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THESIS ABSTRACT 

 

Connexin43 (Cx43) is a gap junction protein best known for coupling the cytoplasms of 

cardiac myocytes and allowing the efficient conduction of action potentials throughout 

the heart. In addition to the heart, Cx43 is also highly expressed in many immune cells 

and it has been attributed numerous roles in immunity. One such reported role was in 

macrophage phagocytosis. The first chapter in this dissertation explored the phagocytic 

activity of cultured and primary murine macrophages from wild type (WT) and Cx43-

deleted (Cx43
-/-

) macrophages. No difference in phagocytic uptake was observed between 

the two groups using a series of target particles, indicating that Cx43 is dispensable for 

phagocytosis in macrophages. 

 Given the spectrum of immune functions in which Cx43 has been ascribed a role, 

we set out to characterize its effect on a model of autoimmune myocarditis (EAM). Using 

the area of cardiac inflammatory infiltrate as a correlate of disease severity, we observed 

the progression of the disease to be independent of Cx43 status utilizing WT and Cx43-

heterozygous (Cx43
+/-

) animals as well as radiation chimeric mice reconstituted with cells 

from donor WT, Cx43
+/-

 and Cx43
-/-

 mice. 

 Although the severity of EAM did not measurably change when induced in 

animals with differing levels of Cx43 expression, substantial changes to ventricular Cx43 

were noted in diseased hearts. Large foci were observed that completely lacked Cx43 

immunofluorescence signal. Areas surrounding these foci exhibited disrupted Cx43 

patterns such as internalization and lateralization. Similar alterations to Cx43 were also 
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observed in the BALB/cByJ strain of laboratory mice that develop a spontaneous 

myocarditic disease. 

 To investigate the electrophysiological ramifications of EAM, especially in the 

context of Cx43
+/-

 mice, ECGs were recorded from animals over the course of EAM. 

Significant changes to the QRS interval were noted, including prolongation that was only 

observed in Cx43
+/-

 animals.   
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Connexins are a well characterized family of mammalian proteins. Their best known 

function is the formation of intercellular channels that connect the interiors of adjacent 

cells, bridging the extracellular space. Connexin channels provide communication 

between the bustling interiors of neighboring cells, allowing coordination of their 

activities. 

 

PART I. THE CONNEXIN FAMILY OF PROTEINS AND FORMATION OF GAP 

JUNCTIONS 

 

Early Observations 

Intercellular dye transfer was reported between stomach epithelial cells by Schmidtman 

as early as 1925 (1). Three decades later, physiologic evidence of the passage of ionic 

currents between adjacent cells was uncovered in the nervous system of Astacus 

fluviatilis, the crayfish (2). In this report, action potentials were observed to move from a 

post-synaptic to a pre-synaptic motor neuron in a retrograde direction: an impossible feat 

for a chemical synapse, where neurotransmitters are released from the pre-synaptic cell 

and diffuse across the synapse to the post-synaptic cell. Although there was controversy 

at the time over whether this finding could simply be attributed to the triggering an action 

potential in the first cell by an electric field, electron microscopy soon revealed that the 

membranes between cells connected by these putative electrical synapses had a unique 

appearance, which included closely apposed membranes and an absence of structures 

normally found at a chemical synapse (3-4). Simultaneously, evidence of intercellular 
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coupling was observed in the form of dye transfer between epithelial cells from 

Drosophila melanogaster, the fruit fly (5).  

The term “gap junction” was coined by Revel based on observations of membrane 

ultrastructure in cells of the murine heart and liver (6). “Gap” is a reference to the 

characteristic space of approximately 20 angstroms (2 nm) separating the plasma 

membranes of adjacent cardiac myocytes or hepatocytes. Immediately, it was recognized 

that the membrane structures present at electrical synapses in the crayfish were 

essentially identical to those found in rodent livers (7). It is now known that the proteins 

responsible for the formation of gap junctions in invertebrates, such as the fruit fly and 

crayfish belong to the innexins, a distinct family from the vertebrate connexins (8). Work 

in Revel’s laboratory eventually led to a partial sequencing of the amino terminus of the 

predominant gap junction protein found therein, a member of the connexin family now 

known as Connexin32 (9).  

 

Connexin Nomenclature 

The term “connexin” was coined by Goodenough based on his studies of gap junctions in 

mouse livers (10). For more than a decade, connexin isoforms were simply named for the 

organism and organ in which they were found, for example: “rat liver connexin”. With 

interest growing in proteins of the connexin family, isoforms of identical molecular 

weight were soon identified in different organ and cell types. Occasionally, several 

connexins of differing molecular weights were found within the same organ. To ease 

confusion, the need for a more sophisticated nomenclature system became apparent. 
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Currently, connexins are named according to two nomenclature systems. In the 

first, the capitalized word “Connexin” is followed by the predicted molecular mass, in 

kD, of a particular connexin isoform based on its cDNA sequence (11). To identify which 

species a particular connexin isoform originates from, sometimes a lowercase prefix such 

as “m” for murine or “h” for human is included. For example, one connexin isolated from 

mouse hepatocytes had a predicted molecular mass of 32,022 daltons and was therefore 

named “mConnexin32”. In the shorthand notation, “Connexin” is often shortened to 

“Cx”. 

The second nomenclature system initially subdivides connexins into α, β, γ and δ 

subfamilies, based on sequence conservation or degeneracy in a handful of key structural 

domains (12-14). In this system, connexins are named based on their subfamily and 

numbered according to the date of their discovery, preceded by “Gj” for gap junction. For 

example, in this system, Cx43 is named “Gja1” because it is of the α subfamily and was 

the first connexin of this family to be identified (15). The two competing nomenclature 

schemas are adequate but remain in a state of flux as new connexin proteins formed by 

splice variants are discovered (16).  

 

Connexin Structure: Genetic and Protein 

The doorway to understanding the genetic structure of connexins was opened by the 

successful cloning of homologous connexin genes from rat and human liver, using a 

partially-degenerate oligonucleotide to probe human and rat cDNA libraries (17). 

Interestingly, investigators selected the probe from a panel of oligonucleotides developed 
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from a previously sequenced connexin polypeptide, using knowledge of the proportionate 

distribution of codons known for each amino acid. 

Genetically, connexin family members have a similar structure that includes an 

untranslated 5’ first exon followed by an intron of various sizes, depending on the 

connexin isoform in question, a second exon containing the entire reading frame, and a 3’ 

untranslated region (18). Few exceptions to this generalized genetic structure have been 

identified, including mouse Cxs 32, 36 and 45, which can undergo alternative splicing. 

Early comparisons between cDNAs for Cx32 and Cx43 revealed moderate 

structural homology and the clear presence of similar regions of hydrophobic amino acid 

residues, representing transmembrane regions (11). Further analysis indicated a high 

degree of conservation between the transmembrane and extracellular regions of the two 

connexins, but relative degeneracy in their intracellular portions. 

It is now known that members of the connexin family all have similar membrane 

topologies, with intracellular N- and C-termini, four membrane α-helical regions 

connected by one intracellular and two extracellular loops (Fig. 1). All connexins have 

cysteine residues capable of forming di-sulphide bonds between the extracellular loops. 

These cysteines are essential for the formation of patent intercellular channels (19). As 

was observed with Cx32 and 43, transmembrane and extracellular domains are highly 

conserved between different connexin isoforms while the intracellular loop and C-

terminal tail are much more variable; discrepancies that likely account for functional 

differences between connexins (20). 
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FIGURE 1. Membrane topology of the connexins. Connexin family members share a 

similar tertiary structure comprised of cytoplasmic N- and C-termini (N and C, 

respectively) and four transmembrane domains (TM) connected by two extracellular (EL) 

and one intracellular (IL) loop. 
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Connexin Assembly 

Connexin family members are inserted into the membrane of the endoplasmic reticulum 

during translation (21). One exception is the relatively diminutive Cx26, which has been 

shown to be fully translated prior to plasma membrane insertion (22).  

Once translation is complete, connexin isoforms begin to assume their quaternary 

structure: six connexin subunits come together to form a hexameric channel, sometimes 

referred to as a connexon or hemichannel
1
. In contrast to other known membrane 

channels connexins do not appear to assume quaternary structure in the endoplasmic 

reticulum (23). Instead, the location of connexon assembly has been shown to be isoform 

dependent with some connexins, such as Cx32, oligomerizing in a compartment 

intermediate between the endoplasmic reticulum and golgi apparatus; while others, such 

as Cx43, assemble in the trans-golgi network (24-25). More recent work suggests that the 

trans-golgi network is the actual site of connexon assembly for both α (Cx43) and β 

(Cx26/32) connexins since reports otherwise were based on overexpression systems (26). 

Many cell types express more than one connexin isoform, raising the possibility 

of the formation of a heteromeric connexon, or one composed of multiple connexin 

isoform subunits within a single hexamer. Currently, it is thought that connexins from the 

α subfamily are compatible with other α connexins, while β connexins can form 

heteromers with members of their subfamily (24). Heteromeric connexins have been 

shown to possess different functional properties from homomeric connexons, which 

consist of only a single connexin isoform (27).  

                                                           
1
 Occasionally in the literature, connexon and hemichannel are used interchangeably. Since “hemichannel” 

implies an open pore, and connexons open only under certain conditions, in this work “hemichannel” 
refers to a plasma membrane channel in the open state, while “connexon” implies a closed channel.   
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Fully-assembled connexons are transported along microtubules from the trans-

golgi network to the plasma membrane within the membranes of small vesicles (28). 

Actin has also been demonstrated to be essential for anterograde transport of Cx43 to the 

plasma membrane in cardiac myocytes (29). In cell types that form substantial gap 

junction plaques, newly synthesized connexons are delivered to the plaque outer margin 

(28).  

Upon arrival at the plasma membrane a newly-synthesized connexon awaits 

contact with another connexon from an apposed cell. Under normal physiological 

conditions, the probability that a connexon will open as a hemichannel is very low (30). 

Experimental evidence suggests that the relatively high extracellular calcium ion 

concentration is responsible for maintaining closure of connexons pre-docking (31). 

Therefore, connexons are thought to remain closed until they meet head-to-head with a 

connexon from the opposing cell. Once this occurs, the extracellular loops of the two 

connexons interdigitate and a connexin channel is formed, creating a conduit between the 

cytoplasms of the two cells. Interestingly, unopposed connexons have been shown to 

form hemichannels under some circumstances. We will return to the evidence for 

hemichannel activity and its potential physiological roles in a later section. 

In addition to the possibility of compatible connexin isoforms combining within 

the same heteromeric connexon, experimental evidence also reveals that certain 

connexons can form heterotypic connexin channels (32). For example, a connexon 

composed of CxX contributed by a first cell can form a functional channel with CxY of 

another cell. Logically, then it is possible for connexin channels between cells expressing 

multiple connexin family members to be comprised of any number of different 
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combinations of heteromeric and heterotypic connexins, each with properties 

representing some hybrid of their constituent subunits. The cellular mechanisms 

controlling the intermixing of connexin isoforms under these conditions are not yet 

thoroughly understood. 

 

Post Translational Modification of Connexins 

Post-translational modification of the various connexins has been a topic of great interest. 

A handful of post-translational modifications to connexins have been described in the 

literature, the best characterized of which is phosphorylation.  

Phosphorylation of most connexins occurs in the C-terminal tail region, although 

it can occur on the intracellular loops of Cx36 and Cx56 (32).  Trafficking to the 

membrane, formation of functional gap junctions, reduced intercellular coupling, 

internalization, and degradation are all reported consequences of connexin 

phosphorylation (32). The alterations of the life cycle and function of connexins mediated 

by phosphorylation are determined by the specific amino acid residues to which the 

phosphate group is covalently linked. Most connexins have several residues that can be 

phosphorylated, a process controlled by specific kinases and phosphatases. Possibly due 

to its size, Cx26 is thought to be the only connexin that does not undergo phosphorylation 

(33). 

Perhaps the best studied connexin isoform in terms of phosphorylation is Cx43. 

Since the advent of Western immunoblotting using high resolution polyacrylamide gel 

electrophoresis, it has been appreciated that Cx43 often migrates as a series of three 
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bands: a band of approximately 42 kD that represents non-phosphorylated protein, and 

two larger bands with apparent molecular weights of ~ 44 and 46 kD which are often 

referred to as “P1” and “P2” (34). Evidence that P1 and P2 result from phosphorylation 

of native Cx43 was provided by studies reporting their disappearance following alkaline 

phosphatase treatment of cell lysates and by the incorporation of radiolabeled phosphate 

into these two slowly-migrating bands (34-35). In the NRK cell line, it was shown that 

Cx43 phosphorylation correlates with its maturation, as newly synthesized protein was 

identified in the non-phosphorylated band, while gap junctional Cx43 migrated with P1 

and P2 (34). 

Nearly a dozen serine and two tyrosine phosphorylation sites have been identified 

on the C-terminal tail of Cx43 (36). The process of identifying the consequences of 

phosphorylation at suspected sites has been made practical by the availability of 

monoclonal antibodies that recognize specific phospho-isoforms of Cx43 and the 

development of connexin mutants where potential phosphorylation sites have been 

replaced by non-phosphorylable amino acids. Through the use of these tools, the P1 band 

of Cx43 has been reported to result from phosphorylation of a serine residue at position 

365, an event which may serve as a checkpoint, preventing phosphorylation at other 

nearby serines (37). The P2 band observed in Western immunoblots has been reported to 

be the product of phosphorylation of several serine residues, found at positions 325, 328 

and 330 (38). A link between cardiac pathophysiology and connexin phosphorylation was 

provided by the finding that de-phosphorylation at serines 325/328/330 is associated with 

ischemia, or low oxygen conditions (38). In this study, Lampe et al. found Cx43 

phosphorylated at serines 325/328/330 was more likely to localize to the intercalated 
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disk. Conversely, the appearance of Cx43 along the lateral walls of myocytes, which is 

often associated with ischemia, was almost completely comprised of non-phosphorylated 

protein. A subsequent study using knock-in animals, where the 325/328/330 serines were 

replaced with “phosphomimetic” glutamic acid residues, found more Cx43 present at 

intercalated disks and a lower propensity toward arrhythmia in  knock-in animals as 

compared to controls following experimentally-induced heart failure (39). In addition to 

modification of serines, phosphorylation of tyrosine residues at amino acid positions 247 

and 265, which is mediated by the kinase encoded by the viral oncogene v-src, has been 

shown to cause closure of Cx43 intercellular channels (40-41).      

A list of some of the better-characterized phosphorylation sites found on Cx43 

and their effects on Cx43 function is shown in Table 1. The phosphorylated amino acid 

residue(s) are listed, as well as the cellular, or extra-cellular, kinases reported to be 

responsible are listed. As work continues on defining the effects of phosphorylation of 

Cx43, this list is non-exhaustive.  

Presently, a handful of studies have suggested that Cx43 can be ubiquitinated, 

based upon co-immunoprecipitation of ubiquitin by Cx43 and evidence that inhibitors of 

proteasomal degradation prolong the half life of connexins (42). However, at least two 

studies have refuted these findings. In the first, it was demonstrated that a mutant Cx43 

featuring the replacement of all lysine residues with alanines exhibited a similar rate of 

turnover to wild type Cx43 (43). More recently, Dunn et al. postulated that Akt, not 

Cx43, is the target of ubiquitination (44). In their model, Akt acts to stabilize Cx43 in the 

membrane, and Akt ubiquitination leads to its degradation and the subsequent break 

down of Cx43 gap junctions. 



12 
 

Table 1. Characterized phosphorylation sites on Cx43 

Residue 

Position 
Ser/Tyr Kinase    Effect of Phosphorylation Ref. 

247 Tyr v-SRC 
Decreases intercellular 

communication 
(45) 

     

255 Ser MAPK 

Reduces open channel probability, 

alters selectivity, does not alter 

unitary conductance 

(46) 

     

     

262 Ser MAPK Reduces intercellular communication (47) 

     

     

265 Tyr c-SRC 
Increases interaction between Cx43 

and ZO-1, increases total Cx43 
(48) 

     

     

279 

Ser MAPK Reduces dye and electrical coupling (46)  

282 

     

     

325 Ser CK1 
Increases gap junction plaque 

formation, stabilizes existing plaques 
(49) 

     

     

328 

Ser CK1 
Increases total Cx43 while 

decreasing gap junctional Cx4 
(49)  

330 

     

     

364 Ser PKA Reduces hemichannel opening (50) 

     

     

368 Ser PKC 
Mediates ischemic preconditioning, 

regulates channel selectivity 
(51) 
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At least one study has reported the acetylation of Cx43 (52). In this report, three 

conserved consensus sequences for acetylation were identified within Cx43 and 

immunoprecipitation of Cx43 by an antibody specific for acetylated lysine was observed 

in heart tissue. This interaction was enhanced in the presence of the histone deacetylase 

inhibitor (HDACi), suberoylanilide hydroxamic acid (SAHA). Acetylated Cx43 was 

infrequently found at the intercalated disk, and often localized to the lateral membrane of 

myocytes. Cx43 acetylation requires further study given the emerging use of SAHA and 

other HDACs in cancer treatment.    

Although certain connexins, including Cx32, contain putative sequences for 

glycolsylation, many of these sequences are out-of-place; for instance, the consensus 

sequence for Cx32 glycosylation is located on the cytoplasmic aspect of the protein, 

making glycosylation at that location highly improbable (53). The same holds true for 

other connexins, as despite sequence evidence, no connexin isoforms have been 

definitively shown to be glycosylated (42). In contrast, members of the pannexin family 

of proteins are glycosylated on their extracellular loops, a post-translational modification 

that has been shown to be required for transit to their appropriate intracellular 

localizations (54).  

Additionally,  published literature exists describing both nitrosylation and 

SUMOlation of connexin isoforms (42). Clearly, post-translational modification of the 

connexin family is a rapidly evolving field with much important work remaining to be 

done. 
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Connexin Life Cycle and Degradation 

One aspect of the connexin life cycle closely related to post-translational modification 

that has received a good deal attention in the literature is half-life and connexin turnover. 

Compared to most other cell surface proteins, the half-life of connexins has been found to 

be relatively short. One study reported that the bulk of proteins in the plasma membrane 

of cultured eukaryotic cells experience half-lives greater than 75 hours (55). Connexin 

turnover is comparatively rapid with half-lives lasting between 1.5 to 5 hours (56). There 

is evidence that turnover varies widely between different connexin isoforms, as it has 

been suggested that Cx49, found in the eye lens, has a half-life as long as 10 hours (57). 

Once the lifespan of an individual connexin gap junction has run its course, a 

mechanistically unique degradation process begins. Connexins present within gap 

junctions at the cell surface have been reported to be internalized via a clatharin-

dependent process that draws apposed connexons from both coupled cells into a single 

double-membrane vesicle known as an annular junction (58-59). In established gap 

junctions, these vesicles often form in the central area of the junction, while newly-

synthesized connexons are delivered to the outer margins (60).  

Early electron-microscopic evidence suggested that connexin-rich annular 

junctions undergo lysosomal degradation, based upon the co-localization of these sub-

cellular structures (61). In support of this finding, it has also been reported that inhibitors 

of the lysosome cause an accumulation of connexins, both at the cell surface and within 

the cytoplasm (59). Non-apposed connexons at the cell surface also appear to be 

ultimately fated for degradation by the lysosome, as surface biotinylated Cx43 turned 
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over much more slowly in the presence of chloroquine and leupeptin, potent lysosomal 

inhibitors (62).         

 

Connexin Functions 

In addition to their widely appreciated role triggering action potentials in excitable cells 

by conduction of ions between adjacent neurons or cardiac myocytes, connexins have 

been attributed many additional physiological and pathological roles. Among these are 

the transfer of: ATP and ADP, cAMP, inisotol 1,4,5 triphosphate, and short peptides 

between neighboring cells (63-66). Evidence points to this transfer as being driven not by 

an active process, but by diffusion. However, emerging research paints connexins not 

simply as passive conduits, but instead emphasizes their capacity to fine tune the 

intercellular passage of compounds by regulating of the number of connexins present in a 

given gap junction and the selective permeability of each connexin (67). 

