cultured leptomeninges are strongly coupled, even more 
than in astrocytes. Three connexin types, Cx26, Cx30, and Cx43, are expressed at 
high levels in meningeal cells which show strong punctate staining.   

10.3.3     Gap Junctions Between the Glial Cell Types 

 Besides forming gap junctions between its own cell types, numerous gap junctions 
are also known to exist between different glial cell types. For example, electron 
microscopy studies have indicated that there exist numerous gap junctions between 
astrocytes and oligodendrocytes. In addition, functional studies have demonstrated 
the occurrence of gap junction communication in the cocultures of astrocytes and 
oligodendrocytes. Gap junctions between these two glial cell types occur at specialized 
regions along the surface of these cells. The major connections occur between the two 
cell bodies, between soma and glial processes, and between astrocytic processes 
and the external foil of the myelin sheath of oligodendrocytes. The main connexins 
that contribute to these gap junctions are the Cx43 and Cx32.  

10.3.4     Gap Junctions Between the Glial Cells and Neurons 

 The existence of gap junction communication between glial cells and neurons is 
conditional rather than absolute. This type of heterocellular interactions occurs only 
under certain conditions. For example, in the cocultures of neurons and astrocytes, 
gap junction plaques are detected for a certain time window. During this time, it is 
regarded that the gap junctional communication is important for the neuronal 
differentiation. Although the connexins involved in this communication are not 
fully known, locus ceruleus glial cells express Cx26, Cx32, and Cx43, whereas 
neurons express Cx26 and Cx32. Accordingly, the formation of homomeric and/or 
heteromeric channels could be involved in heterocellular coupling. 

 The gap junctional permeability in neurons and astrocytes is highly dynamic. For 
the functioning of gap junctions in the brain in a dynamic manner, they are regulated 
by a number of bioactive molecules. Similar to other tissues, gap junctions in 
the CNS are subjected to long- and short-term regulation. Long-term regulation 
occurs over hours or days and operates at the transcriptional level. This is associated 
with changes in the expression of connexins and thus the number of junctional 
plaques. Short-term regulation occurs in minutes and deals with changes in opening 
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probability, time of opening/closure, and/or unitary conductance of functional channels 
already in place at gap junctions. Moreover, changes in the rate of gap junction 
internalization and connexin degradation may also occur. In addition, connexin 
expression and hence gap junctional communication in the astrocytes and in 
neurons is regulated by neurotransmitters, growth factors, peptides, cytokines, and 
endogenous bioactive lipids. Thus, like chemical synapses, electrical synapses, 
mediated by gap junctions in the brain, are subjected to some plasticity and are 
tightly modulated by neuronal products and secretions from other brain cell types, 
such as glia (astrocytes, microglia) and endothelial cells. Hence, it is suggested that 
any abnormal release of these compounds or signals results in the change of connexin 
expression. These changes are often responsible for various pathophysiological 
disorders of the brain. Numerous bioactive compounds, like monoamines, excitatory 
and inhibitory amino acids, and their derivatives, are known to regulate the gap 
junctional communication. The effect of bioactive amines is mediated through the 
generation of various secondary messengers and protein kinases, and these actions 
can be mimicked by direct activation of several transduction signalling pathways 
using various agonists. The use of various agonists and antagonists and their 
effect on the gap junctional communication has paved way for using various gap 
junction-specifi c drugs. In fact, alteration of gap junction communication between 
neurons has been observed in vivo after applying antipsychotic drugs or amphetamine 
withdrawal, suggesting that electrical synapses and neuronal connexin are considered 
as potential targets for drug therapies. Moreover, like chemical synapsis, synaptic 
effi cacy at electrical synapses is potentiated using various signalling inputs. For 
example, use of electrotonic transmission at excitatory inputs to the goldfi sh Mauthner 
cell exhibits a long-term potentiation due to an increase in gap junctional conductance 
produced by a stimulation paradigm similar to that used in the hippocampus.  

10.3.5     Functions of Neuronal Connexins 

10.3.5.1     Electrical Transmission 

 The gap junction formed by the neuronal connexins is called the electric synapses. 
Most of the electrical synapses analyzed are characterized by their bi-directionality, 
voltage dependency, and a low average coupling coeffi cient. Electrical synapses are 
effi cient in transmitting pre-potential spikes and after hyperpolarization phases, as 
compared to a single action potential. Electrical synapses act as low-pass fi lters, and 
their cut-off frequency explains the functional involvement at the neuronal network 
level. There are instances in the CNS where electrical and chemical synapses 
coexist and modulate each other’s function. For example, coexistence of electrical 
and chemical synapses in inhibitory neuronal networks allows for enhanced timing 
of spike transmission (1–2 ms for mixed synapses versus 10–20 ms for electrical 
coupling alone). Electrical synapses are known to contribute to several functional 
network properties of the brain, like spike synchronization and network oscillations, 
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coordination and reinforcement of postsynaptic inhibitory potentials, and the 
detection of coincidence in the inhibitory networks. Electric synapses play a role in 
the gamma oscillation of the brain, and these are mediated by the Cx36. Targeted 
deletions of Cx36 show reduced synchrony of gamma oscillations (30–70 Hz) in the 
neocortical slices. However, ultrafast oscillations or “ripples” (~150 Hz) remained 
unaffected in such knock-out animals. Other connexins are known to be part of the 
electric synapses and play role in various physiological functions of brain. Besides 
their electrical role at neuronal synapses, gap junctions are also important for the 
metabolic and biochemical coupling by allowing the passage of various molecules. 
This contribution of gap junctions to non-synaptic interactions between neurons 
involves the passage of low molecular weight signalling molecules, such as sec-
ondary messengers (cyclic nucleotides), amino acids (glutamate), and metabolites 
(glucose, lactate). Passage of signalling molecules is regarded important for the 
proper maturation of the developing brain. For example, the passage of inositol 
trisphosphate (IP3) through the gap junction of developing visual cortex neurons is 
important for coordinating their neuronal activity.  

10.3.5.2    Homeostasis 

 Besides electrical transmission, gap junctions are critical for the neuronal homeostasis. 
During neuronal activity, increased concentration of potassium [K + ] in the external 
environment of neurons can induce shrinkage of the glial cells. Glial cells maintain 
the normal neuronal activity by rapid withdrawal of the increased potassium con-
centration from the extracellular environment. Glial cells achieve this potassium 
buffering by having gap junctions between themselves. Thus, gap junctions constitute 
an intercellular pathway that transfers K +  from areas of high concentration to those 
having lower concentration. Gap junctions in the astrocytes are also involved in the 
homogenization of intracellular ionic concentrations. Inhibition of gap junction in 
cultured astrocytes results in the imbalance of intracellular Na +  concentration.  

10.3.5.3    Energy Supply to Neurons 

 Gap junctions form channels through which various metabolites can easily pass. 
Glucose, glucose-6-phosphate, and lactate are well known to pass through the 
astrocytic gap junction channels. Astrocytes contain long processes that link the 
endothelial cells of blood capillaries at one end with the neuron at the other end. 
The astrocytes form important intracellular pathways for the transfer of energy 
metabolites from blood to neurons. Gap junctions contribute to these pathways by 
providing neurons with energy-producing compounds, since astrocytes are essential 
morphological intermediates located between blood capillaries and neurons. 
Moreover, during certain hypoxic conditions, high concentration of metabolites in 
the astrocytes provides important reservoirs to provide glucose and lactate to the 
neurons via gap junctions.  
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10.3.5.4    Neuroprotection 

 The role of gap junctions in protecting neuronal cells from ischaemic insults is well 
established. The neuroprotective role of the connexins has been established by the 
studies showing that the closure of gap junction channels by uncoupling agents 
results in the increased neuronal vulnerability to ischaemic insults. Moreover, in 
agreement with this hypothesis, Cx43 heterozygote knock-out mice, ischaemia 
induced by the occlusion of the middle cerebral artery shows a large infarct volume 
as compared to that observed in the wild-type mice. These studies confi rm the role 
of gap junctional communication in the neuroprotection. However, there are also 
some reports that the gap junction channels in the astrocytic network propagate 
death signals from the site of injury insults to other parts of the CNS.  

10.3.5.5    Regulation of Cell Volume 

 Regulation of cell volume is of primary importance for the normal functioning of 
the brain. Brain cells are endowed with the capability to regulate cell volume during 
certain pathophysiological conditions. Exposure of astrocytes to hyposmotic solution 
results in transient changes in their cell volume. However, immediate response of 
the astrocytes to the hyposmotic conditions is associated with an increased conduc-
tance of the gap junctions. Moreover, astrocytes restore    their volume by losing ions 
and amino acids, and osmotically regulated water and gap junctional communication 
are important for such functions.  

10.3.5.6    Propagation of Intercellular Calcium Waves 

 It is well established that the astrocytes propagate intercellular Ca 2+  waves over long 
distances in response to stimulation and, similar to neurons, release transmitters, 
called “gliotransmitters”, in a Ca 2+ -dependent manner. Calcium signals and the 
occurrence of calcium waves in astrocytes provide these cells with a specifi c form 
of excitability. Various lines of evidence have shown that there exist different 
pathways for the transmission of Ca 2+  waves in the astrocytes. Some of these involve 
the direct communication between the cytosols of two adjoining cells through gap 
junction channels, while others depend upon the release of gliotransmitters that 
activate membrane receptors on neighbouring cells. Gap junction-mediated trans-
mission of Ca 2+  waves was fi rst identifi ed in astrocytes. The conclusion was drawn 
from the use of gap junction communication inhibitors that impaired the Ca 2+  wave 
spread across the astrocytic network. This fi nding together with several other 
studies provided a strong basis in support of the view that the gap junction channels 
play a crucial role in the transmission of Ca 2+  signals between astrocytes. Besides 
playing a role in Ca 2+  wave propagation between the astrocytes, it is also established 
that the astrocytes signal to neurons through Ca 2+ -dependent release of glutamate. 
Various studies have indicated that the Cx43 and Cx32 have the ability to pass 
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intercellular Ca 2+  waves between the astrocytes and the neurons. Interestingly, studies 
have pointed the role of IP 3  that can pass via gap junction channels and thus initiate 
the release of Ca 2+  in the neighbouring cells. Thus, it is regarded that IP 3  per se and 
not Ca 2+  results in the direct propagation of Ca 2+  waves. Besides direct gap junctional 
communication, connexin hemichannel-mediated Ca 2+  wave initiation has also been 
proposed. However, the involvement of connexin hemichannels in Ca 2+  wave pro-
pagation is regarded to be indirect rather than a direct effect. It is proposed that the 
purinergic receptor-mediated ATP release is controlled by connexins and the release 
of ATP initiates Ca 2+  wave.   