 

Connexin Hemichannels 

In addition to cannonical connexin-mediated gap junctional communication, connexins 

are thought to play several physiological roles as hemichannels, without the need to form 

intercellular junctions. Investigators first recognized that connexons may not require 

head-to-head docking to function as a channel with the discovery of unopposed 

connexons in retinal neurons, precisely in regions where ionic fluxes could contribute to 

photoreception (68). Experimental evidence of hemichannel formation soon emerged 
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with reports that cultured cells expressing certain connexin isoforms could become 

permeable to dyes of sizes small enough to transit a connexon plasma membrane pore, 

for example lucifer yellow, calcein, and ethidium (69). Such dyes are normally 

membrane-impermeant and have been utilized to identify the presence of gap junctional 

intercellular coupling, or “dye coupling” for decades (70-72).   

The existence of connexin hemichannels was demonstrated electrophysiologically 

in HeLa cells expressing Cx43 (73). When the electrical potential at the interior of the 

plasma membrane was depolarized by modulating it from its resting potential to +60 mv, 

single channel conductances with magnitudes that would be expected of Cx43 

hemichannels were measured (220 pS hemichannel vs. 110 pS complete channel). By 

analogy, imagine a complete (intercellular) connexin channel as a length of hose carrying 

a certain amount of water per unit of time, χ. If the water pressure, which is analogous to 

the electrical potential across the channel, is kept constant while the hose’s length is 

halved, flow will approximately double (2χ), owing to the decreased resistance. It is 

important to note that length is not the only factor that determines channel conductance.  

Investigators from diverse fields of study have ascribed roles to connexin 

hemichannels in several physiological processes occurring in many cell and tissue types. 

Functionally, when open as hemichannels, connexons are thought to allow a variety of 

intracellular molecules to move from the cytoplasm to the cell exterior. Once released, 

these species diffuse through the extracellular milieu and can act in an autocrine or 

paracrine fashion (74).  
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Cx26 and Cx30 hemichannels have been reported to act as ATP release channels 

within the cells of the Organ of Corti, found in the inner ear (75). ATP efflux was shown 

to be significantly reduced in organ explants from connexin-deleted mice, after treatment 

with carbenoxolone (a connexin inhibitor), and in the presence of lanthanum ions (which 

block hemichannels but have little-to-no effect on connexin intercellular channels). 

Evidence for Cx43 hemichannel activity has been provided by numerous studies, 

including one that measured a dramatic reduction in the release of NAD
+
 when NIH3T3 

cells were treated with pharmacological gap junction blockers, lanthanum ions, an anti-

sense Cx43 oligonucleotide, and a monoclonal antibody raised against the extracellular 

pore region of the Cx43 (76). Another study reported that, in response to shear stress, 

osteocyte Cx43 hemichannels mediate the release of prostaglandin E2, the outflow of 

which was stemmed by treatment with gap junction blockers and siRNA knockdown of 

Cx43 (77). 

Open connexin hemichannels essentially represent a doorway between the intra- 

and extra-cellular environments and inappropriate or uncontrolled opening could result in 

the loss of essential ions and metabolites, dissipation of the cellular transmembrane 

potential, and rapid bulk movement of water. These consequences would be detrimental 

or even fatal to a cell. Therefore, hemichannel activity must be tightly regulated.  

Connexons have been suggested to form hemichannels under a handful of 

conditions. In general, connexins are prevented from hemichannel formation by 

millimolar concentrations of calcium ions at their extracellular face (78). The apparent 

physiological role of this calcium-blockade is to keep connexons sealed under most 
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conditions, until they are joined into a complete intercellular channel.  However, it has 

been shown that different connexin isoforms may have differential responses to the 

concentration of extracellular ions, including calcium (79). Cx43 also forms 

hemichannels in response to the depolarization of plasma membrane to positive voltages 

greater than 60 mV, a non-physiological condition, and in response to mechanical stress 

(30, 80). 

Uncovering the activity and importance of connexin hemichannels has become 

more complicated with the discovery of hemichannel-like activity among the pannexin 

family of proteins. Pannexins are expressed at high levels in many of the same immune 

cells and tissues where connexins are found (81). It has been argued that, since pannexins 

do not appear to form intercellular channels under physiological conditions, pores formed 

by pannexins should be referred to as “channels” instead of “hemichannels” (82).                       

 

Non-Channel Forming Roles of Connexins 

Along with the formation of hemichannels, connexins appear to have roles that do not 

include the formation of a channel. For instance, evidence that Cx43 can function as an 

adhesion molecule has emerged from a breast carcinoma model system (67). In this 

system, enhanced attachment of a breast cancer cell line to primary lung endothelial cells 

was demonstrated when the cells overexpressed Cx43. This increased adhesion was 

unchanged when cancer cells expressed a mutant Cx43 isoform incapable of forming a 

channel. Hypothetically, connexins are ideal candidates for adhesion molecules, since 
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they bind very tightly in the extracellular space and there is some specificity to their 

pairing. 

At least one report exists of connexins functioning in an anti-apoptotic role (83). 

Expression of Cx32 and Cx43 was shown to protect cultured glial cells from apoptosis. 

Surprisingly, this effect persisted even when the glial cells were plated at a density so 

sparse that cell-to-cell coupling could not occur. To exclude the possibility that 

hemichannels were responsible for this effect, channel-defective mutants were employed, 

yet the glial cells remained protected from apoptosis.  

Fascinatingly, it has even been reported in the literature that the carboxy-terminus 

of Cx43 can localize to the nucleus and inhibit cellular proliferation (84). This suggests 

that connexins may even play a role as growth or transcription factors.    

 

Experimental Techniques for Connexin Study 

Early studies on connexins relied heavily on chemical inhibitors to close connexin 

channels. These agents; which included long chain alcohols, glycyrrhizic acid 

metabolites, and oleic acid derivatives (oleamide); were effective at blocking channels 

but had the disadvantage of acting promiscuously on multiple connexin isoforms as well 

as other ion channel proteins. At present, there are few specific drugs for the modulation 

of gap junction function (85).  

Long chain alcohols (heptanol and octanol) were among the first gap junction 

uncoupling agents to be studied (86). With the benefit of rapid uncoupling and low 
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toxicity, long chain alcohols are still widely used (85). The mechanism of action of the 

long chain alcohols is hypothesized to be alteration of membrane fluidity, creating the 

potential for numerous off-target effects (87). General anesthetics, such as halothane, 

have also been shown to uncouple gap junctions (88). Again the mechanism is unknown 

and this effect is not specific to gap junction proteins.  

Perhaps among the more specific inhibitors are the glycyrrhizic acid metabolites, 

such as α- and β-glycyrrhetinic acids and carbenoxolone (89-90). Derived from licorice, 

these compounds have been shown to alter connexin phosphorylation (91). The most 

significant shortcomings of the glycyrrhetinic acids are their lack of specificity for 

different connexin proteins and the lack of definitive mechanism of action.  

Another agent with a demonstrable capacity to interfere with gap junctional 

communication via connexin phosphorylation is the oleic acid derivative, oleamide (92). 

Found in low quantities in olive oil and within the cerebrospinal fluid of sleep-deprived 

cats, oleamide produces a fast-acting (10 min / 50 μM oleamide) and reversible 

decoupling of cells.  

A few additional agents have been reported to block connexin function: 

butanedione monoxim, which is thought to modify phosphorylation of gap junctions, 

leading to uncoupling (93); flufenamic acid, an effective but indirect inhibitor which is 

not specific to any one connexin isoform (94); and quinine, which blocks a selective 

group of gap junction channels but does not appear to block gap junctions found within 

the heart (95). 
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Specific inhibition of gap junction formation has been demonstrated with the use 

of extracellular loop mimetic peptides (96-98). It is thought that these peptides inhibit gap 

junctions by preventing connexon docking in the extracellular gap. However, this 

mechanism of action has been called into question by studies showing that mimetic 

peptides also reduce hemichannel activity (99). Regardless of mechanism, mimetic 

peptide effects are often incomplete and the interaction requires high concentrations of 

peptide (100).  The specificity of these peptides has also been called into question: Wang 

et al. demonstrated that these peptides targeted connexins less precisely than had been 

previously suggested (101). 

Monoclonal antibodies raised against the extracellular loops of specific connexins 

have been used to block channel formation (102). More recently, such antibodies have 

been shown to be viable blockers of connexin hemichannel function (103). However, 

their use has yet to become commonplace.   

The discovery of pannexin channels in mammalian cells has complicated the 

interpretation of inhibitor-based studies. Pannexin channels are sensitive to many of the 

inhibitors of connexin channels. Pannexins are very sensitive to inhibition by 

carbenoxolone (104-105) and are actually more sensitive to mefloquine than are channels 

formed by connexins (106). There is also inhibition of pannexin channels by some of the 

gap junction  “specific” peptides (101). Thus, inhibition of junctions by many of the 

commonly used pharmacological agents is open to alternative interpretation. 
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Animal Models for Connexin Study 

The availability of mice deleted for specific connexins has contributed a degree of 

specificity to the study of connexin function that is currently unmatched by 

pharmacological inhibitors. Transgenic animals featuring deletions of nearly every 

connexin gene have been generated (107). The Cx43 knockout mouse has been in 

existence since 1995 but has been of limited use to investigators due to neonatal lethality 

caused by Cx43 deletion (108).  Fortunately, much has been gained by studying Cx43 

heterozygotic mice (109-113). One model system that has been applied to circumvent the 

issue of Cx43 knockout neonatal lethality is the radiation chimera. 

Radiation chimeras are a commonly used model to study the role of specific genes 

in the immune system, where deletion of the gene of interest is lethal and does not allow 

the transgenic animal to reach adulthood (114-116). Normally, bone marrow cells are 

used to reconstitute lethally irradiated mice. However, since both bone marrow and fetal 

liver contain abundant pluripotent stem cells, irradiated mice can also be reconstituted 

with cells derived from fetal liver (117). In cases such as Cx43, where the genetic 

deletion results in neonatal death, fetal liver cells are preferable to bone marrow cells due 

to the difficulty of harvesting bone marrow from fetal animals (118-119). 

In models where wild type bone marrow or fetal liver cells are transplanted into 

wild type hosts, immune cells such as monocytes, dendritic cells, and neutrophils can be 

found in the spleen by day 7 after hematopoietic cell  implantation (120). By day 21, 

peripheral lymphoid cell reconstitution may be normal which includes the presence of 

NK, T, and B cells. However, these cells may not be fully mature and functional in terms 
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of possessing full effector capabilities (121). During this recovery period, irradiated mice 

are immunocompromised and susceptible to opportunistic infections, necessitating a 

specific pathogen-free environment and a regimen of prophylactic antibiotics.  

Ideally, engrafted donor cells should have a marker for easy identification, 

making it possible to assess the success of engraftment and the degree of chimerization. 

In one model developed by Nguyen and Taffet (118), discrepant CD45 isoforms 

expressed on donor and recipient leukocytes were used to monitor reconstitution. 

C57BL/6 and BALB/c mice normally express the isoform CD45.2. Genetically modified 

mice are commercially available which express the SJL- associated isoform, CD45.1 in 

animals with a C57BL/6 or BALB/c background (122-123). By selecting donor and 

recipient animals with different CD45 isoforms, it is possible to monitor the degree of 

chimerization by assessing CD45.1 and CD45.2 positive cells in peripheral blood using 

flow cytometry.  

An alternative donor cell marking system uses CD90.1/CD90.2 (124). Although 

hematopoietic stem cells have been shown to express CD90, this marker can be most 

effectively used to track T cell expansion because of its limited cellular distribution 

(125). Additionally, other proteins not normally expressed in murine cells have been used 

as markers for chimerization. For example, fluorescent markers such as GFP have been 

used to track the expansion of donor hematopoietic stem cells, in this case requiring 

genetically-modified mice or transduction of the GFP transgene into donor stem cells 

(126-127). 
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A unique mouse model was developed to study the role of the C-terminal “tail” 

region of Cx43. Named Cx43K258Stop, this mouse model features a truncated tail region, 

with the last 125 amino acids deleted (128). Mice homozygously carrying the truncated 

allele exhibit very low survival rates, disrupted skin development and are infertile. 

However, these animals can be rescued by the combination of a single Cx43K258Stop 

allele in conjunction with a Cx43 knock out allele, allowing for study of the effects of c-

terminal deletion (129). Characterization of the immune system in this mouse model may 

yield important findings in the future.   

Another option available to investigators wishing to achieve deletion of Cx43 is 

the “floxed” Cx43 mouse (130). In this model system, the coding region (exon 2) of 

Cx43 is bracketed by loxP sites. When bred to congenic animals that express cre-

recombinase under control of either inducible or gene specific promoters, the 

recombinase enzyme excises the bracketed region, essentially deleting Cx43 in a cell 

specific manner. This technology has the advantage of being less invasive and “cleaner” 

as compared to the radiation chimera model, where all donor hematopoietic cells are 

depleted of Cx43. 

Although a relatively recent development, there are some examples of using the 

cre/loxP system to study the role of Cx43 in specific tissues. Among the cell- and tissue-

specific knockouts of Cx43 that have been reported are: endothelial cells (130), cardiac 

myocytes (131), sertoli cells (132), smooth muscle cells (133),  oocytes (134), and 

astrocytes (135). Interestingly, there are only limited studies of depletion of Cx43 in 

immune cells. 
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PART II: CONNEXIN43 IN IMMUNITY 

The expression and functional significance of several connexin family members has been 

reported in cells and tissues of the immune system, including Cxs 30.3, 32, 37, 40, and 

43. (136-138) Since Cx43 is the best characterized connexin isoform in immunity and is 

the focus of this dissertation, the following literature review will focus primarily on the 

expression and possible functions of Cx43 in immunity. 

 

Cx43 in Hematopoiesis 

In essence, immune cells of all types originate in the bone marrow. Animals with 

insufficient bone marrow activity are severely immunocompromised. It can therefore be 

argued that the bone marrow is home to perhaps the most important immune tissue in the 

mammalian organism. 

The presence of gap junctions in the bone marrow was first reported in 1980, 

based on electron microscopic evidence (139). This finding was further validated when 

Cx43 expression was detected in a bone marrow stromal cell line and later in rat bone 

marrow by Northern blot assay (140-141). In rat bone marrow, Cx43 expression was 

found to decrease with age, with a strong immunofluorescence signal in juvenile (6 week) 

marrow, which approximately halved by adulthood (12 weeks) (141). Interestingly, 

strong Cx43 immunofluorescence was also noted in the marrow of animals treated with 

the chemotherapeutic agent 5-fluoruracil as well as the marrow harvested from patients 

afflicted with a spectrum of leukemic disorders. From this, it was hypothesized that 

increased Cx43 expression may be linked to situations of stress on the bone marrow, 
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where heavy cycling is required to (re)populate blood cells, such as during development, 

following chemotherapeutic ablation, or in certain blood cancers. 

The role of Cx43 in bone marrow stromal cells was further elucidated by 

Cancelas et al. (142). Upon culturing wild type bone marrow cells on a layer of irradiated 

wild type or Cx43-deficient fetal liver stromal cells, these investigators noticed a 

significant decrease in the number of cobblestone area forming cells in cultures 

supported stromal cells lacking Cx43. When observed in cultures derived from bone 

marrow, cobblestone area forming cells signify progenitor cell division and can be used 

as microscopic evidence of stem cell cycling (143). The effect of Cx43 deletion among 

fetal liver stromal cells was further exacerbated when bone marrow donors were treated 

with 5-fluorouracil, again indicating a differential requirement for Cx43 under conditions 

requiring high levels of stem cell activity (142).  

The findings of the Cancelas study described above were confirmed in a 

subsequent study by Montecino-Rodriguez et al., who reported a dramatic impact of 

Cx43 heterozygosity on hematopoietic rebound following 5-fluorouracil treatment (144). 

These investigators described significantly reduced cellularities of thymus, spleen and 

bone marrow in Cx43 heterozygous mice at 9 days following delivery of the 

chemotherapeutic agent. When bone marrow was analyzed for specific cell populations, 

fewer CD45R+ B-lymphocytes, Ter-119+ erythrocyte progenitors, and CD11b+ 

myeloid/granulocytic cells were found in Cx43 heterozygotes, indicating diminished 

repopulation of this critical hematopoietic organ. 
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The importance of Cx43 in hematopoiesis has been further verified by the use of 

Cx43 floxed mice crossed with inducible or bone marrow-specific cre expressing mice. 

Using animals where Cx43 is ablated from the osteoblast lineage using cre expressed 

under the collagen II α promoter, a significantly decreased survival was observed in 

irradiated Cx43-deleted animals that received a low dose of wild type bone marrow cells 

(145). The authors proposed that decreased production of Cxcl12, a chemokine 

responsible for stem cell homing to bone marrow, was responsible for the diminished 

survival of animals with bone marrow deletion of Cx43. Unfortunately, the evidence 

linking Cxcl12 to decreased survival was less-than-convincing and the authors did not 

provide evidence of the efficiency of Cx43 knock down in the bone marrow stroma of 

their model animals.    

A more recent study used a Vav1-cre model, where Cx43 is depleted throughout 

the entire hematopoietic compartment. As expected, the recovery of platelet and 

neutrophil counts following 5-fluorouracil treatment was negatively impacted by deletion 

of Cx43 (146). Wild type levels of recovery were recapitulated in radiation chimeric 

animals that received Cx43-deficient bone marrow retrovirally transduced to express 

Cx43 despite its cre-mediated depletion. What set this study apart from others was the 

identification of a unique mechanism to account for Cx43’s importance in the 

hematopoietic niche. Serendipitously, these investigators observed that treatment of these 

animals with the antioxidant N-acetyl-L-cysteine, restored recovery from 5-fluorouracil 

treatment to wild type levels. This led them to isolate hematopoietic stem cells from 

Vav1-cre-Cx43 bone marrow and measure levels of reactive oxygen species, which were 

found to be alarmingly high as compared to cells expressing Cx43. Cx43 gap junctions 
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between stem cells and stroma, the investigators hypothesized, are responsible reducing 

the levels of dangerous free radicals within stem cells, by distributing them throughout 

the stromal syncytium (146).        

 

Cx43 in Innate Immunity: Macrophages 

Perhaps the first direct evidence of the expression of Cx43 in macrophages came not 

from primary macrophages, but from the macrophage-like cell line, J774A.1. This line, 

commonly used in investigations of macrophage function, originated from ascites fluid in 

a female BALB/c mouse with an induced peritoneal sarcoma (147). Cx43 mRNA was 

detected when J774 cells were probed for a panel of connexins by Northern blot and the 

presence of Cx43 protein was subsequently confirmed by Western immunoblot (148). 

Similar results were obtained from primary mouse macrophages elicited by 

intraperitoneal injection of thioglycollate (148). A more recent report identified the 

expression of Cx43 in circulating monocytes and peritoneal cells isolated from Cavia 

porcellus, the guinea pig (149). Interestingly, this study found that Cx43 expression 

increased following treatment with lipopolysaccharide (LPS), a component of the cell 

wall of gram negative bacteria. 

Reports of functional connexin-mediated gap junctional coupling in macrophages 

have been more contentious than those of its expression. An early study by Levy et al. 

suggested that cultured murine macrophages are capable of electrical coupling (150). In 

this study, evidence of intercellular communication was provided by measurement of the 

conduction of electrical impulses through a chain of macrophages. The stimuli originated 
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from an intercellular stimulating electrode and were recorded from a second electrode at 

the opposite end of the chain. As would be expected from a non-excitable cell such as a 

macrophage, the impulses dampened proportionately with the length of the macrophage 

chain. Additionally, the investigators found the resting membrane potentials of cells 

within a chain to be more similar in value than those of randomly arranged or non-

contacting cells, providing more evidence of electrical coupling. Although phenotypic 

testing revealed the presence of macrophages within cultures, one weakness of this 

particular study was the authors’ failure to unequivocally demonstrate that cell chains 

were composed of macrophages and not contaminating cells such as fibroblasts. Also, 

subsequent reports have questioned the accuracy of macrophage resting membrane 

potential measurement, due to the damage inflicted by intracellular electrodes on the 

plasma membrane (151). 

In a conflicting study, Alves et al. sought evidence of functional intercellular 

coupling in both J774 macrophage-like cells and thioglycollate-elicited peritoneal 

macrophages (152). Employing intercellular transfer of Lucifer yellow (a connexin 

permeant dye) and dual-cell electrophysiology techniques, the investigators failed to find 

any evidence of the robust gap junctional communication reported by Levy et al. (150). 

Instead, a lack of dye transfer and a paltry intercellular current (2 pA at 40 mV potential 

difference between cells), roughly equivalent to what might be measured from a single 

channel, was observed between J774 cells, while no passage of intercellular current was 

detected between peritoneal macrophages. The Alves study did, however, find evidence 

of Cx43 expression in both J774 cells and peritoneal macrophages by Western 
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immunoblot, in concurrence with other reports of its presence within macrophages and 

macrophage-like cells. 

The discrepant findings these studies may be reconciled by a third report that 

suggested, with electron microscopic (not functional) evidence, that the formation of gap 

junctions by monocytes and macrophages may be contingent of the developmental stage 

of the cells in question (153). In this study, the authors found membrane structures 

resembling gap junctions in macrophage-forming colonies derived in vitro from mouse 

bone marrow. It is therefore possible that the cells used in the Levy study were of a more 

immature phenotype, as their primary macrophage cultures were expanded by 

supplementation with M-CSF; whereas Alves et al. used a mature macrophage 

population.  

Yet another report by Eugenin et al. detected the presence of dye coupling among 

cultured human monocytes, but only after activation with LPS and interferon-γ (IFN-γ) 

(154). In agreement with previous studies showing an upregulation of Cx43 following 

treatment with LPS, levels of Cx43 mRNA and protein were higher following treatment. 

This suggests that increased Cx43 expression, which can be mediated by inflammatory 

molecules such as LPS and IFN-γ may be necessary before appreciable gap junctional 

coupling can be detected in macrophages. 

Reports speculating about the possible functional roles of Cx43 in macrophage 

biology are perhaps more controversial than reports of the formation gap junctions by 

macrophages and macrophage lines. The first putative effect of Cx43 activity within 
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macrophages was hypothesized not to require the formation of intercellular channels, but 

hemichannels. 

Steinberg et al. reported the permeabilization of thioglycollate-elicited 

macrophages and J774 cells to dyes of molecular mass as high as 831 daltons by the 

addition of extracellular ATP (155). This reversible effect was found to cause cellular 

depolarization and allow the passage of a current between intra- and extracellular 

electrodes, indicating that ATP-induced permeabilization is likely mediated by a pore and 

not an endocytic mechanism (156). Given the size-selection and electrical properties of 

the putative pore, Beyer et al. suggested that formation of Cx43 hemichannels in the 

macrophage membrane could account for the permeabilizing effects of ATP. Using a 

variant J774 cell line that was unresponsive to ATP-induced dye uptake, Beyer et al. 

showed the presence of Cx43 within dye-permeable J774 cells, and its absence in the 

non-permeable line (148). Unfortunately, no attempt to add-back Cx43 to the non-

responsive cell line was reported, which may have provided more definitive proof that 

Cx43 was indeed the dye pore. More recent evidence has suggested that dye uptake 

induced by extracellular ATP is the result of cooperation between an ATP-receptor, 

P2X7R, and pannexin-1 (157). 

A study by Anand et al., held Cx43 to play an important role in macrophage 

phagocytosis (111). These authors reported high levels of Cx43 expression in mouse 

peritoneal macrophages, the J774 and RAW264 macrophage-like cell lines. Using 

immunofluorescence microscopy, Cx43 signal was localized to the cell membrane and 

phagosomes encircling polystyrene beads. When purified by density gradient 
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centrifugation, Cx43 protein was confirmed by immunoblot to be present in phagosomal 

membranes. 

When J774 cells were treated with oleamide or Cx43 expression was reduced 

using siRNA technology, Anand et al. reported a deficiency in phagocytosis of 

polystyrene beads and IgG-opsonized sheep erythrocytes (sRBCs). Conversely, it was 

reported that non-phagocytic HeLa cells became capable of sRBC phagocytosis after co-

transfection of Fc-receptor and Cx43. Using cells harvested directly from the livers of 

mouse embryos expressing wild type levels of Cx43, embryos heterozygous for Cx43, or 

Cx43-deleted embryos, the authors reported a dose-dependent phagocytic capacity. The 

mechanism proposed to govern the pro-phagocytic effect of Cx43 was activation of the 

GTPase RhoA, which was found to be significantly decreased in cells lacking Cx43. 

Lamentably, the evidence of the importance of Cx43 in phagocytosis provided by 

Anand et al. was, in some cases, questionable. This study suffered from the use of poorly 

characterized macrophage populations. A chapter of this dissertation is devoted to a re-

exploration of the findings of Anand et al..        

 

Cx43 in Innate Immunity: Neutrophils and Neutrophil Recruitment 

The presence of Cx43 has been demonstrated by both immunofluorescence and Western 

blot in neutrophils collected from Mesocricetus auratus, the Syrian hamster (149).  In the 

same model system, electron microscopic evidence of gap junctions was observed 

between neutrophils and endothelial cells. Functional evidence of gap junction coupling 

between human neutrophils and the endothelial cell line, HUVEC, has been provided by 
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dye transfer experiments (158). In the latter study it was reported that abrogation of 

coupling using a connexin mimetic peptide enhanced neutrophil transmigration through 

HUVEC cells in a transwell assay. 

In a study of lung inflammation, Cx43 was discovered to play an important role in 

the recruitment of neutrophils into the alveolar space (159). In this study, a significant 

reduction in the number of neutrophils recruited to the lung in response to intra-tracheal 

instillation of LPS was observed in Cx43 heterozygous mice as compared to wild type 

animals. Increased expression of Cx43 was noted among airway epithelial cells following 

LPS treatment, and this increase was not affected by systemic depletion of neutrophils. 

This finding suggests that infiltrating neutrophils themselves contribute little to the total 

Cx43 expression in the lungs. Based on a finding of diminished neutrophil adherence to 

mouse lung endothelial cells in vitro following treatment with a Cx43 mimetic peptide, it 

was proposed that a defect in leukocyte-epithelial adhesion may explain the impact of 

Cx43 levels on neutrophil recruitment. 

Accompanying reports of the formation of Cx43 intercellular channels between 

neutrophils and endo/epithelial cells, is a report describing Cx43 hemichannel activity in 

neutrophils. It has been shown that, following stimulation with the chemotactic peptide 

N-formyl-met-leu-phe (fMLP), the release of ATP can be measured in the supernatants of 

isolated neutrophils. Once liberated to the cell’s exterior, ATP can be hydrolyzed to AMP 

and further hydrolyzed to adenosine, by enzymes found on the neutrophil surface (160). 

This activity may play a role in neutrophil migration and in vascular responses to 

hypoxia. When treated with gap junction inhibitors such as 18β-glycyrrhetinic acid, 

isolated human neutrophils release significantly less ATP into in response to fMLP (161). 
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This effect was further confirmed to be dependent on Cx43 in subsequent experiments 

using a tomoxifen-inducible cre transgenic animal model: Isolated mouse neutrophils 

with a deletion of both Cx43 alleles released only a fraction of the ATP as cells with two 

expressed Cx43 alleles.         

 

Cx43 in Innate Immunity: Dendritic Cells and Antigen Cross-Presentation 

In addition to macrophages, both Cx43 mRNA and protein have been reported to be 

expressed in murine dendritic cells (DCs) derived in culture with granulocyte 

macrophage colony stimulating factor (GM-CSF) (162). Dye coupling was observed 

between DCs, suggesting that Cx43 is capable of forming functional gap junctions in 

these cells. Decreased expression of DC activation markers such as CD40, CD86, and 

MHC-II, in response to exposure to IFN-γ and LPS, was observed when cells were plated 

sparsely or under the influence of the gap junction inhibitor heptanol, intimating a 

potential role for Cx43 in DC activation. 

Heterocellular Cx43 gap junctions between DCs and tumor cells have been 

proposed to mediate a process termed antigen cross-presentation. In cross-presentation, 

antigenic peptides expressed within cancerous or virally-infected target cells are 

transferred to antigen presenting cells, such as DCs (163). Under most circumstances, 

DCs acquire antigens via phagocytosis and these are presented in the context of MHC-II 

molecules. In contrast, during cross-presentation, peptides generated within a target cell 

are presented on the DC’s MHC-I machinery, a form of presentation normally reserved 

for endogenously produced peptides. Once the cross-presented peptide is expressed in the 
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context of MHC-I, DCs migrate to secondary lymphoid organs, where cytotoxic 

lymphocytes, capable of responding to the tumor or virus antigen, proliferate in a process 

termed cross-priming. 

The possibility that cross-presentation may occur through Cx43 gap junctions was 

initially posited by Neijssen et al., based on their observations of the transfer of 

fluorescently-labeled peptides between cell pairs of a human squamous cell carcinoma 

line transfected to express Cx43 (63). As would be expected, the rate of intercellular 

transfer was indirectly proportionate to the length of the peptide, and essentially no 

intercellular transit was measured for circularized peptides, owing to steric restrictions 

imposed by the diameter of the Cx43 pore.  

To demonstrate that Cx43 gap junctions play an immunologically relevant role in 

antigen cross-presentation, Neijssen et al. co-cultured cells of an HLA-2A-negative 

squamous cell carcinoma line expressing an influenza virus-specific peptide with 

carcinoma cells expressing HLA-2A. Following a period of co-incubation between these 

cells, a T-lymphocyte line specific for the influenza antigen in the context of HLA-2A 

was added to the culture and IFN-γ was measured. In this model system, the responding 

T-cells cannot be cross-primed by the carcinoma cells initially loaded with peptide, due 

to MHC incompatibility, thus any T-cell activation must be the product of peptide 

transfer between the co-cultured carcinoma cells. In support of a physiological role for 

gap junctional coupling in antigen cross-presentation, IFN-γ levels were significantly 

higher in cultures where carcinoma cells expressed Cx43. 
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The participation of Cx43 gap junctions in antigen cross-presentation was also 

demonstrated in a melanoma model system (164). In the work of Mendoza-Naranjo et al., 

HLA-2A-negative human DCs, derived by ex vivo treatment of blood monocytes with 

GM-CSF, were pre-loaded with melanoma cell lysate. These DCs were then co-cultured 

with DCs from an HLA-2A-positive donor, alone or in the presence of the gap junction 

inhibitors oleamide and 18β-glycyrrhetinic acid. When intermixed with a patient-derived 

T-cell line with specificity for melanoma antigens, the T-cells showed a strong IFN-γ 

response, which was attenuated in cultures treated with gap junction inhibitors. 

Although  Mendoza-Naranjo et al. provided evidence that the antigen transfer 

could not be attributed to phagocytosis, this model has another mechanistic deficiency: it 

does not clearly define how the melanoma cell lysate, presumably taken up from the 

extracellular environment by endocytosis, escapes this vacuole and enters the cytoplasm 

for subsequent transfer through gap junctions. 

While gap junction mediated intercellular communication represents an 

innovative mechanistic model for antigen cross-presentation, some of its essential 

components don’t appear to fit with what is known about the cell biology of cross-

presentation. Most detrimental to the gap junction theory is the knowledge that stable 

proteins represent much better substrates for cross-presentation than peptides (165). The 

presence of abundant cytoplasmic peptidases is detrimental to the half-lives of peptides. 

In fact, Neijssen et al. employed D-amino acids in their study to overcome this obstacle 

(63). 
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Additionally, the gap junctional cross-presentation models of both Neijssen et al. 

and Mendoza-Naranjo et al. feature transfer that would occur in the skin, as both use cell 

lines derived from cancers of the skin (63, 164). Despite the finding of Neijssen et al. that 

Cx43 is expressed in Langerhans cells, a term for DCs found in the skin and mucosa, a 

subsequent report found no expression of Cx43 in these cells by any technique, including 

real time PCR and electron microscopy (166). Based on these contradictions, the 

participation of Cx43 gap junctions in antigen cross-presentation remains controversial.  

 

Cx43 in Adaptive Immunity: The Thymic Stroma and T Lymphocyte Development 

Cx43 expression has been shown in cultured thymic epithelial cells by Northern and 

Western blot assays (167). These cells exhibit dye coupling and electrical 

communication, indicating the formation of patent intercellular gap junctions, although 

heterocellular transfer between epithelial cells and thymocytes was reported to be rare. 

Production of thymulin, a hormone associated with T cell differentiation, was markedly 

decreased in cultured thymic epithelial cells treated with octanol, indicating that 

inhibition of thymic gap junctions may have function consequences. 

At least one study has provided evidence that expression of Cx43 by thymic 

stromal cells is important for lymphocyte maturation (144). In neonatal mice, a decrease 

in the absolute number of T cell Receptor (TCR) αβ+ thymocytes was observed as Cx43 

levels were reduced from wild type to heterozygous levels and then further to complete 

deletion in knock out neonates. The authors noted a decrease in the number of CD4+ 

thymocytes and an increase in CD4+CD8+ double positive thymocytes among 
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heterozygotes and knock out animals in late embryos and newborns. By 4 weeks of age, 

differences between wild type mice and heterozygotes had ameliorated, and all 

parameters were equivalent. Reciprocal radiation chimeras into adult mice suggested that 

the effects of modulating Cx43 expression levels resided in the thymic stroma, as transfer 

of either wild type or Cx43 heterozygous bone marrow into heterozygote animals resulted 

in decreased thymic cellularity, while chimeras using wild type recipients boasted normal 

thymocyte numbers.  

A study by Nguyen and Taffet using radiation chimeric animals found no 

differences in single- or double-positive thymocyte populations when wild type recipients 

were given fetal liver cells of any Cx43 genotype (118). Correspondingly, in competitive 

reconstitution experiments, no deficiency was observed in thymic repopoulation by Cx43 

knock out fetal liver cells as compared to cells expressing wild type Cx43 levels. Nguyen 

and Taffet did, however, note an increase in CD4+ and decrease in CD8+ thymocytes 

among Cx43 non-chimeric heterozygotes. This corroborates the finding that Cx43 levels 

in the thymic stroma, not thymocytes themselves, are most important in determining 

proper thymic cellularity. 

 

Cx43 in Adaptive Immunity: T Lymphocyte Activation and the Immunological Synapse 

As early at 1971, it was appreciated that establishment of gap junctional communication 

may be a feature of lymphocyte activation (168). Hulser and Peters measured electrical 

contact between bovine lymphocytes stimulated with the non-specific mitogen, 

phytohemagglutinin (PHA). In contrast, no electrical contact was measured between 
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lymphocytes aggregated using an anti-bovine lymphocyte sera, implying that the 

formation of lymphocyte gap junctions may be determined by the activated state of the 

cells and not simply contact. Not long after, this finding was repeated with human 

lymphocytes (169).  

One particular immune organelle in which Cx43 has been reported to participate 

is the immunological synapse. This ordered arrangement of proteins is found at the point 

of contact between T cells and antigen presenting cells, such as DCs (170). Essential for 

the activation of T cells, the immune synapse contains enriched clusters of receptors, 

adhesion molecules, and signaling complexes.  

Using a TCR transgenic mouse model, dye coupling was detected between dye-

loaded DCs and CD4+ T cells in vitro (171). Dye coupling was detectable by 4 hours of 

co-culture, reached a maximum at 8 hours, and could be abolished by treatment with 

oleamide or a Cx43 mimetic peptide. Treatment of co-cultures with oleamide also 

resulted in an increase in lymphocyte surface expression of the naïve T cell marker 

CD62L and a decrease in the activation marker CD69 as compared to untreated co-

cultures, indicating blockade of Cx43 prevents the activation of T cells by DCs. Reduced 

T cell proliferation and interleukin-2 production were measured following treatment with 

oleamide or a mimetic peptide. Interestingly, this anti-proliferative effect was limited to T 

cell/DC co-cultures, as activation of T cells with anti-CD3/anti-CD28 was not impacted 

by the presence of inhibitors, implying a role for Cx43 in the immune synapse. Although 

this report examined the effect of oleamide on expression of various components of the 

immune synapse, such as MHC-II, CD80, CD86, and CD40, their functionality was not 
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addressed; a potential complication owing to the known pharmacological promiscuity of 

oleamide. 

A second report placing Cx43 at the immune synapse was provided by Mendoza-

Naranjo et al. (172). This group reported the recruitment of Cx43 to the synapse formed 

between T cells and anti-CD3/anti-CD28 beads as well as its presence at the interfaces 

between human DCs pulsed with melanoma lysates and T cells derived from melanoma 

patients. In line with other studies, Cx43 was absent from the immune synapses between 

T cells and DCs treated with a control lysate. Upon application of Cx43 mimetic peptides 

or inhibitors, a reduction was noted in T cell calcium flux and the release of IFN-γ. 

Mendoza-Naranjo et al. found that most of the Cx43 present at the immune 

synapse was in the form of hemichannels, using a monoclonal antibody that recognizes 

the extracellular loops, but is sterically prevented from binding if a complete intercellular 

channel has been formed (172). Many of the functional studies were performed in the 

presence of propidium iodide (PI), which is known to permeate Cx43 hemichannels. 

However, since PI-positive cells were excluded from analysis, it is questionable whether 

hemichannel activity contributing to T cell activation was overlooked. 

A study by Oviedo-Orta et al. found Cx43 hemichannel activity to be essential for 

T cell proliferation (173).  When these investigators treated T cells with oleamide or a 

monoclonal antibody known to block Cx43 hemichannels prior to activation by anti-

CD3/anti-CD28 beads, proliferation was reduced by as much as 98% at 72 hours as 

compared to untreated T cells. A reduced accumulation of cystine, the oxidized dimerized 

form of cysteine, was measured within treated T cells, leading Oviedo-Orta et al. to 
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hypothesize cystine uptake through hemichannels could explain the requirement for Cx43 

in T cell proliferation.        

 

Cx43 in Adaptive Immunity: Regulatory T cell Development and Function 

Cx43 has also been assigned a role in regulatory T cell (Treg) development. In a study by 

Kuczma et al., CD4-cre animals, where cre-recombinase is expressed in all CD4-positive 

cells, were crossed with Cx43 floxed mice, after which these animals were further 

crossed with FoxP3-GFP reporter mice (174). In the FoxP3 reporter mouse green 

fluorescent protein (GFP) is linked to the C-terminus of FoxP3, the transcription factor 

responsible for the suppressive phenotype of Tregs, allowing identification of this 

regulatory class of T lymphocytes (175). Kuczma et al. found the numbers of CD4+GFP+ 

cells in the thymus and lymph node of Cx43-deficient animals to be significantly reduced 

as compared to their Cx43-sufficient counterparts (174). In contrast to reports by Elgueta 

et al and Oviedo-Orta et al. (171, 173), Kuczma et al. did not observe any discrepancy in 

CD4+ effector T cell proliferation between wild type lymphocytes and those lacking 

Cx43 (174). 

When competitive bone marrow chimeras were performed comparing donor cells 

from CD4+Cx43+ animals and CD4+Cx43- animals, using the CD45.1/CD45.2 system to 

differentiate between the two donor strains, an absence of GFP+ cells was observed 

among the thymic CD4+ cells derived from donors lacking Cx43 expression in T cells 

(174). This finding suggests that the diminished number of Tregs observed in animals 
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lacking Cx43 expression in T cells is intrinsic to the lymphocytes themselves, and not 

secondary to a disruption of the bone marrow microenvironment or thymic stroma. 

To identify whether-or-not the defect in Treg development found in these animals 

was due to a channel forming or non-channel forming function of Cx43, Kuczma et al. 

exogenously expressed wild type Cx43 or a mutant Cx43 truncated at amino acid 228 in a 

T lymphocyte cell line (174). Expression of a FoxP3 reporter was detected in cells 

transfected with full-length Cx43, but was absent in cells expressing the truncated mutant 

Cx43. Although this finding implies that the C-terminus of Cx43 is necessary for 

induction of the FoxP3 transcription factor, this may not be the case. Other investigators 

have reported that Cx43, even when truncated at amino acid 241, fails to form 

intercellular channels (176), thus confounding the localization of the Cx43-mediated 

induction of FoxP3 to the tail region 

In addition to its putative role in the thymic generation of Tregs, Cx43 may also 

mediate their suppressive function. In an adoptive transfer model using recipient OT-II 

transgenic mice, where a majority of CD4+ T cells express a TCR specific for a peptide 

fragment of chicken ovalbumin (OVA) in the context of MHC class II, Bopp et al. 

observed the transfer of calcein dye between donor CD4+CD25+CD90.1+ Tregs and 

antigen-activated T cells in vivo (177). This was based on their finding of calcein-positive 

recipient CD4+CD90.2+ T cells in lymph nodes draining the site of OVA peptide 

inoculation. Calcein-positive recipient T cells were found to have lower expression of 

CD69 than calcein-negative T cells, indicating that dye transfer correlated with reduced T 

cell activation, as would be expected if gap junction communication was important for 

Treg suppression. 
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Cx43 was specifically implicated in this dye transfer activity by co-culture of 

CD4+ effector T cells and CD4+CD25+ Tregs (177). In the presence of a Cx43 mimetic 

peptide, Bopp et al. observed decreased dye coupling between suppressor and effector 

cells, increased CD4+ T cell proliferation, and enhanced expression of IL-2. Further 

experiments attributed this contact-dependent suppressive effect of Tregs to the transfer of 

cAMP, a regulator of T cell proliferation, through Cx43 gap junctions. 