10.3.6     Connexin Remodelling During Brain Pathologies 

 Various central nervous system-associated injuries and pathologies are associated 
with the modulation of gap junctional communication and connexin expression. 
The regulation of connexin expression during brain pathologies is a cause or 
consequence of such conditions and remains to be elucidated. In the following 
paragraphs, modulation of connexin expression in various brain pathological 
situations will be discussed. 

10.3.6.1    Brain Infl ammation 

 Brain infl ammation occurs under various conditions, which include traumatic injury 
and brain diseases such as multiple sclerosis, ischaemia, and Alzheimer’s disease. 
One of the hallmarks of brain infl ammation is a condition called reactive gliosis. 
Reactive gliosis results in the proliferation of glial cells (astrocytes and microglia) to 
lesion site and is characterized by the glial fi brillary acidic protein (GFAP)-positive 
astrocytes. In addition, these conditions are accompanied by the modulation of gap 
junction communication. Reactive gliosis has been associated with modulation of 
Cx43 expression in the astrocytes and hence the gap junction communication. 
Moreover, during certain brain diseases, like Alzheimer’s, an increased Cx43 
immunoreactivity is observed at sites containing amyloid plaques. Moreover, during 
infl ammation, activation of endothelin receptors by the endothelin results in the 
inhibition of gap junctional communication and hence propagation of calcium waves. 
Interestingly, during reactive gliosis, most of the components of the endothelin system 
(endothelin, endothelin receptors, endothelin-converting enzymes) are upregulated. 
In addition, an endothelin level is increased in several neurological disorders, such as 
Alzheimer’s disease, subarachnoid haemorrhage, and ischaemia. The astrocytic gap 
junctional communication is also modulated by the release of nitric oxide, produced 
by inducible nitric oxide synthase and prostaglandin (PGE2), produced by the 
cyclo-oxygenase activation. All of these compounds contribute to the glia-mediated 
neuro-infl ammatory response by affecting gap junction communication. The con-
clusion drawn from these observations suggests that during local infl ammation in 

10 Tissue Distribution of Connexins



51

the brain, pro-infl ammatory cytokines, endothelins, etc., regulate the gap junctional 
communication of the astrocytes. This has been corroborated by the downregulation 
of Cx43 in the astrocytes under infl ammatory conditions. Although the functional 
consequences of gap junction inhibition in the astrocytes during infl ammation are 
not understood fully, it is regarded that inhibition of gap junctional communication 
may restrict the passage of active molecules to neighbouring astrocytes. This will 
reduce the spread of apoptotic signals within astrocytic networks and thus isolate 
intact tissues from primary lesion sites. However, it is pertinent to mention here that 
under certain cell-damaging conditions, increase in the gap junctional communica-
tion is known to dilute the damaging signal and thus contribute to the bystander 
effect and hence decrease neuronal vulnerability to oxidative stress. Therefore, 
reactive astrocytes with modifi ed gap junctional communication are regarded as a 
key response in a dynamically changing environment that can modify neuronal 
functions and overall brain physiology.  

10.3.6.2    Epilepsy 

 Epilepsy is characterized by recurrent seizures and results from abnormal syn-
chronous fi ring of neurons. Typically, it originates in networks that under normal 
conditions generate local or large-scale synchronized oscillations. Multiple factors 
contribute to this activity, including strong recurrent excitatory connections, the 
presence of intrinsically burst generated neurons, and ion regulation. Gap junctions 
or electric synapses play a critical role in the generation and propagation of various 
oscillatory waves in the central nervous system. Simulation and modelling of neu-
ronal networks have supported the importance of GJIC in synchronized activity and 
how electrical coupling can modify frequency of oscillations and fi ring properties of 
neurons. Thus, gap junction-mediated electric synapses are crucial for synchrony 
and stabilization of bursting fi ring patterns of the neurons. The role of connexins 
or gap junctional communication has been demonstrated using various animal 
model studies. For example, Cx36-null mice show defi cient synchronous activity of 
inhibitory interneuronal networks in neocortex. Moreover, these mice show impaired 
hippocampal gamma (~30–80 Hz) oscillations. Similarly, Cx32 knock-out mice 
show myelination defects with neuronal hyper-excitability. Recently, it has been 
demonstrated that very fast neuronal oscillations (VFOs, 140–200 Hz) are involved 
in the generation of seizures. These very fast neuronal oscillations have been 
shown to immediately precede seizure onset. Interestingly, studies have indicated 
that the axo-axonal gap junctions are involved in the generation and propagation 
of high frequency oscillations. It has been found that a very small number of 
gap junctions linking neurons are required to produce the appropriate oscillatory 
activity. These studies were confi rmed by the electrophysiological detection of 
the axo-axonal gap junctions between CA1 pyramidal neurons. Moreover, in rat 
hippocampal, use of gap junction inhibitor carbenoxolone abolished very high 
frequency generated before epileptiform bursts. Similarly, in vivo evidence with the 
cat neocortex has shown that halothane (gap junction inhibitor) prevents the onset 
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of ripples observed during the epileptic seizures. These studies have confi rmed 
the potential of gap junction inhibitors as pharmacological agents that may prove 
effective anticonvulsants.  

10.3.6.3    Brain Ischaemia 

 Ischaemic brain injury is one of the major causes of neurological malfunctioning. 
Brain ischaemia can engulf the major portion of brain and hence is named as global 
ischaemia, or it can be localized, called as focal ischaemia. Global ischaemia is 
usually caused when the blood supply to the brain stops temporarily, due to either 
cardiac arrest or systemic circulatory collapse. The resulting insults are of short 
duration with little or no blood fl ow changes. In contrast, focal ischaemic injury 
usually occurs if the blood fl ow to a particular region of the brain decreases, thus 
affecting its functioning. Few of the major outcomes of the focal ischaemia is that 
the cellular energy is depleted within minutes, there is a sudden loss of specifi c 
brain functions, and a core of dying tissue, the “infarct”, develops. Besides neuronal 
damage, the ischaemic insult results in the swelling of astrocytes and malfunctioning 
of the glutamate uptake. Besides, the connexin expression in the astrocytes is 
modulated, and this results in the disturbed gap junctional communication. Since 
gap junction communication is pivotal for the normal functioning of neurons and 
brain homeostasis, hence, altered astrocytic gap junctions contribute to the neuronal 
death. Moreover, gap junction can act as a medium to propagate the secondary 
expansion of focal ischaemic injury. It has been observed that the astrocytic gap 
junctions remain open during ischaemia and mediate the propagation of cell death 
signals to the other parts of the brain. Modulation of gap junction communication after 
brain ischaemia is associated with the change in the expression of connexins. These 
changes can be either the upregulation of certain connexins or the downregulation 
of others. For example, in the hippocampus, global ischaemia induced an increase in 
Cx32 and Cx36 proteins, specifi c to the inhibitory interneurons of the CA1 region, 
whereas in CA3 region the expression of Cx32 and Cx36 in the neurons and the Cx43 
expression in the astrocytes remain unchanged. It has been proposed that the 
increase of Cx32 and Cx36 expression in CA1 region contributes to the survival of the 
GABAergic neurons and increases their synchronized inhibitory synaptic transmission. 
Similarly, ischaemia of the forebrain, induced by bilateral carotid occlusion, produced 
increased Cx43 immunoreactivity at sites of mild injury, whereas regions exhibiting 
severe ischaemic injury showed a decreased Cx43 immunoreactivity.    

10.4     Connexins in the Skeletal System 

 Skeletal systems have abundant gap junctions present in all the bone cells, with 
osteoblasts and osteoclasts having the highest number. The presence of abundant 
gap junctions in the bone cells is suggestive of their involvement in various bone 
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functions, including control of osteoblastic cell proliferation, differentiation, and 
survival. Although many connexins are known to express in the skeletal system, Cx43 
forms the most abundant gap junctions in the skeletal system. Other connexins, 
which are expressed in the skeletal system, are Cx45 and Cx46. Besides, Cx40 have 
been shown to be present in the developing limbs, ribs, and sternum, but its expression 
goes down with the maturations, and in the adult skeletal system, its expression is 
not documented. Cx43 being the highly expressed connexin in the bone, its biological 
importance in the skeletal development has been established by numerous studies 
using human and mouse genetics. Mutational studies in mice with germ line null 
mutation of Cx43 indicated the hypo-mineralization of craniofacial bones and a 
severe delay in ossifi cation of the axial and appendicular skeleton. In addition, 
numerous other skeletal abnormalities occur due to the absence of Cx43, like ossi-
fi cation defects and malformation of cranial ribs, vertebrae, and limbs. Moreover, 
osteoblast-specifi c deletion of Cx43 in the mice shows similar defects, excluding 
the craniofacial malformations or the ossifi cation defects. In humans, the linkage of 
mutation of Cx43 locus to the human disease called oculodentodigital dysplasia 
(ODDD) provides the strongest evidence for a critical role of Cx43 in skeletal 
development. The molecular mechanisms of Cx43 action on the bone metabolism 
are still not well understood. However, recent studies have indicated that Cx43 
mediate bone cell response to the hormonal stimulation. For example, the anabolic 
effect of parathyroid hormone (PTH) on the bone is attenuated in Cx43- defi cient 
mice. Further analysis has shown that Cx43 defi ciency results in the diminished 
production of PTH stimulated cAMP and hence decreased mineralization of the 
osteoblasts. In addition, as a mediator of hormonal stimulus, Cx43 also plays a role 
in the anabolic response to the mechanical stimulus. It has been observed that the 
mineral deposition rate at the mechanically stimulated endocortical surface of tibiae 
is signifi cantly reduced in the conditionally Cx43 deleted mice relative to wild-type 
animals. Besides the involvement of Cx43 in regulating various physiological 
aspects of bone metabolism, its role in mediating the effect of various skeletal 
pharmacologic agents has been proposed. For example, the inhibitory action of 
bisphosphonate and alendronate on the apoptosis of osteoclasts has been shown to 
require Cx43. It has been observed that the anti-apoptotic action of bisphosphonates 
is independent of Cx43 gap junction communication. However, the role of Cx43 
hemichannels has been proposed to be required for such effects. Cx43 is also known 
to modulate the expression of various genes in the osteoblastic cells. The transcription 
of α 1 (I) collagen and osteocalcin has been shown to be infl uenced by the expression 
of Cx43. Cx43 has been shown to exert its infl uence on the transcription of various 
genes by specifi c DNA promoter elements, known as “connexin response elements”. 
Similarly, Cx43 mediates its effect on the transcription of osteocalcin and α1(I) 
collagen genes through Cx43 response elements and the binding of Sp1/Sp3 tran-
scription factors. Cx43 regulate gene expression either directly or indirectly by 
altering various signalling pathways. In osteoblasts, Cx43 alters ERK signalling, 
and this in turn modulates gene transcription from osteoblast gene promoters via 
decrease of ERK-dependent phosphorylation of Sp1 with preferential recruitment 
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of Sp3 to connexin response elements. Cx43 also mediate the transduction of 
mechanical signals in the bone cells. It has been found that the mechano- transduction 
is mediated by Cx43 hemichannels. Interestingly, Cx43 hemichannels have been 
found active in the osteocytic cells, where they mediate fl uid fl ow-induced PGE 2  
and ATP release.  