 

Cx43 in Adaptive Immunity: Follicular Dendritic Cells and the Germinal Center 

The germinal center is a histologically-defined region within secondary lymphoid organs 

where B lymphocytes undergo hypermutation of the antibody variable regions, a process 

necessary for an effective humoral immune response (178). Strong Cx43 immunostaining 

has been reported within germinal centers of reactive human lymph nodes (179). This 

staining was localized to endothelial cells and to the thin processes of follicular dendritic 

cells (fDCs). Northern blot analysis of human tonsil has also shown high Cx43 

expression which was subsequently localized in situ to resident fDCs (180).  fDCs serve 

as antigen reservoirs, promoting the affinity maturation of B cells (178). Dye coupling 

between fDCs and B cells has also been reported (180).  

Unlike the DCs discussed earlier, fDCs are not derived from the bone marrow, but 

instead arise from mesenchymal stem cells (178). fDCs do not serve as canonical antigen 

presenting cells. To date, there is no evidence in the literature that Cx43 expression in 

fDCs, or gap junction formation between fDCs and B cells is required for the generation 

of an antibody response. 
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Cx43 in Adaptive Immunity: B Lymphocyte Function 

Human tonsilar B lymphocytes, purified by fluorescence activated cell sorting, have been 

reported to express Cx43 (181). Treatment of B cells in culture with LPS leads to an 

upregulation of Cx43 expression. In the presence of gap junction inhibitors such as 18β-

glycyrrhetinic acid or mimetic peptides, cultured human lymphocytes produced 

significantly less IgM, IgG, and IgA in response to PHA activation, indicating that 

inhibition of Cx43 may result in disrupted communication between T and B cells, or in 

abrogation of immunoglobulin production (182). 

 In contrast, using radiation chimeric mice, Nguyen and Taffet observed enhanced 

production of IgM in response to the T-dependent antigen keyhole limpet hymocyanin 

among animals that received Cx43-deleted donor cells (118). No significant differences 

were observed in serum IgG, indicating that the requirement for Cx43 in antibody 

production may not be absolute, or may differ between species.   

Another effect of alteration of Cx43 in B cells was described by Machtaler et al., 

who identified connexin-mediated morphological changes in the immature B cell line 

WEHI 231 (183). These investigators found an increase in Cx43 phosphorylation in 

response B cell receptor cross-linking via anti-IgM antibodies. Interruption of this post-

translational modification of Cx43 correlated with failed activation of the small GTPase 

Rap1, to which B cell spreading has been attributed. Machtaler et al. observed reduced 

spreading of WEHI 231 cells on IgM-coated cover slips among cells transfected with 

Cx43 siRNA, a phenotype that could be repaired by transfection of full-length, but not C-

terminal deleted Cx43 constructs. 
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Appreciation of the importance of Cx43 in immunity is steadily increasing as the 

number of reports detailing its participation in immune function continues to grow. More 

refined model systems are beginning to replace those based on pharmacological 

inhibitors of questionable specificity, inevitably leading to discrepancies among some 

reports as to the exact roles played by Cx43. As with any rapidly-evolving area of study, 

although the details remain in flux, the overall body of literature coalesces around a main 

finding: that Cx43 is expressed in a wide range of immune cells and tissues. Further 

studies will undoubtedly definitively tease out the significance of its expression.  
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PART III: EXPERIMENTAL AUTOIMMUNE MYOCARDITIS 

Myocarditis, or inflammation of the heart, presents an intriguing disease model for the 

study of Cx43. Myocarditis involves the infiltration of immune cells into the 

myocardium, juxtaposing them with cardiac myocytes. Given the expression of Cx43 in a 

multitude of immune cells, the spectrum of immune functions to which Cx43 has been 

ascribed, and the importance of Cx43 in cardiac myocytes; myocarditis allows for the 

study of both the effect of Cx43 on disease progression and the effect of inflammatory 

disease on cardiac Cx43. However, myocarditis is not only of philosophical interest: it is 

also a human disease that places a significant burden on health worldwide. 

 

Myocarditis in the Human Population 

The incidence of myocarditis in the human population is not precisely known, as many 

cases are subclinical and therefore go unrecognized (184-185). Statistics on mortality due 

to myocarditis have a broad range owing to the fact that diagnosis is based primarily on 

histology, and disease can exist in discreet foci, introducing sampling error. Based on 

autopsy findings, myocarditis-related deaths appear to decrease in frequency with age, 

with most cases occurring in those 35 years of age or younger, and few in the elderly 

(186). One study reported the presence of myocarditis in 16.7% of children <16 years 

who died unexpectedly in Minnesota during a two year period (187). In another study of 

pediatric sudden death over a 23 year period, myocarditis was present in 1.15% of cases 

(184). As many as 20% of cases of sudden death among young adult athletes are the 
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consequence of myocarditis (188). Finally, a study of 435 cases of sudden death in 

patients >15 years revealed myocarditis in 8.6% (189). 

Despite the alarmingly high frequency of myocarditis in correlation with sudden 

death, spontaneous recovery has been reported to occur in as many as half of the 

clinically-diagnosed cases of myocarditis, while two-thirds of subjects receiving 

supportive therapy fully recover (190). It is likely that this is an underestimate, due to the 

presence of subclinical myocarditis, where those inflicted are unaware of the potentially 

life threatening inflammatory siege upon their hearts. This is evidenced by studies, 

including one that reported the presence of myocarditis in 4.2% of children whose deaths 

resulted from accidental circumstances and exhibited no prior sign of illness (187). 

Therefore, the majority of patients unfortunate enough to contract myocarditic disease 

survive. 

Along with disease resolution and sudden death, another outcome of myocarditis 

is the development of chronic disease, fibrosis and dilated cardiomyopathy, a condition 

where the ventricles, and their lumens, become enlarged and heart function is impaired. 

Chronic disease has been reported to occur in as many as 10-20% of cases of myocarditis 

that arise from viral infection, while dilated cardiomyopathy is an observed sequelae of 

chronic myocarditis in as many as 9% of cases (191). The development of chronic 

myocarditis is a rare, but significant, cause of heart failure and often can be treated only 

by transplant. 
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Causes of Human Myocarditis 

In developed countries, myocarditis has a predominantly viral etiology (191). Although 

the prototypical cause of human myocarditis is a strain of enterovirus known as 

Coxsackie B virus, the specific viral agent responsible for the development of disease 

appears to differ, both over time and with geographic location (192). The identification of 

Coxsackie B virus as the pre-eminent cause of viral myocarditis was based on isolation of 

live virus from autopsy samples and on patient serology. As diagnostic techniques have 

evolved to become more sensitive, with the advent of PCR and RT-PCR, it has become 

apparent that a spectrum of viruses is responsible for human myocarditis. 

A recent twelve year study in the United States found the presence of adenovirus 

DNA in 23% of patients with myocarditis, while enterovirus RNA was isolated from 14% 

of patients, and parvovirus B19 DNA was isolated from <1% (193). Conversely, in a 

German study from 2000 to 2004, enteroviral RNA was detected in 32.6% of myocarditis 

biopsy specimens, while 36.6% contained parvovirus B19 DNA, 10.5% human herpes 

virus 6 DNA, and 8.1% adenoviral DNA (194). Interestingly, 12.2% of biopsy specimens 

were co-infected with human herpes virus 6 and parvovirus B19 (194). In rare cases, 

other viral etiologies have been reported, including: cytomegalovirus, Epstein-Barr virus, 

herpes simplex virus, influenza virus and human immunodeficiency virus (191). 

Emerging viruses, such as Dengue have also been reported to cause myocarditis in rare 

instances (195). 

Chagas’ disease, caused by infection with Trypanosoma cruzi, may be the most 

prevalent cause of myocarditis worldwide (196). Most Chagas’ disease deaths that occur 



49 
 

during the acute phase are due to complications of myocarditis. A Venezuelan study in 

the 1980s-1990s revealed a mortality rate of 8.6% among patients presenting with acute 

disease (197). Cardiac biopsies and or post-mortem examinations of these patients 

identified myocarditis in all of the deceased. Those surviving the acute phase risk 

becoming victims of heart failure associated with chronic Chagas’ disease (196). 

Rarely, hypersensitivity to pharmaceutical drugs, many of them antibiotics, 

precipitates myocarditis (198). As with myocarditis of other etiologies, most 

hypersensitivity myocarditis cases are thought to be asymptomatic. Some cases, however, 

result in arrhythmia, congestive heart failure, and death. Indeed many are identified at 

autopsy. 

In the absence of hypersensitivity, certain drugs exhibit cardiac toxicity and have 

been linked with myocarditis (198). Clinically, these cases can be differentiated from 

allergic myocarditis by the observation of distributed myocyte necrosis, the presence of 

fewer eosinophils within lesions, and a relationship between severity of disease and the 

administered dose of the offending agent. 

 

Animal Models for the Study of Myocarditis 

Given the impact of viral myocarditis on the human population, several animal models 

have been established to study its pathogenesis and the potential for prevention or 

medical intervention.  
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The first model system developed involved infection of mice with Coxsackie 

virus grown in cultured cells (199). Using this model system, most common inbred 

strains of mice exhibit acute disease, often with high mortality. In specific strains, 

including BALB/c and C3H, a chronic stage of disease, characterized by continual 

immune cell infiltration, fibrosis, and impaired cardiac function, is observed (200). 

Interestingly, strains susceptible to chronic disease control viral replication equally well 

as resistant strains, such as those derived from the B.10 line (201-202). Therefore, these 

initial studies in Coxsackie virus-induced myocarditis indicated that host genetics have a 

strong influence on the development of chronic autoimmune myocarditis. Further studies 

have shown that chronic disease can be induced in resistant strains by treatment with 

LPS, or with the pro-inflammatory cytokines interleukin-1β (IL-1β) and tumor necrosis 

factor-α (TNFα), indicating the importance of these cytokines in the progression from 

acute viral infection to smoldering autoimmune disease (203). 

More recently, model systems have been developed that do not require the use of 

infectious virus to initiate disease, allowing the study of cardiac inflammation without the 

superimposed damage caused by viral replication in cardiac myocytes or systemic 

inflammation. Perhaps the best characterized of these model systems entail inoculation 

with a defined antigen: purified α myosin protein, or peptides derived there from. The 

importance of myosin as an autoantigen in myocarditis was identified using Coxsackie 

virus-based models (204).  

Based on this knowledge, Neu et al. attempted to initiate disease using cardiac 

myosin purified from mouse hearts coupled with the powerful immunopotentiator, 

complete Freund’s adjuvant (CFA), a mixture of oil and heat killed Mycobacterium 
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tuberculosis (205). Surprisingly, this technique successfully recapitulated many of the 

features of Coxsackie virus-induced myocarditis. 

The cardiac myosin-induced autoimmune myocarditis model was further refined 

by Pummerer et al. (206). This group showed empirically that α myosin, which is 

predominantly expressed in the heart, can instigate myocarditis, while β myosin, found in 

skeletal muscle, cannot. Armed with this knowledge, Pummer et al. tested the handful of 

divergent regions between rat α and β myosin for the ability to cause disease in BALB/c 

mice. Ultimately, a collection of 20 peptide fragments derived from α myosin were 

identified as capable of causing myocarditic disease. In addition, a dominant peptide 

consisting of amino acids 614 to 643 of rat α myosin heavy chain was found to be 

sufficient to cause disease. When acetylated at the N-terminus, the immunogenicity of 

this peptide was further enhanced. 

Other animal models of experimental autoimmune myocarditis (EAM) have 

benefited from this reductionist approach. An immunodominant epitope at amino acids 

334 to 352 of mouse α myosin heavy chain has been identified in A/J mice (207). Also, 

amino acids 1070 to 1165 of porcine myosin have been identified as sufficient to cause 

disease in Lewis rats (208). The ability of certain α myosin peptides to cause EAM across 

species barriers is likely due to its highly conserved nature (209). 

 

Pathogenesis of Experimental Autoimmune Myocarditis 

The availability of excellent animal models of myocarditis has allowed numerous 

investigations of disease pathogenesis. This section will provide a theoretical timeline of 
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disease progression based on existing literature, beginning with initiation of disease and 

ending with the development of fibrosis and dilated cardiomyopathy. The focus will be 

on myosin-induced autoimmune myocarditis, since it is the model system featured in 

Chapter III of this work. 

In both laboratory animals and humans, evidence suggests that the stage is set for 

the development of EAM long before infection or experimental induction. The specific 

targeting of α myosin in autoimmune myocarditis has been reported to be the result of a 

failure in central immune tolerance (210). Thymic epithelial cells, which are tasked with 

negative selection, or the removal of autoreactive lymphocytes, do not express the α 

myosin gene, Myh6. The result is survival of potentially autoreactive CD4+ T cells and 

their release into the periphery.  

The probability of EAM development is further increased in susceptible animals 

by the expression of major histocompatibility class II (MHC II) molecules with high 

affinity for α myosin peptide fragments on antigen presenting cells (APCs). The 

importance of efficient class II presentation of α myosin peptides was demonstrated in a 

study where the α myosin fragment known to initiate disease in A/J mice, consisting of 

amino acids 334 to 352, was injected in conjunction with a fragment derived from hen 

egg white lysozyme (HEL) (211). Although the two peptides shared little sequence 

homology, the HEL peptide, when added in 100 to 1000 fold excess, was able to 

outcompete the α myosin peptide, resulting in reduced presentation to CD4+ T cells and 

significantly diminished EAM. There is evidence that MHC antigens also play a role in 

human disease, where the class II haplotype HLA-DR4 has been linked to development 

of dilated cardiomyopathy (212).  
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MHC class II presentation of α myosin antigenic determinants is important 

throughout EAM progression, but is perhaps most essential during induction. Antigen 

presenting dendritic cells (DCs) at the point of inoculation endocytose α myosin, or 

fragments thereof, then process and present these antigens in the context of MHC II. The 

presence of CFA stimulates DCs, via toll-like receptors, driving their maturation into 

efficient APCs (213). Leaving the injection site, DCs travel to local lymph nodes where 

contact is made with circulating T cells, some of which have escaped negative selection 

and are specific for peptides derived from α myosin. 

Activated CD4+ T cells are important drivers of autoimmune myocarditis, a fact 

demonstrated by Smith and Allen using C.B-17-SCID animals, which are severely 

deficient in B and T lymphocytes (211). Although disease could not be initiated in these 

animals by treatment with cardiac myosin and CFA, it could be induced by adoptive 

transfer of purified T cells from syngeneic animals at the peak of disease. When CD8+ T 

cells were antibody depleted prior to transfer, C.B-17-SCID animals still developed 

myocarditis. Depletion of CD4+ T cells, however, prevented disease. Similar results have 

been obtained from the Lewis rat EAM model (214). 

Once activated, effector CD4+ T cells begin to circulate throughout the entire 

organism, in search of their cognate antigen; in this case α myosin peptide fragments 

bound to MHC II. Resident DCs are located in the mouse heart, even under non-

inflammatory conditions (215). A T cell hybridoma line was used to identify the presence 

of cardiac resident DCs displaying α myosin peptides in normal BALB/c heart, indicating 

that these same DCs likely act to target autoreactive CD4+ T cells to the heart, providing 

a flashpoint for EAM induction (216).    
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Effector CD4+ T cells can be subdivided into different functional classes, such as 

TH1 and TH2, and T cells differentiated into each class possess unique effector functions. 

TH1 cells differentiate in response to IL-12 and IFN-γ and secrete IFN-γ and IL-2, 

cytokines that activate macrophages and augment the production of cytotoxic CD8+ T 

cells (209). In contrast, TH2 cells secrete IL-4, which favors the production of antibodies. 

Both TH1 and TH2 cells are important in EAM, but evidence suggests that TH1 cells are 

necessary at the onset of disease, while TH2 cells play a role during chronic disease (217). 

Histologic evidence supports the importance of TH1 CD4+ cells in EAM. 

Infiltrating immune cells are detectable by immunohistochemistry in hearts by day 14 

post-induction, with 20 to 25% of inflammatory cells being CD4+, and 70 to 80% being 

CD11b+, indicating the recruitment of monocytes and macrophages (218). Although anti-

myosin autoantibodies are found in the circulation by this time point and substantial 

immunoglobulin deposits are found near immune foci, transfer of antibodies alone is not 

sufficient to cause disease in naïve animals (211, 218-219). Therefore, while TH2-driven 

autoantibody responses are undoubtedly important for exacerbating disease at later time 

points, they are likely less important than autoreactive TH1 cells at early stages of EAM. 

Macrophages recruited to the heart by TH1 cells also play a crucial role in EAM. 

Antibody depletion of tumor necrosis factor-α (TNF-α), a cytokine predominantly 

secreted by classically-activated macrophages, results in significantly attenuated disease 

(220). This effect is only observed in animals depleted prior to EAM induction, with 

disease only being somewhat blunted if TNF-α depletion occurs during the acute phase, 

indicating that classically-activated macrophages may be less important during chronic 

disease. More evidence of the importance of macrophages in EAM comes from studies 
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that show that expression of macrophage inflammatory protein-1α (MIP-1α) increases 

substantially during EAM, with levels correlating to the intensity of inflammation (221). 

Expectedly, antibody neutralization of MIP-1α resulted in less severe disease. 

At the peak of cardiac inflammation, which occurs between days 20 and 24, 

CD4+ and CD8+ T cells are present in the myocardium; along with macrophages, 

neutrophils and a small percentage of B cells (222). Where at first diffuse patches of 

immune infiltrates peppered the myocardium, these invading cells now occupy 

significant proportions of the total ventricular area (218). In most strains of mice, this 

inflammatory apogee is brief, with absolute numbers of infiltrating CD45+ cells dropping 

to pre-induction levels by day 30 to 34 (222). 

As peak inflammation subsides, EAM gives way to fibrosis, where myocytes are 

replaced by non-contractile scar tissue, hampering efficient cardiac function. It was 

initially thought that the source of collagen scar tissue was native cardiac fibroblasts, 

spurred into division by the destruction of cardiac myocytes (223). Recent evidence 

suggests that this may not be the case. 

A study by Kania et al. using EAM-induced radiation chimeric mice, where eGFP 

was used as a marker for donor cells, reported that the majority of cells expressing 

collagen and α smooth muscle actin were eGFP+, indicating origination in the bone 

marrow (224). In vitro experiments showed that these cells could differentiate into a 

fibroblast/myofibroblast phenotype in the presence of transforming growth factor-β 

(TGF-β), or into macrophage-like cells when supplemented with M-CSF. In vivo 

treatment with TGF-β neutralizing antibodies beginning at 17 days post-induction 
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resulted in protection of mice from development of fibrosis, indicating that TGF-β is an 

important driver of EAM-associated fibrosis. 

A subsequent study by the same group highlighted the importance of IL-1β 

signaling and the MyD88 pathway in mediating fibrosis (225). Therefore, TGF-β and IL-

1β signaling may represent future targets for intervention in human disease. 

 

Manipulation of Cx43: Potential Impact EAM Initiation and/or Progression 

Given the number of immune functions in which Cx43 has been ascribed a role, and our 

detailed understanding of the pathogenesis of EAM, it is possible to postulate the 

effect(s) modulation of Cx43 expression may have on disease initiation or progression. 