10.5     Connexins in the Inner Ear 

 Connexin distribution in the ear is mostly restricted to the inner part of the ear. 
Several connexins have been identifi ed in the rodent ear, which include Cx26, 
Cx30, Cx31, Cx32, and Cx43. By analogy, most of these connexins have been 
identifi ed in the human ear. Of these, Cx26 is the physiologically most important 
connexins found in the inner ear. In the inner ear, connexins are localized in the 
epithelia and connective tissue of the cochlea, thus connecting these tissues with 
the gap junction network. In addition, gap junction plaques and intercellular gap 
junction communication exists in the organ of Corti. Besides forming homotypic 
gap junction, heterotypic gap junctions, formed of Cx26 and Cx30, have been 
identifi ed in the cochlear tissue. Gap junctional communication in the cochlear 
tissue is non-selective to ions, but there exists some sought of selectivity as far as 
passage of secondary messengers and other molecules are concerned. Besides 
intercellular gap junctions, functional hemichannels have been reported to exist 
in the organ of Corti. Hemichannels are involved in the uptake of large anionic 
molecules and under special circumstances release ATP to the extracellular space. 
The cochlea in the inner ear is the sensory organ that transmits sound signals. 
The cochlea contains many cells, which include epithelial cells, fi brocytes, and 
the sensory receptor cells called as hair cells. The cochlea has three compartments, 
namely scala media, scala tympani, and scala vestibule, and these are fi lled with 
two types of solutions. The scala tympani and scala vestibule contains perilymph, 
having ionic composition similar to that of extracellular solution, whereas the 
scala media contains endolymph, which possesses a high concentration of K +  
(150 mM). One of the important pro perties of endolymph is the high positive 
potential (+80 mV), termed as endocochlear potential. The endocochlear potential 
is produced by the stria vascularis, a two-layered epithelium forming the wall of 
the scala media. The cellular components    of the stria vascularis contain the 
potassium channel Kir 4.1 in the plasma membrane of intermediate cells and K +  
transporters in the basal membrane of marginal cells of the. The circulation of K +  ions 
from endolymph to perilymph is thought to be mediated by the gap junctional 
network between the supporting cells and epithelial cells on the basilar membrane 
and between the fi brocytes of spiral ligament and epithelial cells of stria vascularis. 
The importance of gap junction communication in the cochlea can be ascertained by 
the fact that its disruption leads to several forms of non-syndromic and syndromic 
deafness.  
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10.6     Connexins in the Endometrium 

 Gap junctional communication plays an important role for the proper functioning of 
the endometrium. Cx43 and Cx26 are the two major connexins which are expressed in 
the endometrium. Endometrium is highly dynamic in terms of its growth properties, 
having non-pregnant cyclic phases and a pregnant phase. Both Cx43 and Cx26 
play an important role during the cyclic phases of non-pregnancy and during early 
pregnancy. Cx26 and Cx43 expression during the cyclic phases of non-pregnancy is 
mostly at the transcriptional level, which is confi rmed by the increased levels of 
Cx43 and Cx26 mRNA, however with low amounts of the corresponding proteins. 
Just prior to the preimplantation stage, when the endometrium is ready to receive 
the embryo, the transcription of both connexins is downregulated. Maternal proges-
terone hormonal signal is regarded responsible for the transcriptional suppression of 
Cx43 and Cx26. Estradiol on the other hand upregulates the expression of Cx26 and 
Cx43. The decreased gap junctional communication during the early pregnancy is 
important for the differentiation of the receptive epithelium of the endometrium. 
Interestingly in rats and guinea pigs, the use of anti-progesterone drugs during the 
fi rst days of pregnancy has been shown to inhibit embryo implantation. With the 
growing pregnancy, an intimate contact between embryo and the endometrium is 
required for the successful outcome of the pregnancy. During placental formation 
and its penetration into the endometrium, connexin expression is upregulated and 
gap junctional communication is established between the endometrial and the 
placental cells. This intercellular communication, mediated by the gap junctions, is 
important for the successful implantation and the placental invasion. During implan-
tation, induction of gap junction connexins in the endometrium occurs in response 
to embryo recognition. The fi rst connexin whose expression is induced is Cx26, and 
this results in the decidualization of the stromal cells surrounding the implantation 
chamber. The implantation of the blastocyst is accompanied by the expression of 
Cx43. Thus, spatial and temporal expression of endometrial Cx26 and Cx43, in 
response to embryo recognition, is important for the successful implantation of the 
embryo. Embryo recognition by the endometrium is mediated by different signals, 
which include hormones, secondary messengers, growth factors, prostaglandins, 
and the mechanical stimulations. Additionally, Cx43 expression and the gap junction 
communication in the blastomeres of the embryo are important for compaction. 
In rat embryo, Cx31 has been shown to have similar spatio-temporal expression as 
that of Cx43. In the initial stage, both Cx31 and Cx43 show even distribution in the 
inner cell mass and the trophectoderm. However, during the later stages, Cx31 show 
expression in the cells of the ectoplacental cone, which invades into the maternal 
decidual tissue, whereas Cx43 shows expression in the embryo proper. During 
the differentiation phase, Cx26 expression is highly induced in the labyrinthine 
trophoblast and is responsible for the feto-maternal exchange. With the maturation 
of placenta, expression of Cx31 and Cx43 decreases with increasing trophoblast 
differentiation.  
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10.7     Connexins in the β Cells of Pancreas 

    The pancreas constitutes an important gland of the vertebrates. It is both an endocrine 
gland, producing several important hormones, including insulin and glucagon, and 
a digestive organ, secreting pancreatic juice containing digestive enzymes that assist 
in the digestion of nutrients in the small intestine. The endocrine part of the pancreas 
is made up of clusters of cells called islets of Langerhans. In humans, millions of 
these cells are dispersed in the pancreas and constitute 1 % of total volume of the 
pancreas. The islets of Langerhans play an important role in glucose metabolism 
and regulation of blood glucose concentration. The islets of Langerhans contain 
many different cell types, each specifi c for different functions. For example, α cells 
secrete glucagon hormone in response to the low blood glucose level, β cells secrete 
insulin in response to high blood glucose level, and δ cells secrete somatostatin that 
regulates the function of α and β cells. 

 β cells represent one of the important cell types of islets of Langerhans that 
perform crucial function of regulating blood glucose level by secreting an important 
hormone called as insulin. The clusters of the β cells require proper coordination for 
the secretion of insulin in response to high blood glucose level. This coordination 
integrates hundreds of β cells within each islet into a functionally homogeneous 
unit. β cells employ many mechanisms to achieve the proper coordination for the 
release of insulin. One of the important mechanisms for achieving the required 
coordination is the direct cell-to-cell coupling mediated by gap junction channels. 
Such channels help the cells to communicate with each other using various signalling 
molecules. The gap junction channels in the β cells are mostly made up of Cx36. 
Cx36 is a 321-amino acid protein with a long (99 amino acid) cytoplasmic loop 
containing an unusual stretch of 10 glycine residues and a short cytoplasmic 
COOH-terminal domain. The cytoplasmic loop and the carboxy-terminal domain of 
Cx36 contains potential recognition sites for various kinases, like casein kinases I and 
II, cAMP-dependent protein kinase, and calmodulin-dependent protein kinase II. 
Thus, Cx36 is a target of various kinases, consistent with the fi nding that, under 
certain conditions, the function of Cx36 is regulated by phosphorylation events. The 
gap junction channels formed by the Cx36 are mostly permeable to cationic species 
as compared to the negatively charged molecules. The importance of gap junction 
network between the β cells can be ascertained by the facts that the single cells 
(not in contact with other cells) show poor responsiveness to glucose stimulation, 
decreased basal expression of insulin, decreased pro-insulin biosynthesis, and less 
increase in the cytosolic calcium after glucose stimulation. However, the cells that 
are grown in contact with each other are very effi cient in glucose responsiveness, 
insulin secretion, and cytosolic calcium increase. These observations are corroborated 
by using drugs that inhibit gap junction communication. For example, treating isolated 
islet cluster or the intact pancreas with carbenoxolone (gap junction inhibitor) 
resulted in decreased glucose responsiveness and insulin secretion, and these effects 
are reverted to normal when the carbenoxolone is washed away for the cells. Thus, 
the experimental evidence suggests that the gap junction channels between the cells 
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are important for mediating glucose-induced secretion of insulin. Gap junctional 
communication between the cells allows them to equilibrate various ions and 
molecules between the cells for the coordinated function. This is what the gap junction 
channels do in the β cell physiology. The cell-to-cell communication mediated by 
connexins is regarded advantageous for the tissues made of different cell types. This 
is because the cells in a cluster show minor differences in their structure and hence are 
functionally asynchronous. It has been found that the differences in the biosynthetic 
activity of β cell would result in the irregular responsiveness to the glucose stimula-
tion for the secretion of insulin. In other words, the release of insulin will be less and 
not synchronous in response to high glucose stimulation. Hence, the Cx36 gap junc-
tion channels between the β cells nullify the biochemical disparity and allow the 
synchronous response to the glucose stimulation. Under such conditions, β cell 
clusters release signifi cantly larger amounts of insulin than the uncoupled cells. The 
inhibition of gap junction coupling between the β cells is known to alter the basal 
and glucose-stimulated insulin secretion, the expression of insulin genes, and the 
regulation of cytosolic calcium. The Cx36-null mice (Cx36−/−) have proved instru-
mental in discerning the role of Cx36 for the proper functioning of β cells. Lack of 
Cx36 results in the failure of calcium wave synchronization between the β cells. 
Consequently, loss of the synchronization affects the simultaneous release of insulin 
upon glucose stimulation. Thus, cell-to-cell contact between the β cells is critical 
for the glucose-induced insulin secretion. These and many other studies support 
the evidence of the importance of Cx36 signalling for the coordinate release of 
insulin by the β cells, and thus, the altered insulin secretion of Cx36-null mice 
results in abnormal control of blood glucose levels. Interestingly, the phenotypic 
effects of Cx36-null mice, like glucose intolerance, loss of circulating insulin 
oscillations, and increased β cell apoptosis, resemble to various β cell-related patho-
logical phenotypes found in human beings. Since the human β cells are also coupled 
by the gap junctions formed by Cx36, it is safe to argue that various diabetes-related 
issues in humans are the consequence of altered Cx36 signalling. The signifi cance 
of Cx36 in the β cell physiology is not limited to coordinate the insulin secretion in 
response to glucose stimulus, but also, Cx36 has been shown to protect the islets of 
Langerhans from the autoimmune attack mediated by various pro-infl ammatory 
cytokines in the islet environment. The protection offered by Cx36 to the pancreatic 
cells is established from the events that occur during type-1 diabetes. In type-1 diabetes, 
the islets of Langerhans are self-attacked by various immunological factors, resulting 
in the reduced cell mass and hence the insuffi cient secretion of insulin. The role 
of Cx36 in providing protection against the self-attacking molecules has been 
demonstrated using transgenic mouse models. For example, transgenic mice 
over-expressing Cx36 signifi cantly protected the β cells against cytotoxic drugs and 
cytokines that were shown to induce cell death similar to the onset of type-1 diabetes. 
Interestingly, mice lacking Cx36 showed increased sensitivity to these molecules 
and develop symptoms similar to type-1 diabetes. The molecular mechanism 
responsible for such protection, mediated by Cx36, is still a mystery. Various studies 
have shown that both gap junction-dependent and -independent mechanisms are 
responsible for the protection. 
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 The role of Cx36 has also been reported in type 2 diabetes. Type 2 diabetes is a 
multifactorial disease, and association between type 2 diabetes and mutations in 
the chromosome regions that harbour Cx36 has been found. Although mutational 
analysis of Cx36 in type 2 diabetic patients has not been established in humans, 
mice possessing inactivated Cx36 depict certain diabetic phenotypes similar to 
what occurs during the early onset of type 2 diabetes in humans. The complete 
 understanding of the role of Cx36 in diabetes will pave way for the innovative thera-
pies in order to improve β cell functioning and hence blood glucose regulation.    

10 Tissue Distribution of Connexins



59© Springer India 2014 
M.U. Hussain, Connexins: The Gap Junction Proteins, SpringerBriefs 
in Biochemistry and Molecular Biology, DOI 10.1007/978-81-322-1919-4_11

    Chapter 11   
 Connexin Functions 

11.1                        Connexins as Growth Regulators 

 Although connexins connect two cells by gap junctions, their expression in cells is 
known to regulate cell growth and differentiations. In fact, connexin expression 
shows an inverse relationship with the cell growth, and thus they have been aptly 
named as tumour suppressors. The role of connexins in regulating cell growth has 
been established from the observation that different types of tumour cells and 
tumorigenic cell lines, as well as solid tumours, show decreased or altered connexin 
expression and/or localization. Moreover, expression of connexins in the cancer 
cells is known to revert the oncogenicity of these cells, albeit to varying degrees. 
The role of connexins as tumour suppressors has been highlighted by the knockout 
animal models and knockdown strategies. It has been shown that Cx43-heterozygous 
and Cx32 knockout mice have increased susceptibility to tumorigenesis, whereas 
knockdown of the endogenous Cx43 expression, by small interfering RNA, resulted 
in a more aggressive tumour growth. In additions to the tumour growth, connexins 
also play an important role in the metastatic potential of the tumour cells. The 
extravasation of metastatic cells is dependent on the connexin expression. Thus 
there remains little doubt that connexins, in particular Cx43, Cx32, and Cx26, are 
crucial growth regulators in many types of cancer as well as in the normal cells. 
However, the mechanisms by which connexins and gap junction communication 
regulate growth are far from clear. This is likely due to many facets of connexin 
function and regulation. Connexins are known to regulate cell growth in a gap 
junction- dependent manner as well as gap junction-independent way. It is known 
that the carboxy-terminal domain of connexin is critical for the cell growth regulation. 
Connexin 43 is the most important player in regulating cell growth. Its C-terminal 
module hosts a number of phosphorylation sites and has the ability to interact with 
multiple proteins. As far as the channel-dependent role of connexins in regulating 
cell growth is concerned, it is believed that many specifi c and permeable metabo-
lites or ions are responsible for growth control. Although many of these metabolites 
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are not known, however, many potential candidates, like Ca 2+ , cAMP, and inositol 
triphosphate, have been identifi ed. Besides the role of gap junctional communication 
in growth control, evidences are accumulating that connexins can inhibit growth in 
the absence of functional gap junction communication. For example, isolated    cells, 
or use of gap junction uncoupling agents and prevention of membrane localization 
of the connexins, the regulatory effects of connexins on cell growth persist. 
Moreover, the C-terminal domain of Cx43, which lacks the capability of forming 
gap junction channels, is still able to inhibit cell growth as much as the full-length 
connexin. The molecular mechanism employed by the C-terminal domain of Cx43, 
in controlling cell growth, is still emerging. Association of C-terminal domain of 
Cx43 with many other proteins is regarded as one of the mechanisms responsible 
for the growth-regulating properties of Cx43. For example, protein tyrosine phos-
phatase is reported to bind to the carboxy-terminal of Cx43. Its association with 
Cx43 is expected to bring it to junctional complexes and enable it to dephosphorylate 
nearby proteins such as tyrosine kinase receptors or tyrosine-phosphorylated 
effectors of growth factor signalling. The second mechanism refl ects the ability of 
cytosolic domains present in adhesion/junction proteins to interact with kinases, 
phosphatases, transcription factors, and structural proteins that are implicated in 
growth regulation. This interaction sequesters proteins from and prevents their 
signalling action on other possible targets at the cytosol and/or nucleus or at the cell 
surface. The C-terminal of Cx43 serves as an interactive platform for a variety of 
cellular proteins, like CCN3 with transcription factor properties. Several of these 
interacting partners are participants in the fi eld of growth control; their interaction 
(and regulation of the interaction) with Cx43 or other connexins anchored to the 
plasma membrane may affect their subcellular localization and thus their site(s) of 
action. In one such study, it was demonstrated that the protein CCN3 interacts 
with the carboxy-terminal of Cx43. In the absence of Cx43, CCN3 is localized to 
the nucleus/cytosol; upregulation of CCN3 by Cx43 resulted in sub-membrane 
localization as well as secretion to the medium. Thus, Cx43 may inhibit growth by 
stimulating CCN3 expression as well as determining its subcellular localization. 

 Growth factors or oncogenes increase Cx43 phosphorylation on serine and/or 
tyrosine and generally decrease gap junction channel permeability, in a cell type- 
dependent manner. It has been demonstrated that growth inhibition by Cx43 appears 
to be inversely dependent on its phosphorylation at specifi c sites in response to 
growth factors or phorbol esters. The PKC target site S262, located at the C-terminal 
domain of Cx43, becomes phosphorylated in response to growth factor or tumour 
promoter stimulation in primary cardiomyocytes as well as in transformed HeLa 
and HEK293 cells. Simulating constitutive phosphorylation at S262 (in the mutant 
Cx43-S262D) completely abolished the ability of Cx43 to inhibit DNA synthesis in 
cardiomyocytes, without affecting its subcellular localization. Conversely, a Cx43 
mutant, simulating lack of phosphorylation at that site (S262A), presented maximal 
growth inhibitory activity and enhanced dye permeability. Cx43 retained the ability 
to inhibit DNA synthesis in sparsely seeded myocytes, as has been shown for other 
cell types, indicating that cell–cell contact or gap junction formation per se are not 
required for the growth inhibition. It is plausible to argue that the cells in isolation 
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are subject to different growth regulatory mechanisms than contact making cells 
and that the two models may not be comparable. 

 Cx43-mediated growth inhibition includes effects on secreted growth affecting 
molecules. Various studies have deciphered the role of the channel-dependent 
and -independent contribution of Cx43 in regulating cell growth. For example, 
U2OS cells expressing either intact Cx43 or CT-Cx43 displayed decreased cell 
proliferation as well as decreased levels of the S phase kinase associated protein 2 
(Skp2). The SKp2 regulates the ubiquitination and thus the abundance of p27. By 
inhibiting Skp2, Cx43 and CT-Cx43 increase levels of the cell cycle inhibitor p27 in 
these cells. Furthermore, CT-Cx43 did not localize to plasma membrane at the 
cell–cell contact sites. This fi nding implied that Cx43-mediated growth inhibition is 
not dependent on the sub-membrane cellular milieu, cell–cell contact, and/or gap 
junction formation. Interestingly, CT-Cx43 was found to localize not only to the 
cytosol but also to the nucleus, suggesting the possibility for exerting effects on 
gene expression directly. Biological effects of CT-Cx43 in the heart under normal, 
non- ischaemic conditions suppressed cardiomyocyte DNA synthesis, adding pri-
mary cardiomyocytes to the list of cell types that are growth inhibited by CT-Cx43. 
In addition to inhibiting DNA synthesis, ectopically expressed CT-Cx43 can render 
myocytes more vulnerable to ischaemic stress. Nuclear localization of CT-Cx43 
suggests the possibility for a direct role in gene expression relating to growth 
control and cell survival, by interacting, directly or indirectly, with, for example, 
chromatin and/or transcription factor complexes. A preliminary screen, using a mini 
array approach, indicated that ectopic expression of CT-Cx43 stimulated the 
expression of PIDD (p53-induced protein with a death domain) in cardiomyocytes. 
Expression of the anti-oncogene p53 was also found to be upregulated by CT-Cx43 in 
cardiomyocytes. It is well known that p53 acts as a tumour suppressor, inducing cell 
cycle arrest or apoptosis in response to a variety of stimuli; PIDD has been shown 
to function as a mediator of p53 effects in some systems.  

11.2     Connexins in Cell Migration 

 In the multicellular organism, cell migration constitutes an important physiological 
phenomenon, so that each cell migrates to its proper location for performing specifi c 
functions. Cell migration is pivotal during embryonic development wherein cells 
migrate to specifi c locations for the proper development of multicellular organism. 
Errors during this process have serious consequences that include mental retardation, 
vascular disease, development defects, etc. In addition to its indispensible role during 
embryogenesis, cell migration equally contributes to the various physiological 
processes in the adult organism. For example, wound healing, angiogenesis, immune 
response, etc., require well-planned movement of cells in particular directions to 
localize specifi c regions. In addition, cell migration is also involved during various 
pathophysiological conditions, like cancer metastasis and vascular remodelling. 
The molecular mechanisms involved in the cell migration are far more complex 
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than earlier thought. Cells use various chemical and mechanical signals to migrate 
to the specifi c locations. Besides the chemical and mechanical signals, many other 
protein factors are involved in the specifi c migration of the cells. Most of these 
proteins belong to cytoskeleton protein family. In addition, it has been demonstrated 
that the gap junction proteins, connexins, are also important players in cell migration. 
The involvement of connexins in cell migration has been confi rmed using in vitro 
and in vivo experimental approaches. In most of the cell types, connexins have been 
shown to be important for cell migration. It is well established that connexins help 
in the migration of brain cells, like astrocytes, endothelial progenitor cells and endo-
thelial cells during wound healing, and cardiac cells during the heart development. 
Of all the connexins, the role of Cx43 in cell migration has been established 
unequivocally. The Cx43 mediate angiotensin II (AngII)-induced cell migration of 
vascular smooth muscle cells. In C6 glioma cells, expression of Cx43 induces cell 
motility and tissue invasivity. Thus, there is no doubt for the involvement of con-
nexins in the cell migration; however, the molecular mechanisms responsible for 
such role are still not well understood. Moreover, it remains to be established 
whether cell migration mediated by connexins is channel dependent or independent. 
Additional complexity is added by the data indicating the involvement of connexin 
hemichannels in cell migration. Although studies have shown the role of gap 
junction channels in the cell migration, most of the data favour the involvement 
channel-independent role of connexins in cell migration. In the following paragraphs, 
the role of channel-dependent and -independent mechanism will be discussed. 