Importantly, the hypothetical effects listed in this section is non-exhaustive, as EAM 

pathogenesis and Cx43 immunobiology may intersect through cryptic connexin functions 

not yet described in the literature. 

As Cx43 has been reported to be important (171-172), or essential (173) for the 

activation and proliferation of CD4+ T cells, and these cells are central to the induction 

and progression of EAM (211), reduction or deletion of Cx43 would be expected to quell 

disease development. This effect may be exaggerated by the fact that; among CD4+ T 

cell subsets Cx43 expression has been reported to be relatively high in TH1 cells (174), a 

population thought to drive the acute phase of disease (217).    

Other studies have described the importance of Cx43 in the suppressive function 

of regulatory T cells (174, 177). Tregs have the ability to ameliorate EAM, working to 
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reduce immune infiltration and the resulting damage (226). If reduction or deletion of 

Cx43 disrupts the inflammatory/suppressive axis via reduction of Tregs, EAM may be 

exacerbated by decreasing Cx43 expression. 

As was detailed in the previous section, several innate immune cells are critical in 

EAM. Neutrophils are present in EAM lesions and correlate directly with the severity of 

disease (222). Studies have shown the importance of Cx43 expression in the recruitment 

of neutrophils in inflammatory disease in the lung (159). Therefore, based on these 

reports, reduction or ablation of Cx43 would be expected to ameliorate disease severity. 

 

Consequences of Cardiac Inflammation on Cx43 

The presence of inflammatatory infiltrates in cardiac tissue may mediate changes in the 

expression or localization of Cx43. If findings from animal models and human case 

studies are applied to human myocarditis, similar alterations in Cx43 may be responsible 

for the development of life threatening arrhythmias. 

Decreased expression and disrupted localization of Cx43 have been reported in 

animal models of Chagas’ disease (227-229). However, in these studies, immunostaining 

for myocardial Cx43 was performed during the chronic stage of disease. Only a single 

study of the three provided immunohistological evidence for the presence of cardiac 

immune infiltrate and its association with disrupted Cx43 (229).  

A study by Kostin et al. examined Cx43 immunostaining patterns in the hearts of 

patients undergoing cardiac transplantation (230). In their report, samples from patients 
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with active myocarditis exhibited reduced Cx43 signal at the intercalated disk and the 

presence of “internalized” Cx43 throughout the cytoplasm of myocytes. The proportion 

of myocyte area occupied by Cx43 signal in myocarditic hearts was a fraction of that 

measured from control hearts. Interestingly, areas distant from inflammatory foci 

displayed normal patterns of Cx43 expression and localization. 

Systemic inflammation, such as that caused by sepsis, has also been demonstrated 

to alter cardiac Cx43 expression; resulting in reduced Cx43 immunofluorescence at 

intercalated disks in a bowel-ligation sepsis model (231), and reduced Cx43 mRNA 

expression in the heart following intravenous LPS treatment (232). These alterations have 

been proposed to account, in part, for the occurrence of electrocardiographic alterations 

in septic patients. 

Inflammation has also been reported to mediate changes in Cx43 expression in 

cells other than cardiac myocytes. In an in vitro co-culture system, activated macrophages 

were reported to modify the immunofluorescence staining pattern of Cx43 in enterocytes, 

resulting in its relocalization from the plasma membrane to the cytoplasm (233). 

Conversely, in a model of chronic inflammatory kidney disease, the presence of immune 

cells correlated with an increase in Cx43 mRNA levels and immunofluorescence 

intensity (234). 

 

Alterations of Cx43 Associated with Cardiomyopathy 

In contrast to the scant reports describing the effects of localized or systemic 

inflammation on cardiac Cx43, a more voluminous body of literature is available on the 
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effects of cardiomyopathies, other than myocarditis, on Cx43. Data generated from 

animal models of cardiomyopathy have provided insight into the mechanisms responsible 

for disease-related changes in Cx43 expression or localization, sometimes termed 

“remodeling”, and their effects on the electrical and mechanical functioning of the heart. 

 Long-term rapid pacing (> 250 beats/minute for 3 weeks or more) of the canine 

heart is frequently used to simulate human congestive heart failure (235). This 

experimental protocol results in dilation of the ventricular lumens, but does not lead to 

hypertrophy, or thickening, of the ventricular walls (236). Cx43 protein levels have been 

shown to be significantly reduced in the left ventricles of pacing-induced heart failure 

animals (237). Additionally, lateralization, or the presence of Cx43 in, or near, the 

membrane comprising the myocyte long axis, is a much more common phenomenon in 

failing myocardium than in normal cardiac muscle (237). Significant reductions in the 

speed at which action potentials travel, known as conduction velocity, have been 

measured in isolated left ventricular wall explants from animals in heart failure (237-

238). The reduced conduction velocities correlate chronologically with loss of Cx43 

signal at the intercalated disk, lateralization of Cx43, and with an accumulation of non-

phosphorylated Cx43 (238). Slowed conduction mediated by lost or re-localized Cx43 

may provide a substrate for arrhythmia in both experimental animals and humans (239). 

 To achieve a better understanding of the mechanisms contributing to Cx43 

lateralization and its loss at the intercalated disk during heart failure, Hesketh et al. 

undertook an electron microscopy examination of these intracellular regions (240).  

Based on their observations, Cx43 gap junctions appeared to be internalizing via 

formation of vesicular structures with the appearance of concentric rings. As detailed 
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earlier, similar annular junctions are thought to be intermediaries in the degradation of 

connexin gap junctions (58-59). Recognizing similarities between these structures and 

autophagosomes, Hesketh et al. examined HeLa cells and neonatal rat cardiomyocytes 

transiently transfected with GFP-tagged LC3, a marker of autophagy, and found evidence 

of co-localization of LC3 with Cx43 (240). Using a sucrose gradient to fractionate 

myocardial lysates from animals in heart failure, highly phosphorylated Cx43 was found 

to co-fractionate with both LC3 and markers of lipid rafts. Other investigators have 

reported that connexins within gap junctions are not incorporated into lipid rafts (241). 

Taken together, these findings suggest that the association of heart failure with decreases 

in Cx43 at the intercalated disk and increases in non-phosphorylated Cx43 may be driven 

by sequestration of hyper-phosphorylated Cx43 within lipid rafts which are subsequently 

degraded by autophagy. Unfortunately, Hesketh et al. provide no clear mechanism to 

account for lateralization of Cx43. 

 Other animal models of cardiomyopathy involve disruption of the cardiac 

myocyte cytoskeleton, often by genetic deletion of elements found at the intercalated 

disc. This organelle provides essential mechanical connections in the form of adherens 

junctions and desmosomes, as well as electrical and metabolic communication via gap 

junctions. Experimental evidence supports the theory that mechanical connections must 

be established prior to the formation of connexin gap junctions and that disruption of 

mechanical junction components can have important implications for the presence and 

function of Cx43 at the intercalated disc (242). 

 Desmosomes act to physically link the cytoskeletons of adjacent cells, stabilizing 

tissues against tensile and shear forces (243). Recognizable in electron micrographs as 
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dense plaques localized to the interface between paired cardiac myocytes, these 

glycoprotein structures are composed of several interconnected components. The portion 

of the desmosome facing the neighboring cell is comprised of calcium-dependent 

adhesion molecules (cadherins), named desmogleins and desmocollins, which protrude 

into the extracellular space. These proteins interdigitate with cadherins donated from a 

symmetrical desmosome found in the adjacent cell (242). Spanning the cellular 

membrane, the N-terminus of desmosomal cadherins interacts with members of the 

Armadillo family, such as plakoglobin and the plakophilins. In turn, plakoglobin and/or 

plakophilin bind desmoplakin, an elongated protein responsible for connecting the entire 

desmosomal apparatus to cytoskeletal intermediate filaments.  

In a study by Oxford et al., silencing of plakophilin-2 in neonatal rat ventricular 

myocytes led to a dramatic loss of Cx43 immunofluorescence signal at the intercalated 

disk and re-localization of the signal to within the myocyte cytoplasm (244). When Cx43 

content was measured by Western immunoblot, levels were less than half of those 

observed in control samples, although no concomitant change was apparent in overall 

Cx43 phosphorylation status. Consequently, intercellular coupling, as assayed by dye 

transfer, was significantly reduced in cells silenced for plakophilin-2. Interestingly, when 

non-contractile cells derived from the epicardium were similarly silenced for plakophilin, 

derangements in Cx43 content and localization were observed. This finding suggests that 

alterations to Cx43 caused by desmosomal disruption may not be entirely attributable to 

the physical strain generated by myocyte contraction, but may instead be due to 

cytoskeletal feedback mechanisms on Cx43 that are not yet understood. 
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 Comparable changes in Cx43 expression and localization have been observed in 

animals with cardiac-specific deletion of plakoglobin, accomplished by crossing a floxed 

plakoglobin mouse with a transgenic mouse featuring tamoxifen-inducible cre-

recombinase under control of the α-myosin heavy chain promoter (245). Following 

addition of tamoxifen, a substantial loss of Cx43 immunofluorescence was noted at the 

intercalated disk of these animals. Increased lateralization of Cx43 was also apparent in 

fluorescence micrographs, indicating that deletion of plakoglobin is sufficient to mediate 

effects on cardiac gap junctions. This effect cannot be traced specifically to the 

desmosome. However, since plakoglobin is also a component of the second type of 

mechanical structure found at the intercalated disc, the adherens junction.  

Adherens junctions, serve to link the contractile actin filaments of one myocyte to 

those of another (246). Structurally, adherens junctions are comparable to desmosomes 

with extracellular domains composed of the adhesion protein N-cadherin. In adherens 

junctions, N-cadherin performs a role analogous to that of desmoglein and desmocollin in 

desmosomes. Like desmosomes, the N-cadherins found in adherens junctions bind to 

linker proteins such as β-catenin and plakoglobin, which serve to interconnect cadherin 

and actin, allowing a transfer of contractile force between the cells.  

 The presence of N-cadherin at the intercalated disc has been shown to be crucial 

for proper expression of Cx43 gap junctions (247-248). Deletion of this essential 

adhesion molecule in an inducible cardiac-specific mouse model resulted in substantial 

reductions in the number of Cx43 plaques between myocytes and a reduction in average 

plaque size (247). A time course Western immunoblot revealed progressive loss of 
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overall Cx43 levels and an increase in Cx43 phosphorylated at serine 368 which 

correlated with cre induction and deletion of N-cadherin. 

Similarly, cardiac-specific depletion of the adherens junction component, β-

catenin has been shown to result in a reduction in the average area occupied by Cx43 at 

the intercalated disc as compared to control hearts (249). This effect was exacerbated in 

animals with hearts lacking both β-catenin and plakoglobin. In this double-knock out 

model system, remodeling of Cx43 gap junctions correlated with an enhanced 

susceptibility to ventricular arrhythmias; highlighting the danger inherent in failure of 

cardiac mechanical junctions. 

 Although not a canonical cardiomyopathy, cardiac ischemia (decreased blood or 

oxygen supply) has been reported to cause alterations in Cx43 expression and 

localization, and is an important cause of human morbidity and mortality. In human 

ischemia resulting from myocardial infarction, a complete loss of Cx43 

immunofluorescence signal has been reported in the deepest areas of blood-starved 

tissues (250). In regions bordering severely infarcted tissues, a loss of Cx43 at the 

intercalated disc and its presence within the myocyte cytoplasm and along the lateral 

myocyte walls was a common finding in post-myocardial infarction patients. Animal 

models have provided valuable insights into the mechanisms responsible for the 

derangement of Cx43 observed in ischemia among the human population.    

 In a Langendorff-perfused rodent heart model of ischemia, Smyth et al. observed 

a significant reduction of Cx43 signal at the intercalated disc following initiation of 

ischemia (251). A similar reduction occurred under conditions of oxidative stress, caused 
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by perfusion with hydrogen peroxide. The loss of Cx43 immunofluorescence signal 

correlated with a decreased association of the protein EB1 with microtubules. In previous 

studies, EB1 has been shown to play a key role in targeting Cx43 to adherens junctions 

by tethering microtubules to junctional components such as β-catenin (252). The work of 

Smyth et al. suggests that the reduced Cx43 at the intercalated disc seen in ischemia and 

during times of severe oxidative stress can be attributed to a failure of Cx43 trafficking, 

and not its degradation (251).  

Several studies have reported an association between cardiac ischemia and a 

decrease in Cx43 phosphorylation. In isolated Langendorff  perfused rat hearts, a 

significant decrease in Cx43 phosphorylation was observed after discontinuation of 

perfusion, however, no measurable changes were observed in total Cx43 protein levels 

(253). Interestingly, levels of phospho-Cx43 began to climb once reperfusion was 

initiated, indicating that ischemic alterations to Cx43 phosphorylation status are 

reversible. Although the investigators did not postulate a mechanism for these changes, 

the rapidity with which they occurred led them to suggest that direct de-phosphorylation 

and re-phosphorylation are involved, as opposed to the degradation of phosphor-Cx43 

and the synthesis of non-phosphorylated Cx43. 

 This inference is supported by a study by Turner et al. using neonatal rat 

myocytes cultured under conditions of hypoxia and low glucose (254). When normal 

oxygen levels were restored following eight hours of ischemia, the ratio of phospho-to-

non-phospho-Cx43 rebounded to within 70% of its pre-ischemic value. Equivalent levels 

of recovery were measured in myocytes cultured in the presence of the protein synthesis 

inhibitor, cyclohexamide, and after treatment with Brefeldin-A, an inhibitor of golgi 
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processing. These results strongly suggest that substantial degradation of phospho-Cx43 

does not occur with ischemia, nor does a marked increase in synthesis of non-

phosphorylated Cx43 occur upon reperfusion. 

 Turner et al. further investigated the cause of Cx43 de-phosphorylation and its 

relation to ischemia (254). Interestingly, Cx43 phosphorylation status was preserved 

under hypoxia when high glucose concentrations were maintained in culture media; 

conditions that correlated with maintenance of ATP levels by glycolysis. Also identified 

by Turner et al. was that recovery of the cellular pool of phosphorylated Cx43 was 

sensitive to protein kinase C inhibition. Therefore, in the model proposed by these 

investigators, alteration of Cx43 phosphorylation under ischemic conditions is secondary 

to hypoxia, and is instead the result of cellular phosphatases in response to ATP 

depletion. When ATP levels are restored to myocytes, extant Cx43 is re-phosphorylated 

in a protein kinase C-dependent manner. 

 

Connexins encompass a fascinating family of proteins capable of forming intercellular 

channels and hemichannels connecting the cytoplasm to the extracellular space. Perhaps 

the best studied connexin, Cx43, is found in the heart, where it contributes to the 

conduction of action potential impulses. Cx43 is also expressed in many cells and tissues 

of the immune system, where it has been reported to play several important roles. 

 Chapter I of this dissertation explores a purported role of Cx43 in macrophage 

phagocytosis in response to a study by Anand et al., who found that reductions in 

macrophage Cx43 expression led to defective phagocytosis (111). In Chapter I, the 
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findings of Anand et al. are explored in depth using well-characterized macrophages and 

several distinct phagocytic targets. 

 Given the expression of Cx43 in the heart and its presence in immune cells, 

Chapter III employs a model of experimental autoimmune myocarditis (EAM). In this 

model, immune cells, many of which express Cx43, infiltrate into cardiac tissue, where 

Cx43 is essential for appropriate function. The effect of modulating Cx43 expression 

globally, and specifically in infiltrating immune cells is explored; as well as the effects on 

cardiac Cx43 and electrical activity during myocarditis. 

 During the course of our studies of Cx43 and EAM, a spontaneous cardiac disease 

was identified in a substrain of common laboratory mice. Chapter II features a 

histological characterization of the disease and investigation into its potential etiologies. 
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ABSTRACT 

 

Macrophages lacking connexin43 (Cx43), a gap junction protein, have been reported to 

exhibit dramatic deficiencies in phagocytosis. In this study, we revisit these findings 

using well-characterized macrophage populations. Cx43 knock out (Cx43
-/-

) mice die 

soon after birth, making the harvest of macrophages from adult Cx43
-/-

 mice problematic. 

To overcome this obstacle we employed several strategies: Mice heterozygous for the 

deletion of Cx43 were crossed to produce Cx43
+/+

 (WT) and Cx43
-/-

 fetuses. Cells 

isolated from 12-14 day fetal livers were used to reconstitute irradiated recipient animals. 

Following reconstitution, thioglycollate-elicited macrophages were collected by 

peritoneal lavage and bone marrow was harvested. Bone marrow cells and, alternatively, 

fetal liver cells were cultured in media containing M-CSF for 7-10 days, resulting in 

populations of cells that were greater than 95% macrophages based on flow cytometry.  

Phagocytic uptake was detected using flow cytometric and microscopic techniques. 

Quantification of phagocytic uptake of IgG-opsonized sheep erythrocytes, zymosan 

particles and Listeria monocytogenes failed to show any significant difference between 

WT and Cx43
-/-

 macrophages. Further, the use of particles labeled with pH sensitive dyes 

showed equivalent acidification of phagosomes in both WT and Cx43
-/- 

macrophages
. 
 

Our findings suggest that modulation of Cx43 levels in cultured macrophages does not 

have a significant impact on phagocytosis.   
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INTRODUCTION 

 

Connexin43 (Cx43) is a multimeric protein conduit that functions to connect the 

cytoplasms of two cells. Cx43 is expressed in multiple cells and organs of the immune 

system and has been suggested to contribute to immune function (1-3). For almost a 

decade, our laboratory has been engaged in the study of Cx43, specifically its 

contribution to macrophage function.  The most extensive of these studies involve the use 

of radiation chimeras to produce mice lacking Cx43 in cells of hematopoietic origin (4).  

Equivalent reconstitution from Cx43
+/+

, 
+/-

 and 
-/- 

fetal liver cells is commonly observed in 

these animals and populations of inflammatory macrophages are proportionately high for 

cells of donor origin (>98%).  There are no obvious immune defects in these animals (4). 

Furthermore, macrophages derived from Cx43
+/+

, 
+/-

 and 
-/- 

fetal liver cells have been 

analyzed for bacterial killing, revealing no obvious defect in bactericidal activity 

(unpublished result).  Throughout these studies, we have found no evidence that Cx43 is 

required for phagocytosis, or that macrophages generated from mice lacking Cx43 

display any impairment of phagocytic uptake, a prerequisite for bactericidal activity, as 

compared to macrophages derived from wild type animals.  

The lack of a role for Cx43 in macrophage phagocytosis is in sharp contrast with 

a study by Anand et al. published in 2008 (5). In that study a population of adherent cells 

was isolated from fetal livers of Cx43
+/+

, 
+/-

 and 
-/- 

mice. These cells were assessed for 

phagocytic capacity and the cells displayed differential phagocytosis, leading the authors 

to propose a “direct role” for Cx43.   However, the cells analyzed were only 
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characterized according to their expression of CD45, not macrophage-specific markers; 

making the proportion of macrophages in the population difficult to determine.  

In the present study, we examined phagocytic uptake of three distinct phagocytic 

target particles (sheep erythrocytes, zymosan, and Listeria monocytogenes (Listeria)), 

comparing wild type (WT, Cx43
+/+

) macrophages and Cx43 deleted (Cx43
-/-

) 

macrophages. We present data here showing that a well characterized, macrophage 

population lacking Cx43 is indeed capable of phagocytosis and that no significant 

differences between WT and Cx43
-/-

 macrophages were apparent in any phagocytic 

parameter measured.   
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MATERIALS AND METHODS 

Animals 

Mice heterozygously-deficient in connexin43 (Cx43
+/-

, B6;129-Gja1
tm1Kdr

/J) were 

obtained from The Jackson Laboratory. Cx43
+/-

 mice expressing the CD45.1 isoform 

were generated by first crossing Cx43
+/-

 animals with BALB/c mice (BALB/cAnTac, 

Taconic) for 11 generations. The resulting BALB/cCx43 strain was then subsequently 

crossed with BALB/c mice expressing the CD45.1 isoform of CD45 (CBy.SJL(B6)-

Ptprc
a
/J, Jackson). All animals were maintained at the Department of Laboratory Animal 

Resources at SUNY Upstate Medical University. For each animal, Cx43 status was 

confirmed by PCR-based genotyping. All experiments and procedures in this study were 

approved by the Institutional Animal Care and Use Committee at SUNY Upstate. 