11.2.1     Channel-Dependent Role of Connexins 
in Cell Migration 

 Channel-dependent role of connexins in cell migration requires functional gap 
junctional channels between the adjacent cells. For the coordinative and collective 
migration of cluster of cells, for example, during embryogenesis, communication 
network between the migrating cells is an essential feature. This is provided by the 
gap junction communication mediated by the gap junction channels. The requirement 
of the functional gap junction communication for cell migration has been demon-
strated in wound healing. During wound healing, the polarization and migration of 
smooth muscle cells is mediated by the increased levels of calcium in these cells. 
For the coordination of cell migration, the calcium wave is to be propagated between 
the clusters of migrating cells, and this is achieved with the help of functional gap 
junction channels. These studies are endorsed by the dominant negative mutants of 
Cx43 that form non-functional gap junction channels and thus are incapable of 
inducing migration of the cells. In addition to the role of gap junction channels 
between the cells, functional hemichannels have also been implicated to play a role 
in cell migration. Through the functional hemichannels, ATP is released in the 
extracellular space, and this helps in generating calcium waves in the neighbouring 
cells and thus induces cellular migration.  
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11.2.2     Channel-Independent Role of Connexin 
in Cell Migration 

 Although the requirement of functional gap junction channel for cell migration is 
immense, there are evidences which suggest the role of channel-independent 
function of connexin in cell migration. These observations are based on certain 
experimental data wherein the cell migratory property of carboxy-terminal truncated 
Cx43 is signifi cantly compromised, even though the mutant connexins were able to 
form functional gap junction channels. Similarly, carboxy-terminal truncated Cx43 
transgenic mice demonstrated defective neuronal cell migration and development of 
brain. Further studies have shown that the neural migration depends upon the adhesive 
properties of gap junctions rather than on their channel properties. In one such 
study, it was established that during cerebral cortex development, the newly formed 
neurons migrate to the cortical plate along the radial glial fi bres. The molecules that 
mediate this movement were found to be Cx26 and Cx43. Although, dominant 
negative mutants of these connexins resulted in the formation of closed channels, the 
connexins retained the property of inducing neuronal migration. Further investiga-
tion revealed that the channel defective connexins retained the adhesion properties 
and that leads to the neuronal migration. Mutational studies indicated that the amino 
acids present on the external loop of Cx43 in the neural and glial cells are directly 
involved in providing the required adhesion for cell migration. These and other 
studies proved that the gap junctions are necessary for neural migration in the 
developing cortex and that function is based on adhesive property rather than 
channel activity of gap junctions. Additional studies have further confi rmed the 
connexin- mediated cell adhesion is required for migration. For example, during 
brain injuries the microglia rapidly migrates towards the wound, accompanied 
with high Cx43 expression. Thus, it is established that the Cx43-mediated cell 
adhesion is required for the migration of microglia. The adhesion-based cell migra-
tion is thought to involve the interaction of connexins with various extracellular 
matrix proteins. This interaction is regarded essential for the downstream intracellular 
signalling. 

 Besides the adhesion and channel-mediated cell migratory role of connexins, 
intracellular signalling has also been found critical for the cell migration. These are 
based on the observations that connexin can also mediate single cell migration, 
which is unlikely to be mediated by connexin adhesive guidance or gap junction 
communication with other cells. The intracellular signalling is thought to be mediated 
by the interaction of connexins with various protein or signalling molecules. Some 
of these interactions are known to stabilize the membrane proteins, like N-Cadherin 
and ZO-1 that are involved in the cell migration. The carboxy-terminal domain of 
connexins is the site for various interactions that are crucial for the cell migration. 
The importance of carboxy-terminal domain in cell migration can be ascertained by 
the fact that the carboxy-terminal truncated Cx43 fails to induce cell migration. 
Additionally, ectopic expression of carboxy-terminal domain of Cx43 has been 
shown to retain the capability of inducing cell migration. Although, the role of 
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connexins in cell migration is pretty well established, the mechanistic details are 
still in infancy. Further studies are required to elucidate the molecular interaction 
and signalling pathways that make the cell to migrate to a specifi c location.   

11.3     Connexins and Gene Expression 

 It is becoming increasingly clear that connexins have profound effects on gene 
expression. Gene array analyses of transcription profi les of tissues and cells from 
specifi c connexin-defi cient mice have indicated that there are large-scale alterations 
in these connexin null transcriptomes, from which it is inferred that gap junction 
genes may be “hubs” in gene expression networks. Therefore, in addition to the role 
of gap junctional communication in the maintenance of homeostasis, morphogenesis, 
cell differentiation, and growth control in multicellular organisms, altered phenotype 
in connexin-defi cient mice and in disease-causing mutants could also arise from 
altered gene expression. cDNA array data has been used to explicitly delineate the 
roles of Cx32 and Cx43 in the expression of growth and development genes in brain 
and heart. The probability of growth genes being up- or downregulated in these 
connexin-defi cient organs is signifi cantly higher than that for genes in other catego-
ries, indicating that expression of growth genes is more dependent on the expression 
of Cx43 and Cx32 than is the average gene. The growth genes which are up- or 
downregulated in both Cx43 null brain and heart include Crkl (which plays a 
specifi c role in integrin-induced migration as a downstream mediator of Src), Elk4 
(a member of ETS oncogene family with transcription factor activity), Rasa1 
(allowing    the inactivation of the anti-apoptotic function of N-terminal fragment), 
and Vegfa (involved in angiogenesis). This predictability extends to growth genes, 
thereby adding new arguments in favour of connexin implication in the growth control. 
Moreover, comparison of genes regulated in Cx43 and Cx32 null brains indicates 
both a remarkable degree of overlap (which may be due either to channel-mediated 
effects or to common binding of regulatory molecules to both connexins) and also 
connexin-dependent transcriptomic effects (which could be due either to permeability 
differences between these connexins or to different binding partners).  

11.4     Connexins in Shear Stress 

 The role of connexins in shear stress is mainly involved with the normal functioning 
of vascular endothelium. The vascular endothelium is a thin monolayer of cells that 
line the luminal side of all blood vessels. It acts as a barrier between the blood and 
the surrounding tissue and is involved in the exchange of fl uid, electrolytes, macro-
molecules, and cells between the intravascular space and surrounding tissue. The 
endothelium is always braced with haemodynamic shear stresses due to the fl ow of 
blood at the luminal surface of blood vessel. The endothelium is highly dynamic in 
nature and has evolved a number of mechanisms to sense shear stress. Various cell 
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membrane receptors, membrane channels, adhesion molecules, cytoskeleton, etc., 
are regarded the molecular candidates that sense the shear stress in endothelial cells. 
The shear stress forces constitute important signalling mechanisms that regulate 
most aspects of vascular physiology. Thus, these forces are crucial for the proper 
development and functioning of the vasculature. These facts can be ascertained by 
various arterial diseases that are nucleated by the deregulation of endothelial cells to 
the shear stress. 

 The connexins are regarded important molecule players that regulate the func-
tioning of endothelial cells and are regarded important sensors of sheer stress. The 
endothelial cells are known to express Cx37 and Cx40. In addition, some of the 
endothelial cells, at regions of high fl uid turbulence, for example, branching points 
of arteries, are known to over-express Cx43. However, Cx37 is regarded as a main 
connexin that is involved in sheer stress in the endothelial cells. Endothelial cells 
(ECs) of healthy arteries express high levels of Cx37. High laminar shear stress (HLSS) 
is known to induce the expression of Cx37 and thus mediates vasculo- protective 
effect. The effect of shear stress on Cx37 expression participates in the overall pro-
tective effect of high laminar fl ow on the endothelium. The over- expression of Cx37 
upon high laminar shear stress is mediated through the induction of Kruppel-like 
factor 2 (KLF2). KLF2 constitute an important transcription factor that is known to 
play a critical role in the differentiation and function in a variety of cell types, 
including T lymphocytes, adipocytes, and lung cells. Moreover, KLF2 possess an 
anti-proliferative and pro-survival factor, properties that are identical to the effect of 
fl uid shear stress on endothelial cells. Interestingly, the promoter region of the Cx37 
gene is known to harbour KLF consensus binding sites that upregulate the transcrip-
tion of Cx37 gene. High laminar shear stress shows a strong correlation between the 
increased KLF2 and Cx37 expression. Further confi rmation on the role of KLF2 in 
inducing Cx37 transcription came from the studies depicting that the silencing of 
KLF2 transcription factors leads to the drastic downregulation of Cx37 expression. 
Thus, high laminar shear upregulates the expression of KLF2 and concomitantly 
that of Cx37. Therefore, the effect of shear stress on Cx37 expression may contribute 
to the synchronization of endothelial cells and hence participate in the protective 
effect of high laminar shear stress. 

 The role of Cx37 in the endothelial cell physiology is further explained by certain 
arterial diseases, like atherosclerosis. The expression of Cx37 expression is lost in 
the endothelial cells overlying atherosclerotic plaques. The deletion of Cx37 in 
ApoE−/− mice increases their susceptibility to atherosclerosis, which suggests that 
Cx37 has anti-atherogenic properties. Besides Cx37, the expression of Cx40, Cx43 
is known to change during atherosclerosis.  

11.5     Hemichannel-Dependent Functions of Connexins 

 Apart from gap junction communication, connexin-forming hemichannels (HCs) 
play critical roles in modulating cellular functions. The hemichannels allow the 
transfer of small molecules that regulates various cellular functions. The molecules 
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released through the open hemichannels bind to cell surface receptors and lead to 
the activation of intracellular signalling pathways. Consequently, the activation of 
signalling pathways leads to the regulation of cellular function and physiology 
through gene transcription and translational or post-translational events including 
intracellular traffi cking, protein turnover, phosphorylation, and other modifi cations. 
The hemichannels formed by different connexins may regulate distinctive cellular 
events via the selective passage of specifi c molecules. Some of these cellular events 
are discussed below. 

11.5.1     Cell Cycle 

 The role of connexin hemichannels in the regulation of cell cycle, cell progression, 
and development is still unclear. Certain human diseases advocate the signifi cance 
of the hemichannel-mediated function of connexins. For example, human Cx26 is a 
susceptible locus in patients with psoriasis, a skin disease that occurs due to 
increased skin cell division. Cx26 is known to form hemichannels in the skin and 
inner ear, and mutations of Cx26 genes are associated with skin diseases and 
deafness. However, it is not clear if abnormally elevated cell division in psoriasis is 
related to the function of Cx26 hemichannels. In C6 glioma cell, Cx43 is shown to 
reduce cell proliferation by impeding the cell cycle progression from G0/G1 to S 
phase. Extracellular Ca 2+  levels and pH, which regulate hemichannels opening, are 
also known to regulate cell growth and proliferation. Cx43 hemichannels in 3T3 
fi broblasts release NAD + , which is converted to cyclic ADP-ribose (cADPR) by an 
ectoenzyme, CD38. Uptake of cADPR by the cell increases intracellular calcium 
levels, consequently increasing cell proliferation rate by shortening S phase. Neural 
precursor cells release ATP, and released ATP controls intracellular calcium levels 
via Cx43 hemichannels. Moreover, calcium waves, propagating through the radial 
glial cells, require connexin hemichannels, and disruption of the wave decreases 
the proliferation of the cortical ventricular zone (VZ). Blocking of hemichannels 
induces phosphorylation of small GTPase cdc42, which is important in orches-
trating cytoskeleton organization during cell division. Gap27 peptide, which is 
designed to block Cx43 hemichannels, hinders T-cell proliferation by increasing 
the G 0 /G 1  cell numbers, suggesting the role of hemichannels in sustaining T-cell 
clonal expansion. 

 During chick retinal pigment epithelium (RPE) development, robust Ca 2+  waves 
are generated, and gap junction coupling is involved in this process. Specifi c peptide 
blocker, Gap26, of Cx43 hemichannel inhibits release of both ATP and Ca 2+  waves 
in RPE. The ATP released through Cx43 hemichannels expressed in RPE infl uences 
the mitotic division in retinal ventricular zone, which is important in generation of 
neurons and glia. Extracellular ATP is a signal for various events during embryonic 
development. ATP through purinergic receptors evokes Ca 2+  waves and promotes 
retinal progenitor cell proliferation. ATP signalling also initiates the proliferation 
of rat cerebral cortical astrocytes, human neural stem cell, and Müller glial cell. 
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Hence, the release of ATP through hemichannels activates purinergic receptors and 
triggers gene expression necessary for retinal development, ionic homeostasis in 
cochlea, and proliferation of neural precursor cells during neural development.  

11.5.2     Ischaemic Preconditioning 

 A subtle or sublethal insult to a tissue causes protection of the tissue towards a 
severe insult, and the process is known as preconditioning. There is a general belief 
that release of protective agents during the initial insult leads to resistance towards 
permanent tissue damage. Ischaemia could be caused due to deprivation of oxygen 
and glucose or ATP effl ux. Cardiac and the neural tissues are most extensively studied 
to understand the preconditioning phenomenon, and various connexin hemichannels 
are implicated in the release of tissue protective agents. Under ischaemic stress, 
cardiac myocytes and C6 glioma cells release ATP. ATP effl ux leads to increase in 
intracellular calcium levels; consequently, hemichannels open further causing an 
increase in cellular volume, which ultimately results in apoptotic cell death. Cx43 
hemichannel blocking peptide, Gap26, is demonstrated to protect rat neonatal 
cardiomyocytes and intact rat heart from ischaemic injury. Cardiac myocytes sub-
jected to ischaemia showed an increase in release of ATP, which can be blocked by 
Gap26 peptide. Moreover, ATP release through Cx43 hemichannels is reduced due 
to prolonged ischaemia. Regulation of hemichannel opening during ischaemia 
could be important in preventing necrosis due to sustained ATP release. Extracellular 
ATP is known to communicate through G-protein-coupled P2Y2 and P2Y4 purinergic 
receptors that are expressed on the cell surface and invoke intracellular calcium 
levels. Other factors released by hemichannels and the signalling pathways triggered 
during preconditioning response are yet to be determined. Apart from the connexin 
at the cell surface, recent studies have demonstrated that Cx43 is also expressed 
in mitochondria and plays an important role during ischaemic preconditioning. 
Mitochondria are known to be important for mediating precondition response. 
Treatment with gap junction and hemichannel blockers, such as carbenoxolone and 
heptanol, results in a decrease of mitochondrial dye uptake, implying the existence 
of functional hemichannels in the mitochondria. During prolonged ischaemia, ATP 
levels decrease, leading to lowering of pH and accumulation of reactive oxygen 
species (ROS), which ultimately results in cell death. These studies suggest that 
connexin hemichannels play an important role in the release of ATP during the early 
stages of cardiac ischaemia, thereby creating a protective preconditioning effect. 
Additionally, Cx36 is abundantly expressed in neuronal tissue and Cx43 is localized 
to glial tissue. Cx43 and Cx36 hemichannels show increased opening during 
ischaemia leading to the release of ATP. Stimulation by acute ischaemic conditions 
enhances neuronal Cx36 and glial Cx43 hemichannel activity, which favours ATP 
release and generates preconditioning. Besides ATP, Cx43 hemichannels also 
mediate the release of glutamate from astrocytes and glutathione and other amino 
acid derivates from hippocampal slices. The effl ux of glutathione is postulated to 
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have cell protective functions in situations when glutamate reuptake is impaired, 
such as after stroke. Similar to the observations made in the cardiac tissue, acute 
ischaemia opens hemichannels, leading to ATP release and depletion of intracellular 
ATP, which fi nally results in cell death. Metabolic inhibition is also reported to 
increase ATP release via hemichannels, and the depletion of intracellular ATP 
reserves could promote cell death. Metabolic inhibition also increases Cx43 
expression on the cell surface causing further imbalance in the cellular ionic 
concentrations, thereby, making the cells vulnerable to cell death. However, Cx36 
hemichannels expressed in the neurons are observed to mediate ischaemic pre-
conditioning. Cx36 hemichannels in neurons mediate the ATP release and cause 
depolarization of the neurons. Depolarization of neurons ultimately increases neuronal 
tolerance towards ischaemia. The role of hemichannels in causing glutamate toxicity 
due to the release of excessive glutamate during ischaemic conditions is yet to be 
studied. Overall, hemichannels formed by connexins promote cell death in both 
neurons and cardiomyocytes during acute ischaemia, but they also can promote 
tolerance towards ischaemia after an encounter with sublethal ischaemia.  

11.5.3     Mechano-transduction 

 Expression of connexins is observed to increase after mechanical stimulation of 
cardiac and bone cells. Gap junctions present in these cells are known to be important 
conduits of signalling molecules that are generated due to mechanical stimulation, 
indicating that connexins act as mechano-sensory channels. In osteoblasts, both 
Cx43 and Cx45 are expressed. Cx43 knockout mice displayed defective skeletal 
development and delayed ossifi cation, suggesting that Cx43 is important in adaptation 
to mechanical stimulation. These observations indicate that Cx43 is regulated by 
mechanical stimulation and is the major gap junction-forming protein in osteoblasts 
and osteocytes. Moreover, mechanical stimulation leads to opening of hemichannels 
in many cell types. In human osteoblast cells and osteoblast-like MC3T3-E1 cells, 
mechanical stimulation leads to the release of IP3, Ca 2+ , and ATP through Cx43 
hemichannels. Cx43 hemichannels expressed in osteocytes are involved in the 
release of bone regulators, such as PGE 2  and ATP in response to fl uid fl ow shear 
stress. Other bone cells, such as chondrocytes, also express Cx43 hemichannels, 
which are involved in the release of ATP in response to cyclic compressive strains. 
In osteocytes, the opening of Cx43 hemichannels is adaptively regulated in response 
to the magnitudes and durations of mechanical stimulation. Cx43 hemichannels are 
known to be important for cell survival, which is critical in maintaining the integrity 
of bone. Osteosarcoma cells when treated with drugs that induce cell cycle arrest 
resulted in expression of functional hemichannels and formation of dendritic 
processes similar to osteocytes, implying that hemichannels may be involved in 
osteoblast differentiation and osteocyte survival.     
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    Chapter 12   
 Connexin Mutations and Disease 

                    Since connexins are ubiquitously expressed in mammalians and appear to have a 
unique role in cell and tissue homeostasis, it is expected that mutations in these 
genes would be associated with a wide variety of diseases. In fact, since the fi rst 
description of a mutation in the Cx32 in patients with the X-linked Charcot–Marie–
Tooth (CMTX) syndrome, disease-causing mutations have been detected in almost 
every connexin gene. Mutations in a connexin can affect one organ expressing 
this protein but simultaneously spare another organ expressing the same connexin. 
This selectivity for organ involvement can partially be explained by redundancy 
in connexin expression, especially in cells where connexins are indispensable to 
survival of the organism. It is also quite surprising that some connexin genes 
harbour hundreds of different mutations in humans whereas in others no mutations 
have been found so far. This difference in susceptibility to mutagenesis is poorly 
understood. As connexins have similar gene structure and a high sequence homology, 
it seems highly unlikely that only some of these genes would contain mutational 
hotspots, and we can also assume that the mutation rate is comparable in each 
connexin gene. If mutations in one particular gene would have little consequence 
on proper cell function, then numerous gene polymorphisms should be found in 
the human population. This is, however, not the case for connexins, as only a 
limited number of polymorphisms have been described in screenings of those 
genes. Some of the mutations in connexin genes and their linkage to diseases are 
discussed below. 