 

Cell culture 

WT or Cx43
-/-

 fetuses were generated by crossing two Connexin43 heterozygous  

(Cx43
+/-

) mice. At 12 to 14 days of gestation, pregnant females were euthanized and the 

fetuses were explanted. Fetal livers were then isolated from each fetus for derivation to 

macrophages, while the posterior portion of each fetus was removed for genotyping. 

Livers were placed in DMEM (HyClone) supplemented with 25 mM HEPES 

buffer and dissociated by gentle pipetting. Fetal liver cell suspensions were cultured in 

complete medium (DMEM supplemented with 10% FBS and 5% penicillin/streptomycin) 
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for 24 h to allow for selective adherence of contaminating cells (such as fibroblasts and 

fetal liver resident macrophages). 

Following genotyping, non-adherent fetal liver cells were collected, pooled 

according to genotype, and plated at a concentration of 1×10
6
 nucleated cells per plate in 

non-tissue culture treated 100 mm Petri dishes (BD Falcon). Cells were grown in 

complete medium supplemented with supernatant from L929 cells, a source of M-CSF, 

for 7 to 10 days (6). Mature macrophages, which were adherent to the dishes, were 

harvested after incubation with cold PBS + 2mM EDTA. 

 

Generation of radiation chimeric mice 

Radiation chimeric mice were generated as previously described (4). Cx43
+/-

 mice on a 

CD45.1 background were mated to produce CD45.1+ Cx43
+/+

 and Cx43
-/-

 fetuses from 

which fetal liver cell suspensions were prepared as described above. 1×10
6
 fetal liver 

cells were transferred to an irradiated (950 cGy) CD45.2+ BALB/c host by retro-orbital 

injection. After allowing 10 weeks for reconstitution, peripheral blood was analyzed for 

the donor marker (CD45.1). Greater than 97% of peripheral blood leukocytes were donor 

derived (Cx43
+/+

 99.1±1.0 vs. Cx43
-/-

 97.5±.5).      

 

Preparation of phagocytic targets 

Sheep erythrocytes (Innovative Labs) were washed in PBS and labeled with CFSE (Cell 

Trace, Invitrogen) according to manufacturer’s specifications. Immediately before use in 
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a phagocytosis assay, labeled erythrocytes were incubated for 30 min with fractionated 

rabbit anti-sheep red blood cell antisera (Sigma) diluted 1:10 followed by washing with 

PBS before addition to macrophages.  

Zymosan A from Saccharomyces cerevisiae (Sigma) was fluorescently labeled 

using the DyLight 649 labeling kit (Thermo Scientific) or using pHrodo red succinimidyl 

ester kit (Invitrogen) according to manufacturer’s instructions. Phagocytic target 

concentration and fluorescence was determined using a hemocytometer and fluorescence 

microscope. 

 

Listeria monocytogenes 

Listeria  expressing a non-secreted form of GFP and a secreted recombinant protein 

containing the amino acid sequence SIINFEKL (Lm-PASFLAG) was generated 

previously (7).   

 

Phagocytosis Assays 

Fetal liver-derived and bone marrow-derived macrophages were plated in non-tissue 

culture treated 24-well plates (CytoOne) at a density of 5×10
5
 cells per well in complete 

medium. Cells were allowed to adhere for at least 12 h and DMEM was replenished 30 

min before assessment of phagocytosis. 
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Phagocytosis of sheep erythrocytes (sRBCs)  

IgG-opsonized sheep erythrocytes (sRBCs) were added to wells at a target to macrophage 

ratio of 100:1 (to ensure an abundance of available targets) or 10:1. During incubation, 

cultures were maintained at 37°C and 5% CO2. At 20, 40, and 60 min time points, 

external sRBCs were lysed by a 1 min incubation with distilled water, cultures were 

washed with PBS to remove remaining sRBC fragments, and macrophages in PBS + 

2mM EDTA were placed on ice for several minutes to allow release from the surface of 

the dish.  Fetal liver-derived macrophage suspensions were filtered using 70 μm nylon 

mesh, transferred to round-bottomed tubes (BD Falcon), and kept on ice until flow 

cytometric analysis. . The bone marrow-derived macrophages from radiation chimeric 

animals were not filtered prior to analysis. 

 

Phagocytosis of sRBCs by fluorescence microscopy 

Fetal liver-derived macrophages were allowed to adhere to 18 mm diameter glass cover 

slips (Fisherbrand) placed in the wells of a 12 well plate at a density of 5×10
4
 cells per 

well. The following day, IgG-opsonized fluorescently labeled sRBCs were added to each 

well. After 20 min of incubation, wells were washed three times with PBS and placed on 

ice.  

After phagocytosis fixation was achieved using 1% paraformaldehyde. Non-

specific secondary antibody binding to macrophage Fcγ receptors was blocked by 

incubation with 2.4G2 hybridoma supernatant (8). Incompletely internalized sRBCs were 

labeled using Alexa Fluor 594-conjugated goat anti-rabbit IgG (Invitrogen). After several 
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washes, cells were permeabilized using 0.5% Triton X-100 in PBS and mounted to slides 

using Prolong Gold with DAPI (Invitrogen).  Images were taken at 200×  magnification 

using a Nikon Eclipse E800 fluorescence microscope equipped with a Spot RT Slider 

camera. Images were randomized and analyzed in a blinded fashion for the number of 

internalized sRBCs per macrophage.  

To compare the phagocytic capacity of WT and Cx43
-/-

 macrophages, histograms 

were prepared showing the number of particles per cell on the horizontal axis. To 

normalize for unequal numbers of cells from each group, a relative cell number is 

reported on the vertical axis. Relative cell number = (number of macrophages in each 

bin/total number of cells counted)×100. At least 100 cells were counted for each 

experiment. For both sets of data, averages were analyzed using Student’s t-test. No 

significant differences (p<0.05) were observed in any parameter. 

 

Phagocytosis of labeled Zymosan 

Either DyLight 649 (DL649)-labeled or pHrodo-labeled zymosan particles were added to 

cultured macrophages at a target to macrophage ratio of 100:1. For each Cx43 genotype 

studied, two identical 24-well plates were used: one plate that was incubated at 37°C and 

5% CO2 to measure phagocytic uptake and a second plate incubated on ice at 4°C for the 

same period. The 4°C plate was used to establish a baseline measurement of particle 

adherence to macrophages for comparison to actual phagocytic uptake. After 60 min, the 

wells of both the 37°C and 4°C plates were washed three times to remove 
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unbound/unengulfed zymosan particles. Macrophages were incubated on ice with PBS + 

2mM EDTA, lifted by pipetting, filtered, and kept on ice until flow cytometric analysis.   

 

Phagocytosis of Listeria monocytogenes and antigen presentation assay 

Listeria uptake and antigen presentation assays were performed as previously described 

(9). Briefly, overnight Listeria cultures were used to inoculate BHI broth and grown to 

log phase. WT or Cx43
-/-

 fetal liver-derived macrophages were suspended at a 

concentration of 2×10
6
 cells/ml in IMDM supplemented with 10% FBS but without the 

addition of antibiotic. Macrophages were infected with mid-log phase Listeria at an 

MOI= 20 for 1 h at 37°C, followed by washing and resuspension in IMDM containing 5 

μg/ml gentamicin (Cellgro) to kill any remaining extracellular bacteria. Infected cells 

were incubated at 37 °C and aliquots were harvested for analysis at 30 min intervals. 

To identify Listeria-derived SIINFEKL presented by macrophage MHC class I 

molecules (surface K
b
-SIINFEKL), macrophages were incubated in 2.4G2 supernatant, 

followed by staining with Alexa Flour 647 (AF647, Invitrogen)-conjugated 25-D1.16 

mAb (10). Flow cytometry was used to identify infected cells using GFP fluorescence. 

Additionally, the mean fluorescence intensity (MFI) of AF647 was used to quantify 

surface K
b
-SIINFEKL expression in GFP positive cells. 

 

Flow cytometry 

Flow cytometry was performed using an LSRII or LSRFortessa cytometer (Becton 

Dickinson). Phenotypic analysis of cultured fetal liver derived macrophages was 
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achieved by pre-incubation with 2.4G2 supernatant followed by staining using anti-

CD11b-APC/Cy7 and anti-F4/80-PE antibodies (BioLegend). Analysis of thioglycollate-

elicited and bone marrow-derived macrophages was performed using anti-CD45.1-

BrilliantViolet605, anti-CD11b-APC/Cy7 and anti-F4/80-BrilliantViolet421 

(BioLegend). For macrophage phenotyping and analysis of phagocytic activity at least 

1×10
4
 live cell events were recorded. Analysis was performed using FlowJo software 

(Tree Star). Data was analyzed using Student’s T test and no significant differences 

(p<0.05) were found.  
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RESULTS 

Derivation of Cx43-deficient macrophages  

Connexin43 deficient (Cx43
-/-

) mice die soon after birth, making the generation of 

macrophages from bone marrow impractical (11). Therefore, we employed several 

approaches to obtain wild type (WT) and Cx43
-/-

 macrophages: 1) derivation from 

hematopoietic cells harvested from fetal livers; 2) the harvest of thioglycollate-elicited 

peritoneal macrophages from radiation chimeric mice consisting of irradiated wild type 

animals reconstituted with WT or Cx43
-/-

 fetal liver cells; and 3) production of bone 

marrow-derived macrophages from radiation chimeric animals. 

 After 7-10 days in culture in the presence of M-CSF containing media, fetal 

liver-derived cells from WT and Cx43
-/-

 fetuses were found to be predominantly 

macrophages, as demonstrated by their expression of the macrophage markers CD11b 

and F4/80 (Fig. 1A). Similarly, macrophages prepared in an identical manner from bone 

marrow cells collected from radiation chimeric mice were overwhelmingly both donor-

derived, as identified by the marker CD45.1, and expressed both CD11b+ and F4/80+ 

(Fig. 1B). Importantly, no discrepancy in the proportion of positively stained cells was 

observed between WT or Cx43
-/-

 macrophages.  

 

Cx43 deficient macrophages phagocytose sheep erythrocytes  

We next sought to characterize the phagocytic capacity of WT and Cx43
-/-

 macrophages. 

First, the Fcγ receptor-mediated phagocytic capacity of macrophages was assayed using 
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IgG-opsonized sRBCs as a target. WT and Cx43
-/-

 fetal liver-derived macrophages were 

equally capable of sRBC uptake (Fig. 2A). Importantly, there was no difference in 

fluorescence intensity between these two populations (MFI = 54,017 ± 2,122 WT vs. 

54,899 ± 2,018 Cx43
-/-

), as is evidenced by the overlapping fluorescence histograms. The 

vast majority (94.6% WT vs. 95.6% Cx43
-/-

) of cultured macrophages from both 

genotypes were positive for uptake of sRBCs after 20 min of incubation (Fig 2B), 

increasing to nearly 100% of cells after 60 min (data not shown). As evidence that this 

uptake was Fc receptor-dependent, non-opsonized sRBCs were taken up at a rate 

approximately 20 fold less (<5% of cells at 20 min) than that of opsonized targets.  

The phagocytic capacity of WT and Cx43
-/-

 fetal liver-derived macrophages after 

20 min of incubation with sRBCs was also quantified microscopically.  The resulting 

histograms demonstrate the phagocytic capabilities of WT and Cx43
-/-

 macrophages were 

comparable (5.5 ± 0.3 particles per cell WT vs. 6.1 ± 0.2 particles per cell Cx43
-/-

, Fig 

2C). A similar assay was also performed on thioglycollolate-elicited macrophages from 

radiation chimeric animals and again, no major difference in phagocytic ability was 

observed (4.3 ± 0.4 WT vs. 3.6 ± 0.3 Cx43
-/-

, on average, Supplemental Fig. 1). 

 Bone marrow-derived macrophages were produced from radiation chimeric mice 

reconstituted with WT or Cx43
-/-

 fetal liver cells.  These cells were greater than 99% 

donor derived.  Both WT and Cx43
-/- 

macrophages were exposed to fluorescently labeled 

opsonized sRBCs and were phagocytic. This phagocytosis was dependent on time and 

target concentration.  Both populations exhibited identical mean fluorescence intensities 

at 20, 40 and 60 min time points when treated when treated with a specific amount of  
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sRBCs.  This identity was observed at a particle to macrophage ratio of 100:1 as well as 

10:1 (Fig. 3).     

 

Cx43 deficient macrophages can phagocytose zymosan and the resultant phagosomes 

acidify normally 

We next sought to measure the ability of Cx43
-/-

 fetal liver-derived macrophages to 

phagocytose zymosan, another commonly used target for in vitro phagocytosis. In 

contrast to targets opsonized with IgG, uptake of zymosan by macrophages is mediated 

not by Fc receptors, but by several different receptors, including the mannose receptor 

(12-13). In the present study, zymosan was labeled with either the fluorescent marker 

DL649 or with the pH sensitive label pHrodo.  

 We first measured the binding of zymosan to the plasma membrane. WT and 

Cx43
-/-

 macrophages were incubated with DL649-zymosan for 60 min at 4°C to allow for 

binding while inhibiting phagocytosis. When assayed by flow cytometry, similar 

percentages (45.6% of WT vs. 40.9% of Cx43
-/-

) of macrophages from both genotypes 

were positive for zymosan (Fig. 4). This indicates that WT and Cx43
-/-

 macrophages bind 

zymosan at comparable levels. When macrophages were incubated with DL649-zymosan 

at 37°C for the same time period, 98.1% of WT and 98.4% of Cx43
-/-

 macrophages were 

positive for zymosan, suggesting that this measured increase represents phagocytosis, not 

simply the presence of externally bound particles. Furthermore, the histograms of 

fluorescence intensity overlap, indicating that the populations had similar rates of uptake 
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and similar numbers of particles per cell. Clearly, there is no deficiency in zymosan 

phagocytosis among Cx43
-/-

 macrophages as compared to their WT counterparts. 

 To confirm that Cx43 is not required for phagocytosis of zymosan, WT and  

Cx43
-/-

 macrophages were next treated with zymosan particles labeled with pHrodo. 

pHrodo is a pH sensitive dye which increases in fluorescence intensity several fold in 

response to decreasing pH, as occurs during the acidification of a maturing phagosome. 

Again, the majority of cells were found to be positive for pHrodo-zymosan after 60 min 

of incubation at 37°C (98.6% of WT vs. 98.9% of Cx43
-/-

, Fig. 5). Importantly, the 

dramatic increase (71.1 fold WT vs. 72.2 fold Cx43
-/-

) in pHrodo fluorescence at 37°C as 

compared to cells incubated at 4°C indicates that the zymosan particles were successfully 

incorporated into maturing phagosomes. No significant difference in the percentage of 

pHrodo-zymosan positive cells or in the fluorescence intensity of live cells was observed 

between WT and Cx43
-/-

 fetal liver-derived macrophages. Together with the results using 

DL649-zymosan, this is strong evidence that Cx43 is dispensable for the phagocytosis of 

zymosan particles.  

 

Cx43 deficient macrophages are able to phagocytose Listeria and present Listeria-

derived antigens on MHC Class I molecules 

We next measured the ability of Cx43
-/-

 macrophages to phagocytose a physiologically 

relevant target: pathogenic bacteria. We chose the gram-positive facultative intracellular 

bacterium Listeria  for these assays. This is an ideal target because immunity to Listeria 

is dependent on phagocytosis and subsequent killing by activated macrophages (14). For 
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these studies, we utilized a recombinant Listeria strain (Lm-PASFLAG) that expresses a 

non-secreted form of GFP as well as a secreted protein that includes the model MHC 

class I binding peptide SIINFEKL. The non-secreted GFP was used to identify 

macrophages that have internalized Listeria, while the secreted SIINFEKL-containing 

recombinant protein was used to measure the ability of macrophages to process and 

present foreign antigens (7). Notably, internalization of Listeria in this model system 

requires phagocytosis, since mice lack the receptors required for non-phagocytic uptake 

of these bacteria (15).   

 WT and Cx43
-/-

 macrophages were infected with Listeria and analyzed by flow 

cytometry. No differences were observed in either the percentage of cells positive for 

Listeria (63.1% in WT vs. 63.3 % in Cx43
-/-

, Fig. 6B), or in the number of Listeria 

ingested as displayed in the histogram of GFP fluorescence (Figure 6A).  There was also 

no difference in the kinetics of surface expression of K
b
-SIINFEKL (Fig 6C) between 

WT and Cx43
-/-

 cells. This suggests that there are no major differences in the abilities of 

WT and Cx43
-/-

 macrophages to ingest Listeria and process Listeria-derived proteins for 

presentation on MHC class I molecules.  
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Figure 1.  Characterization of the macrophage populations used in this study. (A) Wild 

type (WT, top panel) and Cx43
-/-

 (bottom panel) macrophages derived from fetal liver 

cells were stained for the macrophage markers F4/80 and CD11b. In both cases, cultures 

contained a high proportion of double-positive cells, indicating that these cultures were 

predominantly comprised of macrophages. (B) WT (top panel) and Cx43
-/-

 (bottom 

panel) bone marrow-derived macrophages from chimeric mice were stained for the donor 

marker, CD45.1, as well as CD11b and F4/80.  Nearly all of the cultured macrophages 

were donor derived, and of these high proportions were positive for macrophage markers, 

suggesting that WT and Cx43
-/-

 populations were essentially pure and faithful to their 

respective genotypes. 
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FIGURE 2. WT and Cx43
-/-

 macrophages are equally capable of phagocytosing 

opsonized sRBCs. (A) Wild type (black line) and Cx43
-/-

 (gray line) macrophages were 

incubated for 20 min with IgG-opsonized CFSE-labeled sRBCs and analyzed by flow 

cytometry (shaded black peak represents macrophages incubated with unlabeled sRBCs). 

(B) Percentage of cells positive for CFSE fluorescence after 20 minutes of incubation 

with opsonized sRBCs (average and S.E.M. of 8 experiments). (C) Histogram of 

phagocytosis by WT (black bars) and Cx43
-/-

 (grey bars) fetal liver-derived macrophages 

after 20 min of incubation with sRBCs. Histograms were normalized for cell counts by 

dividing the number of cells in each bin by the total number of cells counted. At least 100 

cells were counted for each genotype.  
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FIGURE 3. Bone marrow-derived macrophages from radiation chimeric mice 

reconstituted with fetal liver cells from WT and Cx43
-/-

 mice are equally capable of 

phagocytosis of sRBCs. (A) Fluorescence histograms comparing sRBC uptake of WT 

(black dashed lines) and Cx43
-/-

 (red lines) bone marrow-derived macrophages after 20, 

40 and 60 min co-incubation. Macrophages were treated with particles at 10:1 (left 

panels) and 100:1 (right panels) particle-to-macrophage ratios. Grey shaded peaks 

represent non-fluorescent sRBCs. (B) Kinetic plot of phagocytosis by bone marrow-

derived macrophages from radiation chimeric animals reconstituted with WT (black 

dashed lines) and Cx43
-/-

 (red lines) fetal liver cells. Macrophages were incubated with 

100:1 (closed symbols) and 10:1 (open symbols) sRBC to macrophage ratios for 20, 40 

and 60 min time points before analysis by flow cytometry (average and S.E.M. for 3 

experiments). 
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FIGURE 4. Fetal liver-derived macrophages phagocytose zymosan, independently of 

Cx43 genotype. (A) Wild type (black line) and Cx43
-/-

 (gray line) macrophages were 

incubated with DL649-labeled zymosan particles for 60 min at 4°C (left panel), or at 

37°C (right panel), (black peak represents macrophages without zymosan). (B) 

Percentage of cells positive for labeled zymosan after incubation on at 4°C (left panel), or 

at 37°C (right panel). (C) Mean fluorescence intensity (MFI) of DL649 signal in 

macrophages incubated at 4°C (left panel), or at 37°C (right panel), (averages from 3 

experiments, ± S.E.M).  
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FIGURE 5. Fetal liver-derived macrophages from wild type and Cx43
-/-

 mice can 

phagocytose zymosan, and are capable of phagosome acidification. (A) Wild type (black 

line) and Cx43
-/-

 (gray line) macrophages were incubated with zymosan particles labeled 

with pHrodo for 60 min at 4°C (left panel), or at 37°C (right panel), (shaded black peak 

represents macrophages not treated with zymosan). (B) Percentage of cells positive for 

labeled zymosan after incubation at 4°C (left panel), or at 37°C (right panel). (C) Mean 

fluorescence intensity (MFI) of pHrodo signal in macrophages incubated at 4°C (left 

panel), or at 37°C (right panel), (averages from 3 experiments, error bars depict S.E.M.). 
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FIGURE 6. Cx43 deficient macrophages are capable of phagocytosis of Listeria 

monocytogenes and presentation of a foreign antigen. (A) Flow cytometry histogram of 

gated live cells demonstrating engulfment of GFP-positive Listeria at 90 min post-

infection; black line represents Listeria uptake by WT macrophages, gray line represents 

uptake by Cx43
-/-

 cells. (B) Percentage of WT and Cx43
-/-

 macrophages positive for GFP 

fluorescence at 90 min post-infection (graph representative of three independent 

experiments). (C) Kinetics of surface K
b
-SIINFEKL production in WT (circle) and  

Cx43
-/-

 (square). Analysis of K
b
-SIINFEKL was limited to live, GFP-positive cells only. 