12.1     Cx43 and Oculodentodigital Dysplasia (ODDD) 

 Cx43 is the most widely expressed member of the connexin protein family. It is 
therefore not surprising that mutations in the Cx43 gene are associated with a 
broad spectrum of phenotypic alterations. In fact, mutations of this gene have been 
tightly correlated to the oculodentodigital dysplasia (ODDD) syndrome, with over 
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60 mutations described so far. This rare, usually autosomal dominant syndrome is 
characterized by (1) striking faces with a long, thin nose with hypoplastic alae 
nasi, anteverted nostrils, and a prominent bridge; (2) ocular involvement including 
microphthalmia and/or microcornea; (3) dental anomalies (enamel dysplasia and 
its consequences); and (4) digital manifestations, usually involving syndactyly of 
the fourth and fi fth fi ngers as well as their deformations. Other reported skeletal 
anomalies include cranial hyperostosis and broad tubular bones. About 30 % of 
patients also present with neurological symptoms (lower body weakness and 
spasticity, gait disturbances, lack of bladder or bowel control, and white matter 
changes). An increasing incidence of conductive hearing loss, hyperkeratotic 
symptoms, and rare cardiac anomalies (atrioseptal defects and arrhythmias) has 
also been reported. The majority of Cx43 mutations described in relation to ODDD 
are dominant missense mutations, located in the fi rst two-thirds of the Cx43 protein. 
Interestingly, only two mutations have been detected in the CT, both of which 
induce a frameshift followed by an early truncation of the protein (Y230fsX236 
and C260fsX306). Mutations are equally distributed over the majority of the Cx43 
protein (except for the CT), and there is a high inter-patient phenotypic variability, 
even within families carrying a single mutation. However, patients suffering from 
recessive mutations generally had more severe phenotypes, as often seen with 
autosomal recessive conditions. One exception to this lack of genotype–phenotype 
association may be the association of both CT frameshifts and truncation with 
dermatological symptoms, as both mutations were found in patients displaying 
palmar or palmoplantar keratoderma (PPK). As a mouse mutant lacking the 
majority of the C-terminal domain of Cx43 (M257X) has defects of the epidermal 
water barrier, it is tempting to speculate that this domain plays a particular role in 
skin homeostasis. As an attempt to better understand the peculiar manifestations 
of Cx43 mutations, 14 of these described mutations have been investigated for 
functional effects at the cellular level. All examined mutants, when expressed in cell 
systems, appear to have a reduced or abolished capacity to form functional gap 
junctions, despite a normal localization for most of them. Moreover, the mutants 
studied in combination with wild-type Cx43 (G21R, Q49K, L90V, G138R, R202L, 
and V216L) have a dominant negative effect on endogenous or transgenic Cx43 
gap junctions. Hemichannel activity has also been suggested to play a role in the 
pathogenesis of ODDD. As the ODDD phenotype is characterized by craniofacial 
deformities and additional long bone alterations such as syndactylies and tubular 
bones, a more specific role for Cx43 in osteoblast differentiation has been 
investigated. Whereas transfection of Cx43 mutants in committed osteoblasts had 
little consequence, the use of a mouse model for ODDD (having a heterozygous 
Cx43 G60S mutation) suggests that Cx43 mutations in the germ line, and thus 
present in early bone development stages, could affect late stages of osteoblast 
differentiation. In fact, the presence of a germ line Cx43 G60S mutant appeared to 
reduce the phosphorylation state of wild-type Cx43 in osteoblasts, to reduce the 
formation of gap junction channels, and subsequently to delay the differentiation of 
these osteoblasts.  
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12.2     Cx46, Cx50, and Cataract 

 The lens contains two different cell types: epithelial cells on the anterior surface, 
which express Cx43 and Cx50, and specialized lens fi bres expressing Cx46 and 
Cx50. Congenital cataracts are a very rare group of diseases (1–6 cases per 10,000 
live births) of which about 25 % are inherited, usually in a non-syndromic autoso-
mal dominant pattern. Mutations in both Cx46, whose expression is restricted to 
specialized lens fi bres, and Cx50, a gene expressed throughout the lens, have been 
associated with zonular pulverulent cataracts, characterized by numerous powdery 
or punctate opacities in the lamellar regions surrounding the embryonic nucleus. 
All Cx46 missense mutations described so far are located in the N-terminal 
domain (D3Y, L11S), the fi rst transmembrane helix (V28M, F32L), or the two ELs 
(P59L, N63S, R76G, R76L, P187L, and N188T). Notably, the L11S mutation is 
characterized by a distinct phenotype where very dense structures are embedded in 
the perinuclear layers of the lens. Another Cx46 mutation, leading to a frameshift 
and to a sequence of 87 aberrant amino acids after codon 379 in the CT, has been 
investigated in more details. This mutant is unable to form gap junctions, because of 
the presence of a diphenylalanine retention signal in the aberrant CT, which retains 
the mutant protein in the ER and impairs proper traffi cking to the membrane. 
Mutations in Cx50 are located in the NT (R23T), the fi rst EL (G46V, E48K, S50P), 
the second transmembrane domain (P88S, P88Q), or the CT (I247M). Several of 
those Cx50 mutants (R23T, S50P, P88S, and P88Q) are shown to be unable to form 
gap junctions in transfected cell systems, because of an intracellular retention of the 
mutant protein which appeared to impair traffi cking of normal co-expressed Cx50. 
Interestingly, the P88S mutant, which is associated with a severe phenotype of 
nuclear pulverulent cataract, was shown to form cytoplasmic inclusions because of 
a reduced degradation. However, the P88Q mutant, which was retained in the 
ER/Golgi and only had a partial dominant negative effect on normal Cx50, was 
detected in patients with lamellar, but not nuclear pulverulent, cataract. It is thus 
conceivable that a partially conserved gap junctional intercellular communication in 
the heterozygous P88Q mutant was able to ensure suffi cient function at least during 
embryonic development of the lens. Apart from traffi cking defects, two other 
mechanisms have also been suggested for Cx50-associated cataract. First, the G46V 
mutant can elicit normal gap junctional coupling between cells. Nevertheless, it was 
found to display enhanced hemichannel function. As the aqueous humour has a 
relatively low Ca 2+  concentration, these hemichannels may be functional and lead 
to cell damage or death by ionic and metabolic leak. Secondly, although the Cx50 
S50P mutant only slightly modifi ed electrical properties of Cx50 gap junctions, it 
was shown to have a dramatic effect on Cx43 gap junctional communication in 
transfected cells and in mouse lens epithelial cells. This suggests that gap junctions in 
the lens epithelial cells may play an additional role in maintaining lens transparency. 
In mice, knock-out of Cx50 resulted in signifi cantly reduced lens and eye growth in 
addition to mild nuclear cataract. By contrast, deletion of Cx46 produced severe 
cataracts resulting from the failure to maintain crystallin solubility but did not alter 
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ocular growth. Functional replacement of Cx50 by Cx46 (Cx50KI46 mice) prevented 
the loss of crystallin solubility and cataracts that occurred following knock-out of 
the Cx50 gene, but the growth defi ciency remained unchanged. Nowadays, the lens 
is still considered as a classical example of connexin isotype-specifi c segregation of 
the contributions of gap junction communication to function, that is, to the control 
of normal growth and to the maintenance of clarity.  

12.3     Cx32, Cx47, and Myelin-Related Diseases 

 Cx32 is expressed in myelinating Schwann cells, whereas Cx47 is mainly found in 
oligodendrocytes. In fact, mutations in those two connexin genes, respectively, lead 
to myelin diseases of the peripheral nerves (for Cx32) and of the central nervous 
system (for Cx47). Charcot–Marie–Tooth disease (CMT) is a heterogeneous group 
of diseases characterized by progressive peripheral nerve degeneration. Patients 
typically present with distal muscle weakness, amyotrophy, decreased tendon 
refl exes, and peripheral sensory loss. Several mutations in genes for peripheral 
myelin proteins have been described, although the X-linked form of CMT (CMTX) 
is caused by mutations of the Cx32 gene. Cx32 is expressed in non-compact myelin 
in the paranodal regions and forms gap junctions between the folds of Schwann cell 
plasma membrane. As these gap junction channels considerably shorten the diffusion 
time across the concentric layers of the Schwann cell, it is hypothesized that Cx32 gap 
junctions may participate in the transfer of metabolites and other small molecules 
through the myelin sheath and to the axon. Other connexins are also expressed in 
non-compact myelin, as evidenced by studies on Cx32 KO Schwann cells, and are 
expected to play a role in the communication between the folds of Schwann cells. 
To date, more than 200 different mutations in the Cx32 gene have been described in 
relation to CMTX. The effects of a consequent number of these mutations have been 
investigated at the cellular level. Most of these mutations result in a loss of function 
through the absence of formation of gap junction plaques or alter the gating pro perties 
of Cx32 gap junctions without affecting expression or conductance. Indeed, 
mutations located in the CL (E102G, del111-116) or in the CT (Y211stop, R220stop) 
cause an increased sensitivity to voltage or cytoplasmic acidifi cation. Whereas 
voltage-dependent gating is not expected to play a major role in vivo (as the gap 
junctions are formed between two layers of the same cell), a more prominent closure 
of gap junctions in response to low pH could result in a functional alteration in 
conditions of ischemia or metabolic stress. Interestingly, one of these CL mutations 
affecting channel gating (E102G) was detected in a patient harbouring a milder 
phenotype of CMTX when compared with patients with mutations having a more 
drastic effect on Cx32 function. On the other hand, it has also been demonstrated 
that some Cx32 mutations lead to a toxic gain of function. Two missense mutations 
(S85C in TM2 and F235C in the CT) are shown to increase hemichannel permeability, 
leading to a potential loss of small metabolites and of ionic gradients as well as to 
an infl ux of Ca 2+ . In fact, the transfection of these mutant forms in oocytes led to 
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rapid cell death. Therefore, some Cx32 mutations may lead to direct Schwann cell 
toxicity, which correlates well with the demyelination shown in histological samples 
of patient nerve biopsies. 

 Pelizaeus–Merzbacher disease (PMD) is a hypomyelinating disorder of the 
central nervous system. It is clinically characterized by nystagmus, progressive 
spasticity, ataxia, developmental delay, and dysarthria. The diagnosis is confi rmed 
by magnetic resonance imaging, showing a characteristic uniformly increased 
intensity of the white matter signal in T2-weighted images (because of the reduction 
in myelin content and replacement by aqueous substance). PMD is caused    by muta-
tion or duplication of the PLP1 gene that codes for proteolipidprotein1, the main 
component of CNS myelin, and presents as a recessive X-linked disease. Patients 
having the same symptomatology but lacking PLP1 alterations are considered as 
having Pelizaeus–Merzbacher-like disease (PMLD). A varying proportion (between 
7 and 50 %) of these patients was shown to have mutations in the Cx47 gene. 
At least 20 different mutations have been reported so far, spanning the entire coding 
sequence and causing missense mutations, nonsense mutations, or frameshifts in the 
coding sequence. Using HeLa transfectants, it has been shown that all three Cx47 
mutants have an impaired traffi cking to the membrane and are mainly retained in 
the ER. Assays evaluating gap junctional permeability or conductivity could not 
detect any coupling between these mutant-bearing cells. I33M, a missense mutation 
located in the fi rst transmembrane domain of Cx47, was found to cause a milder 
form of PMLD with a slower progression, mainly defi ned by a spastic paraplegia 
but lacking the characteristic nystagmus. Interestingly, when this mutated form of 
Cx47 was transfected into HeLa cells, it was not retained in the ER but could form 
gap junction plaques at the cell–cell interface. Similarly, to the other mutants, 
however, Cx47 I33M could not form functional channels. As this particular mutant 
was associated with a milder form of disease, it is speculated that the presence of 
Cx47 at the plasma membrane is important for oligodendrocyte function, even in 
the absence of functional gap junction channels. This may point towards a role of 
hemichannels or of protein–protein interaction.  

12.4     Cx26, Cx31, and Cx30 Genes and Skin Diseases 
and Hearing Malfunctions 

 It has been shown that mutations in connexins Cx26, Cx30, Cx30Æ3, and Cx31 can 
cause sensorineural deafness, alone or in combination with hyperproliferative skin 
disorders. Those four connexins have been detected in the inner ear cochlea and 
are thought to play a central role in potassium recycling to the endolymph. The 
autosomal recessive inheritance pattern predominates in non-syndromic genetic 
deafness (80 %), the rest following mostly an autosomal dominant pattern. The 
Cx26 gene is the most important single locus linked with recessive non-syndromic 
sensorineural hearing loss, with 10–50 % of all patients bearing mutations in this 
gene, depending on the studied population. Interestingly, most Cx26 mutations 
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associated with a recessive pattern of deafness cause either premature truncation of 
the protein or missense mutations in the last two-thirds of the protein. For instance, 
the 35delG mutation, which accounts for the majority of Cx26 mutations, especially 
in Caucasian populations, drives a deletion of one of six guanines at positions 
30–35, leading to a frameshift and a premature stop codon at nucleotide 38. Overall, 
mutations causing an early truncation cause a profound hearing loss, whereas mis-
sense mutations have a more variable effect. Of those, mutated Cx26 proteins unable 
to form gap junctions in transfected cells (W77R, S113R, R143W, V153I, M163V, 
R184P, L214P, etc.) are associated with a profound hearing loss in the homozygous 
state. By contrast, it has been shown that patients bearing the N206S missense 
mutation have only mild to moderate hearing loss. Interestingly, this particular 
mutation does not impair the formation of functional gap junctions but reduces 
conductance levels and alters gating properties. Another mutation associated with 
profound deafness, V84L, is of particular interest because its electrical properties 
are virtually unaltered. However, it has been shown that the permeability of the 
mutated channel to IP is dramatically reduced, leading to a block in Ca 2+  wave 
propagation in the supporting cells of the organ of Corti. It is thus proposed that 
metabolite transfer between cells, and not electrical coupling, is the determinant 
role of gap junctions for potassium homeostasis of the inner ear. By contrast, the 
Cx26 mutations associated with the less common autosomal dominant forms of 
non-syndromic deafness, or with syndromic deafness, are located in the TM1 or the 
EL1. The mutations investigated in cell systems all showed a dominant negative 
effect on non- mutated Cx26, as well as a trans-dominant effect on other connexin 
isotypes, whether the mutated form had impaired traffi cking (D66H) or formed 
non- functional gap junction plaques (M34T, G59A, or R75W). There thus seems to 
be a strong correlation between a dominant negative effect of a mutated connexin on 
normal connexins and the observed pattern of dominant inheritance. Mutations in 
the other cochlear connexins have been less extensively studied. It is has been 
shown that digenic inheritance of recessive deafness by mutations in Cx26 and 
Cx30 or in GJB2 and Cx31 can occur. In other words, deafness can be caused by the 
addition of a mutation in one allele of Cx26 and one allele of Cx30 or Cx31, indi-
cating an interaction of these connexins in the cochlea. Most connexin-associated 
skin disorders, whether they segregate with hearing impairment or occur alone, are 
inherited in an autosomal dominant pattern, which points towards mutations causing 
a toxic gain of function or a dominant negative effect on non-mutated connexins. 

 Cx30 mainly parallels the distribution of Cx26. Cx30Æ3 and Cx31 are expressed 
during later stages of epidermal differentiation. These expression patterns fi t well 
with the skin disorders associated with mutations in each connexin. Cx26-associated 
syndromes have a hyperproliferative component and characteristically include a PPK 
and deafness associated with nail and hair dystrophy, keratitis, and a predisposition 
for squamous cell carcinoma (keratitis–ichthyosis–deafness syndrome, or KID); 
keratoderma on joints and constrictive bands on digits (Vohwinkel syndrome); or 
knuckle pads and leuconychia (Bart–Pumphrey syndrome). Similarly, Cx30 muta-
tions can cause KID but also a distinct though overlapping phenotype (Clouston 
syndrome) defi ned by PPK, alopecia or hypotrichosis, and nail dystrophy. On the 
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other hand, Cx30Æ3 and Cx31 mutations affect more keratinocyte differentiation 
than proliferation. The main syndrome caused by mutations in these genes is 
erythrokeratodermia variabilis (EKV), characterized by migrating erythematous 
patches on the trunk and a fi xed, usually symmetrical keratoderma without palmo-
plantar involvement. Intriguingly, the vast majority of mutations found to cause skin 
disorders are located in the NT, the TMs, or EL1, which indicates a crucial role of 
these domains for connexin function in the skin. The properties of several specifi c 
mutations have been investigated in more detail. A recurrent fi nding, especially for 
mutations in Cx26 causing KID (such as G12R, A40V, G45E, and D50N) and Cx30 
mutations associated with Clouston syndrome (G11R and A88V), was that these 
alterations did not appear to impair the formation of gap junction plaques and only 
mildly affected gap junction channel properties. However, all these mutations were 
shown to increase hemichannel function. Interestingly, HeLa cells transfected with 
Cx30 mutants (G11R or A88V) were shown to release increasing amounts of 
ATP through their mutant hemichannels. As ATP, by activating  specifi c purinergic 
receptors, is known to regulate keratinocyte proliferation and differentiation, it is 
conceivable that Cx30 (and, by homology, Cx26) mutations cause hyperproliferative 
skin diseases via an increased release of ATP through hemichannels. Of note, an 
indirect effect of these Cx30 mutants on ATP release by alternative sources, such as 
pannexin channels (Pnx1) or purinergic receptors (P2XR), cannot be excluded. 
Besides aberrant hemichannel function, another putative mechanism of disease has 
also been proposed. The Cx26 mutation associated with Vohwinkel syndrome 
(D66H) and the GJB2 R75W missense mutation, which is associated with sensori-
neural deafness and PPK, are both located in EL1, and both have a dominant negative 
effect on Cx26 gap junction assembly. It is thus believed that alterations in this 
domain could impair proper docking of connexons. More recently, an implication of 
ER stress and subsequent unfolded protein response in the pathogenesis of EKV has 
been suggested for mutations in Cx31. Three Cx31mutants (G12D, R42P, and 
C86S) which have an impaired traffi cking to the membrane when expressed in 
transfected cells are associated with decreased cell viability. However, in contrast 
to Cx26 and Cx30 mutants, cell death induced by these mutants could not be 
entirely explained by an aberrant opening of hemichannels, as an increase in 
extracellular Ca 2+  could not rescue viability. As these mutants were associated with 
an upregulation of proteasome markers, ER resident proteins, and chaperones, it 
seems likely that accumulation of EKV-associated Cx31 mutants leads to ER stress 
and, ultimately, to cell death. However, the mechanism linking increased cell 
death in vitro to a hyperproliferative skin disorder in vivo remains to be established. 
Finally, mutations of some specific residues in the NT of connexions are con-
sistently found in skin disorders. The Glycine at position 11 or 12 of b-group 
connexins seems to be of particular importance. The replacement of this glycine by 
a polar residue has been associated with skin disease in each of these connexions 
(Cx26 G12R in relation to KID, Cx31 G12R, G12D and Cx30Æ3 G12D in EKV, 
and Cx30 G11R in Clouston syndrome). It is hypothesized that this conserved 
glycine maintains the fl exibility of the NT and thus enables the gating of the channel 
by this domain.  
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12.5     Cx43, Cx37, Cx40, and Cardiovascular Disease 

 Gap junctions in cardiomyocytes are mainly present at the intercalated disk and are 
composed of Cx43 in the ventricle and of a combination of Cx40 and Cx43 in the 
atrium. All three cardiovascular connexins (Cx37, Cx40, and Cx43) are expressed 
in the vascular wall, with varying expression patterns depending on the localization 
in the vascular tree. A striking aspect of Cx43 mutations in humans is the lack of 
cardiac phenotype. Although Cx43 is expressed throughout the heart and is known 
to play a critical role in cardiac development and function during adult life, a minimal 
number of ODDD patients actually have cardiac manifestations. A familial case of 
ODDD with recurrent ventricular tachycardia and atrioventricular block has been 
associated with the I130T mutation. Interestingly, mice bearing this mutation in a 
heterozygous state have a phenotype resembling ODDD and display an increased 
susceptibility to ventricular tachycardia. However, the functional effects of this 
mutation at the cellular level, that is, a reduced formation of gap junction plaques 
and a lower conductance between cells, do not distinguish it from other mutations 
underlying ODDD without any cardiac involvement. As this mutation has only been 
detected in one family, the concomitant role of other genetic alterations cannot be 
excluded. One study on six patients with severe forms of visceroatrial heterotaxia, 
including asplenia or polysplenia and pulmonary atresia or stenosis, detected one or 
two Cx43 mutations in each of them (all in the CT). Recently, a report on 418 
Chinese patients with congenital heart defects described the discovery of three 
Cx43 mutations in their patients (two in the CT and one in TM3). Thus, the relative 
contribution of Cx43 mutations to cardiac malformations in humans remains to be 
clarifi ed. A recent report described Cx40 mutations in patients with idiopathic atrial 
fi brillation. As this connexin is highly expressed in atrial cardiomyocytes, muta-
tions in this gene are expected to affect atrial conduction properties. In this series of 
15 patients with idiopathic atrial fi brillation, four patients displayed mutations in 
the Cx40 gene, all in the transmembrane domain: two patients exhibited the same 
P88S heterozygous missense mutation, one patient had a A96S substitution on one 
allele, and one patient had two different missense mutations (G38D and M163V, the 
latter being presumably a polymorphism). When examined functionally in transfected 
cells, these mutations appeared to affect gap junctional communication, either by a 
defect in localization (G38D, P88S) or by massively reducing gap junctional con-
ductance (P88S, A96S). Interestingly, only the A96S mutation could be detected in 
peripheral blood lymphocyte DNA, indicating a germ line mutation. The other three 
patients only had GJA5 mutations in cardiac tissue samples and not in peripheral 
blood samples, suggesting somatic mutations. The third cardiovascular connexin, 
Cx37, is mainly expressed in endothelial cells. Interestingly, a Cx37 C1019T genetic 
polymorphism has been strongly associated with atherosclerosis development and 
myocardial infarction in humans. Moreover, the resulting amino acid change in the 
Cx37-CT appeared to alter ATP release through Cx37 hemichannels thereby affecting 
monocyte adhesion.    
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