One representative experiment of three is shown. These experiments were performed by 

co-authors B. Wolf and K. Schneider.  



 

108 
 

 

DISCUSSION 

 

In contrast to a previous report (5), we provide evidence here that modulation of Cx43 

levels does not have a major impact on macrophage phagocytosis of opsonized sRBC, 

zymosan particles, or Listeria. The discrepancies between the results reported by Anand 

et al. and the present study may lie in the nature of the model systems studied:  

As animals unable to express Cx43 die soon after birth, the direct harvest of 

knock-out macrophages or the culture of bone marrow derived macrophages is essentially 

impossible (11). To circumvent this issue, Anand et al. harvested mouse fetal livers as a 

source of macrophages. In their protocol, macrophages were selected by adherence to 

cover slips, based on the method of Morris et al. (16). These resident fetal cells were 

identified as mostly (>95%) macrophages based upon expression of CD45. Although it 

was used as a macrophage marker in the study by Anand et al., it is widely accepted that 

CD45, also known as leukocyte common antigen, is present on many cell types derived 

from hematopoietic cells.  

That the adherent population of fetal liver cells contains such a high proportion of 

macrophages is at odds with Morris et al., who found that the resident fetal liver 

population was only composed of 50% macrophages, based on the more specific marker 

F4/80. Our own analysis of this adherent, resident cell population from fetal liver found 

that only a limited number of the cells could be characterized as macrophages, making 

analysis of phagocytosis by flow cytometry impossible.  Therefore, it is possible that the 

results from Anand et al. can be explained by contamination of cultures by non-
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macrophage constituents of fetal livers.  It is also not clear whether there may be a 

difference in the maturation of resident macrophages within the fetal liver of a Cx43
-/-

 

mouse. 

In the model system employed in this study, pluripotent cells derived from fetal 

livers or bone marrow harvested from radiation chimeric mice were differentiated to the 

monocyte/macrophage lineage by culture in an M-CSF containing medium. Thus, our 

system has the advantage that cells from WT and Cx43
-/-

 fetuses were cultured under 

controlled and identical conditions.  This resulted in a population of cultured cells from 

wild type and Cx43
-/-

 fetuses that were >95% macrophages, as assessed by the markers 

CD11b and F4/80 (Fig. 1). Although CD11b is found on a range of myeloid cell types, 

F4/80 is specific for murine macrophages (17). The technique used here for deriving 

macrophages in this manner is based on an established protocol for the production of 

macrophages from bone marrow suspensions that has been adapted to the use of fetal 

livers for studying Cx43 deletion due to perinatal lethality (18-19).  Under these 

conditions, cells displayed typical phenotypic macrophage properties with no defect in 

phagocytosis. 

Phagocytosis is essential for the survival of metazoan species. In this study, mice 

were generated with immune cells lacking Cx43 through the use of radiation chimeric 

animals (4). Recipients of Cx43
-/-

 fetal liver cells appeared healthy overall. Peritoneal 

macrophages elicited by injection of thioglycollate broth into animals reconstituted by 

WT and Cx43
-/-

 donors were >98% donor derived and had similar proportions of CD11b 

positive cells. Furthermore, peritoneal macrophages from WT and Cx43
-/-

 donors were 

equally capable of phagocytosis (Supplemental Fig. 1). In previous experiments with 
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Cx43
-/-

 chimeric mice, animals have survived for prolonged periods, in some cases 

greater than 6 months, without morbidity or mortality; a feat that would not be expected 

of animals that have been immunocompromised by reconstitution with poorly phagocytic 

macrophages.  That result and the data presented here, clearly demonstrate that there is no 

primary role for Cx43 in macrophage phagocytosis and phagosome maturation. 
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SUPPLEMENTARY FIGURE 1. Characterization of purity and phagocytic capacity of 

thioglycollate-elicited macrophages from radiation chimeric mice. (A) Wild type (WT, 

top panel) and Cx43
-/-

 (bottom panel) peritoneal macrophages were stained for the donor 

marker CD45.1. High proportions of donor-derived cells indicate that these cell 

populations express a full complement (WT), or are deleted for Cx43 (Cx43
-/-

). (B) WT 

(black bars) and Cx43
-/-

 (grey bars) macrophages were co-incubated with IgG-opsonized 

labeled sRBCs for 20 mins, followed by lysis of external sRBCs. Internalized sRBCs 

were enumerated by a blinded observer using fluorescence microscopy. Shown is the 

result of a single experiment from 3 pooled animals of each genotype. 
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ABSTRACT 

 

BALB/c mice are predisposed to dystrophic cardiac calcinosis, or the mineralization of 

cardiac tissues, especially the right ventricular epicardium. In previous reports, the 

disease appears in aged animals and has an unknown etiology. In this study, we report a 

substrain of BALB/c mice (BALB/cByJ) that develops disease early and with high 

frequency. In this study, hearts were analyzed grossly to identify the presence and 

measure the severity of disease and compare BALB/c substrains. Histological analysis, 

fluorescence and immunofluorescence microscopy were used to characterize the 

calcinotic lesions. BALB/cByJ animals exhibited more frequent and severe calcium 

deposition than control BALB/c animals (89.8% vs. 3.0% at 5 weeks). At this age, 

lesions covered an average of 30.5% of the total ventricular surface area in BALB/cByJ 

animals (vs. less than 1% in control animals). In bone marrow chimeras, the lesions were 

marked by donor-derived cells, indicating an infiltration of cells of bone marrow origin. 

Lesion histology indicated the presence of calcium surrounded by fibrosis with 

interspersed immune cells. Lymphocytes, macrophages and granulocytes were all 

present. Internalization of the gap junction protein connexin43 was observed in myocytes 

adjacent to lesions.  In conclusion, BALB/cByJ mice exhibit more frequent and severe 

disease when compared to other BALB/c substrains. Our findings suggest that immune 

cells are actively recruited to lesions and that myocyte gap junctions are altered near 

lesions. 
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INTRODUCTION 

Calcification of soft tissues can be broadly divided into two categories: dystrophic 

mineralization, which is associated with degenerative conditions including chronic 

inflammation; and metastatic mineralization, which occurs in response to disrupted 

calcium or phosphate metabolism. Ectopic mineralization accompanies many 

cardiovascular disease processes, including atherosclerosis. Dystrophic calcification of 

heart tissues has been observed in several species, including humans (1) and  mice (2). A 

handful of inbred mouse strains; including BALB/c, DBA, and C3H; are reportedly 

susceptible to spontaneous cardiac calcification (3). This manifests as focal, calcium-

laden lesions, which are often so prominent that they can be observed without visual aid 

(4-5).  In this manuscript, we describe the appearance of spontaneous dystrophic 

mineralization in a strain of BALB/c mice, BALB/cByJ. 

BALB/c mice are particularly susceptible to cardiac calcinosis. A study in 1975 

included 3360 BALB/cStCrL mice and reported 10.5% of male mice and 3.6% of female 

mice had histological evidence of calcinosis (6). Similarly, in 1976, a manuscript 

described spontaneous lesions in 60% of female and 30% of male BALB/cCr mice 

assessed at 2 months of age (7).  Eaton et al. noted that calcinosis in BALB/c mice 

developed later in life, with a mean age of onset of 110 to 150 days in male mice (4). 

Interestingly, they noted that among the strains of mice included in their study, BALB/c 

animals were unique in that they developed calcinosis of the right ventricular epicardium 

(4).  Each of these studies was limited in that they looked at disease in specific substrains 

of BALB/c, but did not examine differences in rates of disease among various substrains.   
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In this study, we have identified a substrain of BALB/c mice, BALB/cByJ, that uniquely 

develops a severe epicardial calcinosis, which manifests itself at a young age when 

compared to BALB/c mice from other sources, or of other substrains. Mineralized lesions 

in BALB/cByJ animals contained numerous immune cells, including lymphocytes and 

macrophages.  Analysis of myocytes adjacent to the lesions by immunofluorescence 

microscopy revealed alterations to the cardiac gap junction protein connexin43 (Cx43), 

which forms intercellular channels responsible for allowing the propagation of action 

potentials and passage of metabolic secondary messengers between cardiac myocytes. 

These changes may be indicative of an ongoing cycle of tissue destruction.  

  



 

119 
 

MATERIALS AND METHODS 

Animals  

Animals used in this study and their suppliers were: BALB/cByJ, BALB/cJ, C3H/HeJ 

and DBA/2J, The Jackson Laboratory; BALB/cAnTac, Taconic; and BALB/cAnNCR, 

NIH. Mice expressing green fluorescent protein (GFP) under the human ubiquitin C 

promoter, of the strain CByJ.B6-Tg(UBC-GFP)30Scha/J were purchased from The 

Jackson Laboratory. All animals used in this study were male. Most animals that were 

examined for the presence of lesions were sacrificed on, or near (with two days), the day 

of their arrival at our facility. Animals were housed under specific pathogen free 

conditions at the Department of Laboratory Animal Resources at Upstate Medical 

University. All procedures were approved by our Institutional Animal Care Committee. 

All animals used in this study appeared healthy and did not exhibit any outward signs 

suggestive of disease. Husbandry at our facility was identical in regards to water, food, 

bedding and stocking density for all animals in our study. Based on information from the 

suppliers of the mice, the animals received rodent chow, ad libitum, which contained 

similar levels of vitamin D, calcium and phosphorus, both at the source, and once housed 

at our facility.  

 

Evaluation of Lesion Severity  

Immediately after euthanasia, hearts were removed by dissection, flushed with ice cold 

phosphate buffered saline (PBS), and immediately placed in fresh 1% formaldehyde in 

PBS. Hearts were examined at low power under a dissecting microscope fitted with a 
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digital camera. Each specimen was photographed at least 4 times, to produce a montage 

of images covering the entire surface area of the heart. Total ventricular area and lesional 

area were measured using ImageJ software. Statistical analysis was performed using one-

way ANOVA followed by Bonferroni’s post test.  

 

Paraffin Sections  

Hearts were fixed in formalin solution overnight at 4°C, followed by processing for 

paraffin embedding by standard procedures and stained using hematoxylin and eosin, 

Alizarin Red S, and Masson’s trichrome.  Bright field microscopy was performed on a 

Nikon Eclipse E800 microscope equipped with a Spot RT Slider digital camera. 

 

Immunofluorescence on Paraffin Sections 

Rehydrated sections (15 μm) were subjected to antigen retrieval using Tris-EDTA 

solution (pH = 9) in a microwave oven. Slides were allowed to cool to room temperature 

and washed twice with PBS. Blocking was performed by incubation in normal goat 

serum in PBS with 0.2% Triton X-100 for 1 hour at room temperature. Rabbit anti-Cx43 

(1:500, Chemicon #AB1728) was diluted in blocking solution and incubated overnight at 

4°C. Sections were incubated with species-specific fluorochrome conjugated secondary 

antibodies and cover slips were mounted using Prolong Gold with DAPI (Invitrogen).  

These sections were visualized using a Zeiss LSM510 confocal microscope. Z-series of 
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myocytes adjacent to and distant from calcinosis lesions were prepared at 0.38 μm for 

each consecutive z-section.   

 

Immunofluoresence on Cryosections  

Hearts were excised and placed in fresh 1% paraformaldehyde solution, followed by a 

two-step series of 15% and 30% sucrose in PBS for cryoprotection. The following day, 

hearts were frozen in aqueous based embedding medium (OCT) with 2-methyl butane on 

dry ice and stored at -80°C until sectioning. 7 μm sections were prepared and fixed by 

acetone/methanol treatment for 15 min at -20°C. Slides were washed in PBS (3 × 5 min) 

and blocked using the M.O.M. anti-mouse blocking solution (Vector Laboratories) with 

0.1% Triton X-100, according to the manufacturer’s instructions. Primary antibodies 

(rabbit anti-CD3, Abcam #ab5690; rabbit anti-myeloperoxidase, Thermo #RB-375-A1; 

rat anti-CD-4, Biolegend #100402; rat anti-CD8, Biolegend #100702; rat anti-CD11b, 

Abcam #64347) were diluted 1:50 in M.O.M. diluent (Vector Laboratories) and stained 

and analyzed as described above for paraffin embedded sections and visualized using the 

Nikon Eclipse E800 microscope. 

 

Sequencing of the Abcc6 Gene (Dyscalc1) 

Genomic DNA was extracted from tail biopsies from two animals each of the C3H, 

BALB/c, C57BL/6, and DBA (Taconic), as well as BALB/cByJ (Jackson) mouse strains 

using the DNEasy Blood and Tissue kit (Qiagen) according to the manufacturer’s 
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protocol. A 156 bp fragment of exon 14 of the Abcc6 gene was amplified using Extensor 

Hi-fidelity PCR mastermix (Abgene, #Ab0792) using the “del-bp-ex14” primer pair used 

by Aherrahrou et al. (8). The products were sequenced in both the forward and reverse 

directions by the SUNY Upstate DNA Sequencing Core Facility.    

 

Generation of GFP (Green Fluorescent Protein) Chimeric Mice 

Three week old BALB/cByJ mice received two equal doses of 450 cGy of radiation. 

These animals were retro-orbitally administered with 5×10
6
 bone marrow cells from GFP 

positive donor mice. The mice were maintained on acid water and tetracycline (AgriLabs 

Terramycin; 0.5 tablespoon per 250 mL acidified water (pH ~ 3.0), changed every two 

days) for one week prior and one month following transplantation. The animals were 

housed for 8 weeks to allow for hematopoietic reconstitution, after which hearts were 

examined for surface GFP fluorescence using an IVIS 50 (Caliper/Xenogen). Following 

imaging, hearts were cryosectioned and studied for GFP fluorescence by microscopy. To 

ensure sufficient reconstitution, peripheral blood was examined for GFP fluorescence as 

described below.   

 

Flow Cytometry 

Peripheral blood was obtained by retro-orbital bleed and placed immediately into 

anticoagulant EDTA tubes (Microvette Sarstedt). Erythrocytes were lysed using 

ammonium chloride/potassium (ACK) buffer. Cells were examined for GFP fluorescence 
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(to quantify reconstitution of chimeric animals) or were stained for the minor 

histocompatibility marker Qa-2 using a FITC conjugated antibody (eBioscience #11-

5996-82). Samples were run on either an LSR-II or LSR Fortessa flow cytometer (Becton 

Dickinson), collecting at least 1×10
4
 live cells. Analysis was performed using Flow Jo 

software (Tree Star).  

 

Complete Blood Count (CBC) Analysis 

Peripheral blood was drawn from 10 BALB/cByJ and 4 BALB/cAnTac animals and 

analyzed in a Hemavet blood analyzer (Drew Scientific). The machine was calibrated and 

a control sample was run and checked prior to each sample batch. After sacrifice, all of 

the BALB/cByJ animals, and none of the BALB/cAnTac animals had evidence of 

calcinosis. 

  



 

124 
 

RESULTS 

Spontaneous Epicardial Calcinosis Appears at High Frequency and Severity BALB/cByJ 

Mice 

In BALB/cByJ mice, mineralization is evident on gross inspection, often manifesting 

itself as prominent, white epicardial lesions (Fig. 1A). This is not entirely surprising, as 

BALB/c animals and their related substrains are known to display similar patterns of 

calcification (4, 6-7). However, in BALB/cByJ mice, the overall frequency is much 

higher than in other BALB/c substrains. In the present study, 89.8% of BALB/cByJ 

animals had disease by 5 weeks of age (Table 1). Other BALB/c substrains examined in 

this study exhibited a much lower frequency of disease: the BALB/cAnTac strain, 

available from Taconic, had a frequency of 3.0%, while mice of the BALB/cAnNCR 

strain were disease free. This is interesting since the BALB/cByJ line is derived from the 

progenitors of these strains. The more distant substrain, BALB/cJ, which diverged from 

the Andervont line in the mid-1930s (9-10), exhibited much less disease than 

BALB/cByJ mice (frequency of 16.7%), even though both of these strains were obtained 

from The Jackson Laboratory. We examined kidneys, spleens and livers from animals of 

each of these strains but did not observe any calcification of these organs.  Overall, more 

than 100 male BALB/cByJ mice at various ages and treatments were examined and the 

vast majority had visible signs of disease. 

In 5-week-old BALB/cByJ mice, lesions occupied variable percentages of the 

ventricular surface area (Fig. 1C), ranging from no lesion to 83% of the ventricular 

surface being occupied by lesion, with an average of 30% coverage in measured animals. 
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In some BALB/cByJ animals, lesions were visible at 3 weeks of age, whereas lesions 

were not present by 12 weeks in the majority of BALB/c animals examined (Fig. 1C). 

Since it was not possible to study disease progression within a single animal, it is 

unknown whether this reduction in severity represents resolution of disease in older 

animals, or simply batch-to-batch variation.  

 

Epicardial Lesions Contain Calcium Deposits, Collagen Fibers, and Bone Marrow-

Derived Cells 

Histology was performed on hearts from 5 week old BALB/cByJ animals. The calcium-

specific stain Alizarin Red S was employed to demonstrate the presence of calcium in the 

lesions, which occur mainly on the right ventricular epicardial surface (Fig. 2A). 

Masson’s trichrome staining highlighted the presence of abundant collagen fibers 

surrounding denser-staining mineralized areas (Fig. 2B and 2C). Staining with H&E, 

degenerating muscle fibers were visible within lesions; many containing cytoplasmic 

granules that likely represent accumulating calcium. More severe lesions contained 

compact mineralized foci (Fig. 2D). Much of the lesion area appeared highly cellular; 

both mononuclear cells and eosinophils were observed in many cases (Fig 2D).  

Histology was also performed on the kidneys of these animals and no pathology was 

noted and the tissue was negative for calcinosis as assessed by Alizarin Red staining (data 

not shown). 

GFP-chimeric mice were generated by transplanting donor GFP-expressing bone 

marrow cells into BALB/cByJ host animals. In this model system, responding bone 
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marrow cells strongly express the GFP reporter and can easily be differentiated from non-

fluorescent host cells and tissues. Peripheral blood from the chimeric animals was 

analyzed by flow cytometry to determine the degree of reconstitution, using GFP 

fluorescence as a marker for donor-derived cells. On average, donor cells represented 

78.4%±2.3 of CD45 positive leukocytes (data not shown). 

When chimeric hearts were harvested, epicardial lesions exhibited intense GFP 

fluorescence (Fig. 3B). Subsequently, sections of tissue from chimeric hearts were 

examined by fluorescence microscopy and GFP-positive cells were found prominently 

within lesions (Figs. 3C and 3D). 

 

Cells Within Lesions Express Myeloperoxidase, CD3, CD4 and CD11b 

Immunofluorescence microscopy was used to better characterize the cells within the 

calcinosis lesions in BALB/cByJ animals. Cells positive for myeloperoxidase, a marker 

of myeloid cells (particularly neutrophils), were present (Fig. 4A). Interestingly, lesions 

were rich in CD3 positive cells, indicating the presence of T lymphocytes, and the 

possibility of an inflammatory or autoimmune etiology (Figs. 4B, 4C and 4D). Many of 

these cells were also positive for the TH marker, CD4 (Fig. 4B), however, CD8 positive 

cells were rarely observed within lesions (data not shown). Myeloid cells were common, 

as indicated by areas of lesion that contained CD11b positive cells (Fig. 4D).  Despite the 

inflammation in the heart we did not detect any obvious leukocytosis in afflicted 

BALB/cByJ mice when compared to non-afflicted BALB/cAnTac mice (CBC data not 

shown).  
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Cardiac Myocytes Adjacent to Calcinosis Lesions Display Aberrant Subcellular 

Localization of the Gap Junction Protein Connexin43 

The present study was initiated as part of a larger study of the development of 

arrhythmias in myocarditis. Since calcinosis lesions in BALB/cByJ animals were 

associated with a focal myocarditis, immunfluorescence confocal microscopy was used to 

localize several proteins known to participate in the cardiac intercalated disk. A 

consistent finding observed in BALB/cByJ mice with epicardial lesions was a 

“speckling” pattern of connexin43 (Cx43) staining in myocytes adjacent to calcinosis 

lesions. Cx43 is found at high concentrations at the intercalated disks between myocytes 

in healthy tissues (Figs. 5A, 5B and 5C). In hearts with lesions, however, Cx43 

fluorescence was observed within the myocyte sarcoplasm as well as in the intercalated 

disk (Figs. 5D, 5E and 5F). It is unknown if this internalization represents a failure of 

Cx43 to localize to the intercalated disk, or whether the internalized speckles represent 

gap junctions in the process of degradation. 

 

Epicardial Calcinosis in BALB/cByJ Mice is not Due to the Dyscalc1 Gene or Qa-2 

Status 

Cardiac calcinosis has been observed in several inbred strains of mice, including 

BALB/c, C3H, and DBA (2). Early reports suggested a genetic predisposition for disease 

development in DBA mice (11), and several loci were identified by quantitative trait loci 

analysis in C3H animals, the most important of which is thought to be located on 

chromosome 7 (5, 12). The cause of disease in C3H animals has been reported to be a 
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missense mutation in the Abcc6 gene (13). Several BALB/c substrains were sequenced 

for this mutation, including BALB/cByJ. While we found the mutation described by 

Aherrahrou et al. to be present in DBA and C3H strains, it was absent in BALB/c and 

BALB/cByJ animals (Table 2). Additionally, a deletion at the immunoregulatory Qa-2 

locus has been identified in several BALB/c substrains (10). Flow cytometry analysis of 

calcinosis-susceptible BALB/cByJ leukocytes indicated that they lacked expression of 

Qa-2, a phenotype they share with non-susceptible BALB/cAnTac and BALB/cAnNCR 

animals (Table 2). We also analyzed serum calcium concentrations in the BALB/cByJ 

mice and compared it the the BALB/cAnTac mice and found no difference (data not 

shown).  Therefore, the susceptibility of the BALB/cByJ mouse to calcinosis is not due to 

a previously described genetic trait. 
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FIGURE 1.  BALB/cByJ mice develop severe cardiac calcinosis by 5 weeks of age. (A) 

Gross appearance of a mineralized lesion on the epicardial surface of an affected 

BALB/cByJ subject. (B) The epicardium of an unaffected BALB/cAnTac animal. (C) 

Plot comparing percentage of ventricular surface occupied by lesion in BALB/cByJ 

animals at 3, 5 and 12 weeks, and BALB/c animals at 5 and 12 weeks. Each symbol 

represents a single animal. Horizontal lines represent the mean. Statistical analysis was 

performed using one way ANOVA followed by Bonferroni’s post test. * p < 0.01, **p < 

0.001. 
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TABLE 1. Prevalence of epicardial calcinosis in several BALB/c substrains 

BALB substrain
a
 Lesion prevalence

b
 % of hearts with lesions 

 

/cAnNCR (NIH) 

 

0/7 

 

0.0 

 

/cAnTac (Taconic) 

 

1/33 

 

3.0 

 

/cJ (Jackson)  

 

1/6 

 

16.7 

 

/cByJ (Jackson)  

 

44/49 

 

89.8 

 

 

a
 animal supplier indicated in parenthesis 

b
 number of animals with detectable lesions/total number of animals studied. Only 5 week 

old animals that were analyzed within a day of arrival at our facility are included in this 

table. 
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FIGURE 2.  BALB/cByJ lesions contain calcium, collagen, and inflammatory cells. (A) 

Alizarin Red S stained BALB/cByJ heart sectioned transversely. Orange/brown areas 

indicate the presence of calcium (darker area at top right is an artifactual fold in the 

tissue). (B and C) Masson’s trichrome stained heart showing abundant collagen fibers 

within lesions. (D) H&E stained lesions. Note the presence of both mononuclear and 

polymorphonuclear cells. 
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FIGURE 3.  Mineralized lesions in BALB/cByJ GFP chimeric mice are GFP positive. 

(A) Exteriors of GFP chimeric hearts viewed under visible light. (B) chimeric hearts 

showing GFP fluorescence pseudo-colored in red/yellow; red areas fluoresce GFP-

positive, while yellow areas are strongly GFP-positive. (C and D) Fluorescence 

microscopy of epicardial lesions showing GFP-positive cells in green and DAPI stained 

nuclei in blue. Calibration bars are 50m. 
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FIGURE 4.  Cells within epicardial lesions stain positively for myeloperoxidase, CD3, 

CD4 and CD11b. (A) cells shown in green are positive for the neutrophil marker 

myeloperoxidase. (B) cells shown in green are positive for the T lymphocyte marker CD3 

while cells shown in red are positive for CD4. (C and D) Both CD3 and CD11b staining 

cells are found within lesions.  All sections were counterstained with DAPI (shown in 

blue). Immunofluorescence staining was performed by W. Coombs. 
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FIGURE 5.  Cx43 staining patterns are altered in myocytes adjacent to calcinosis 

lesions. Z planes are shown in myocytes distant from lesions (A, B and C) and adjacent 

to lesions (D, E and F). Cx43 staining patters are localized both at the intercalated disk 

and within the cytoplasm in myocytes adjacent to lesions. Immunofluorescence staining 

was performed by W. Coombs. 
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TABLE 2. Presence of the dystrophic cardiac calcinosis (DCC) allele and Qa-2 

expression levels in several inbred mouse strains 

Strain 
DCC Allele 

Present 
Qa-2 Expression Calcinosis 

 

C57BL/6 

 

No 

 

High 

 

No 

 

C3H/HeJ 

 

Yes 

 

NT 

 

Yes 

 

DBA/2J  

 

Yes 

 

NT 

 

Yes 

 

BALB/cAnTac 

 

No 

 

Absent 

 

Low
a 

 

BALB/cByJ 

 

No 

 

Absent 

 

Yes
a
 

 

BALB/cJ 

 

 

NT 

 

Low 

 

Low
a
 

 

NT, Not tested 

a
 See Table 1. 
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DISCUSSION 

Although the presence of cardiac calcinosis has been noted among substrains of the 

commonly used BALB/c mouse, this study highlights the extremely high frequency of 

the disease in animals of the BALB/cByJ substrain. Three large studies have focused 

specifically on BALB/c epicardial mineralization: Frith et al. found lesions in 10.5% of 

male BALB/cStCrl mice (6); Madison et al. found the frequency to be 7.61% in 

BALB/cCr mice of both sexes (14); finally, Eaton et al. reported disease in 34% of 

BALB/c mice. None of these studies compared different substrains from different 

sources.  We compared several related strains of BALB/c mice and found a distinct 

predisposition for the pathology among BALB/cByJ animals.   

Of the 4 BALB/c substrains we tested, BALB/cByJ mice were most likely to 

exhibit calcinosis.  Another substrain (BALB/cJ) purchased from Jackson lacked the 

presence of lesions.  Two substrains that are closely related to the BALB/cByJ strain; 

BALB/cAnTac (Taconic) and BALB/AnNCR (NIH); had much less prevalent disease 

than their BALB/cByJ counterparts, despite the fact that all three substrains are derived 

from a common line, BALB/cAn. We could not identify a genetic cause for this 

difference.  A mutation in the Abcc6 gene has been identified to correlate with calcinosis 

in DBA and C3H mice (8). Despite the relationship (an early founder of the BALB/c line 

was mated with another albino mouse to produce the Strong A strain, which was 

subsequently mated with a DBA mouse to produce the C3H line) between the BALB/c, 

DBA, and C3H strains, animals of the BALB/c lineages (including BALB/cByJ) do not 

share this aberrant allele (9). Similarly, expression levels of the immunoregulatory Qa-2 

minor histocompatibility molecule did not correlate with development of disease. 
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Therefore, no single gene studied was implicated in the development of calcinosis in 

BALB/cByJ mice.  

The present study focused on young animals (aged approximately 5 weeks), 

resulting in more than 87% of BALB/cByJ mice exhibiting disease. Previous studies have 

reported that the incidence of mineralized cardiac lesions appears to increase with 

increasing age (4, 15). Eaton et al. calculated the age of onset of disease to be between 16 

and 21 weeks of age in male BALB/c mice, much older than our findings with 

BALB/cByJ animals (4). In this study, we found that both frequency and severity (in 

terms of the proportion of ventricular area covered by lesion) significantly increased from 

3 weeks to 5 weeks, but then decreased at 12 weeks (Fig. 1c). One explanation for this is 

the possibility that a subpopulation of the infiltrating immune cells (such as 

macrophages) actively work to resolve the lesions by clearing accumulated 

mineralization. Macrophages have been shown to express osteopontin, an inhibitor of 

calcification, following recruitment to the heart in models of rat and mouse myocardial 

necrosis initiated by freeze-thaw injury (8, 16). Unfortunately, a limitation of the current 

study is that we were unable to track the development (and potential resolution) of 

disease within a single animal. Therefore, the apparent reductions in incidence and 

severity, although statistically significant, may simply represent batch-to-batch variation. 

Although the exact role of innate immunity in cardiac calcinosis is unclear, the 

presence of granulocytes (Figure 2D) and cells positive for CD11b and myeloperoxidase 

(Figure 4) indicates that these cells are commonly found within lesions. Interestingly, 

most characterizations of dystrophic cardiac calcinosis in mice make no specific mention 

of the accompanying myocarditis described here. This may be implicit evidence of 
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phenotypically different types of dystrophic calcinosis occurring in different strains of 

mice, or in different animal models. An earlier study of calcinotic disease in BALB/cCr 

mice reported the presence of polymorphonuclear and mononuclear cells – even in some 

cases where identifiable lesions had yet to form (7). This suggests that innate immune 

cells are present throughout all stages of calcinotic disease, perhaps arriving during the 

very earliest stages.  

The influence of diet on the development of dystrophic calcinosis has been 

investigated in several studies, and reports have included increasing severity of disease in 

C3H animals with increasing dietary fat (4), increased dietary protein levels in DBA mice 

(17), and even the administration of tobacco products in feed (2). In this study, animals 

received feed containing essentially the same constituents when housed at suppliers’ 

facilities and at our own, eliminating the possibility that the differences observed in the 

development of calcinotic disease arise from diet. One interesting possibility that our 

study has not addressed is the contribution of the intestinal microbial flora to the 

development of calcinosis. Although calcinosis frequency was much higher in 

BALB/cByJ animals than BALB/cJ animals obtained from the same supplier, these 

strains are undoubtedly housed in different areas at The Jackson Laboratory and may 

have entirely different intestinal microbiota. 

 Calcinosis of both cardiac and skeletal muscle can be induced by damage – both 

physical trauma (18), and toxins (19);  suggesting that any source of myocyte damage can 

precipitate calcinosis in predisposed strains. Although a source of damage is not readily 

apparent in the BALB/cByJ animal, it is conceivable that an environmental agent may 

serve as the trigger. Such a situation has been reported in other BALB/c substrains after 
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infection with the murine gamma herpes virus, MHV-68 (20); encephalomyocarditis 

virus (21); murine cytomegalovirus (22); and Francisella novicida (23). Most of these 

previous studies were performed in young mice, and the lack of calcium deposits in 

control animals suggested that the infectious agent, or the immune response there to, led 

to the development of cardiac calcinosis, most likely by causing necrosis of myocytes. In 

support of an inflammatory hypothesis, we observed significant GFP fluorescence in the 

calcinosis lesions of BALB/cByJ mice given bone marrow from GFP expressing donors. 

Swirski et al. demonstrated the importance of the spleen as a reservoir of monocytes that 

could be recruited to sites of myocardial infarction (24). Interestingly, we observed 

intense GFP fluorescence in the spleens of GFP-chimeric animals (data not shown), 

perhaps representing monocytes that would eventually have been recruited to developing 

calcinosis lesions. It must be stressed, however, that with regard to BALB/cByJ animals, 

no definitive mechanism for the development of cardiac calcinosis has yet been 

identified. 

Although rare, humans are also susceptible to the development of myocardial 

calcification (25). In some instances, human calcification is very similar to that observed 

in BALB/c mouse substrains.  With a morphology resembling an “egg shell” visible by 

computed tomography imaging, calcific constrictive pericarditis (CCP) bears a striking 

resemblance to calcinotic disease in mice, including a right ventricular predominance 

(26-27). Supporting the existence of an infectious or inflammatory etiology, tuberculosis 

and rheumatoid arthritis are known causes of CCP (although most cases are idiopathic) 

(28). Therefore, the spontaneous development of disease in BALB/cByJ animals may 

serve as a model system in which to study the progression and immune contribution to 
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human calcinotic disease.  The possibility that murine cardiac calcinosis arises as part of 

an inflammatory disease is supported by the presence of large numbers of T lymphocytes 

in the lesions of BALB/cByJ animals. Interestingly, we identified numerous CD4+ cells 

within lesions but found few CD8+ cells.  As mentioned previously, we did however find 

a significant number of macrophages and granulocytes within the lesion.  

Finally, an interesting aspect of calcinosis identified in this study was the 

internalization of the gap junction protein Cx43 from the intercalated disk to the 

sarcoplasm of myocytes located near mineralized lesions. Similar Cx43 internalization 

has been observed in other rodent models of cardiovascular pathology (29). For example, 

in a model of right ventricular hypertrophy caused by drug-induced pulmonary 

hypertension, Sasano et al. reported a similar Cx43 internalization, and its reduction at 

the intercalated disk (30). Internalization has also been demonstrated in cultured rat 

myocytes under hypoxia (31). These studies suggest that Cx43 remodeling by 

internalization may be a sign of cellular stress. This finding suggests that the myocytes 

nearest to calcified lesions are undergoing necrosis and eventual calcification. Ultimately, 

this may represent evidence of a cycle of myocyte death, immune cell recruitment, and 

calcification. 

 In conclusion, the broad range of prevalence and severity of spontaneous 

calcinosis among substrains of BALB/c animals emphasizes the divergence of these 

animals and may serve as a cautionary tale stressing the importance of careful selection 

of particular substrains and sources of animal models. Further studies to investigate the 

mechanisms behind dystrophic cardiac calcinosis and the associated inflammatory cell 

infiltration into the myocardium may be warranted.  
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ABSTRACT 

Myocarditis is an important cause of human disease and can lead to disability and even 

sudden death. The gap junction protein Connexin43 (Cx43) is essential for effective 

conduction in the heart ventricles and is also present in many cells of the immune system. 

The present study was undertaken to elucidate the effects of modulation of Cx43 

expression on the severity of myocardits. Inversely, this study allowed an examination of 

the effect of infiltrating immune cells on cardiac Cx43, allowing a determination of 

whether these changes lead to alterations in the electrophysiology of the heart. Wild type 

(WT) mice and animals heterozygously deleted for Cx43 (Cx43
+/-

) were administered a 

protocol for the induction of experimental autoimmune myocarditis (EAM). When 

histological sections from animals 21 days following EAM induction were compared for 

the infiltration of leukocytes, using the marker CD45, and for the presence of 

granulocytes, using the marker Ly6G, no significant difference was observed between the 

genotypes. Similarly, the development of fibrosis was similar between WT and Cx43
+/-

 

mice. To achieve modulation of Cx43 expression specifically in cells of the immune 

system, radiation chimeric mice were generated, using donor cells from WT, Cx43
+/-

, and 

Cx43 knock out (Cx43
-/-

) fetal livers. As with non-chimeric mice, these animals showed 

no significant difference in the severity of EAM or in the production of anti-heart IgG. 

Additionally, the development of fibrosis at day 45 post-EAM induction was similar 

between WT and Cx43
+/-

 mice. These results suggest that modulation of Cx43 expression 

has little effect on the course and sequelae of EAM. Contrarily, when heart sections from 

animals euthanized 21 days following disease induction were assayed for cardiac Cx43 

by immunofluorescence microscopy, large regions were observed to be wholly occupied 



147 
 

by immune cells with an absence of Cx43 signal. In myocytes bordering inflammatory 

foci, a disrupted staining pattern of Cx43 was often observed; including internalized 

Cx43. Electrocardiography was performed on WT and Cx43
+/-

 animals to measure QRS 

interval duration, which corresponds to ventricular conduction. A differential 

prolongation of QRS interval was observed in Cx43
+/-

 over WT mice at 28 days post-

EAM induction, indicating a slowing of conduction in these animals. Interestingly, a 

diminution of QRS interval duration was measured in both WT and Cx43
+/- 

animals at 14 

days following induction of EAM. This data suggests that the disruption of Cx43 

mediated by infiltrating immune cells can exert effects on ventricular conduction, and 

these changes are exaggerated in animals expressing less cardiac Cx43.    
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INTRODUCTION 

Myocarditis, or inflammation of the heart, is an important cause of human morbidity and 

mortality. The frequency of myocarditis in the human population is difficult to accurately 

ascertain, due to a preponderance of subclinical cases (1), and has been reported to be as 

high as 8.6% (2). More troubling than the prevalence of myocarditis is its association 

with sudden cardiac death and the development of dilated cardiomyopathy (3-4). A better 

understanding of the mechanisms related to disease pathogenesis, associated sudden 

death, and the progression to heart failure may represent an important step forward in the 

treatment of myocarditis. 

The protein Connexin43 (Cx43) is responsible for the formation of cardiac gap 

junctions, intercellular conduits that allow the passage of ions and other small molecules 

between cardiac myocytes. Proper expression and subcellular localization of Cx43 is 

essential for the conduction of action potentials through the myocardium and, therefore, 

for the coordinated and efficient contraction of the heart (5). Cx43 is also widely 

expressed in cells and tissues of the immune system, where it has been reported to play 

important roles in numerous immune functions (6-8). 

Experimental autoimmune myocarditis (EAM), an animal model of human 

myocarditis, has helped elucidate many aspects of myocarditic disease pathogenesis, 

revealing significant overlap with several of the suggested roles of Cx43 in immune 

function. For example, immune cells such as CD4+ T cells and neutrophils are important 

mediators of EAM progression (9-10), and Cx43 has been reported to be important for 

the activation, proliferation, and recruitment of these cells (11-13). Alternatively, 
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regulatory T (Treg) cells have been reported to attenuate the severity of EAM (14). Other 

studies have described the importance of Cx43 in Treg function (15-16). Additionally, 

autoantibody production is a hallmark of both human myocarditis and EAM (17) and 

Cx43 has been reported to be important for immunoglobulin production (18). As well as 

participating in the inflammatory acute phase of EAM, Cx43 may also contribute to the 

fibrosis that occurs during the later stages of myocarditic disease (19). Therefore, this 

investigation was undertaken, in part, to identify if Cx43, acting within infiltrating 

immune cells, may serve as an important factor in EAM pathogenesis. 

Inversely, little is currently known about the effects of immune cell infiltration on 

cardiac Cx43, and whether changes in gap junctions caused by acute myocarditis can 

alter patterns of cardiac conduction. Alterations such as reduced Cx43 signal at the 

intercalated disc and internalization of Cx43 have been reported in cases of dilated 

cardiomyopathy (20) and ischemic heart disease (21). These changes correlated with 

slowing of ventricular conduction velocity, and could provide a potential substrate for 

arrhythmia. Therefore, it was hypothesized that myocarditis may elicit similar changes in 

Cx43, perhaps accounting for some cases of sudden death observed as an outcome of 

human myocarditic disease. 

To test the hypothesis that modulation of Cx43 in immune cells can alter the 

course of EAM, the present study measured the cardiac infiltration of cells expressing 

leukocyte markers in wild type (WT) mice and animals heterozygous for Cx43 (Cx43
+/-

). 

To achieve an immune cell-specific reduction or depletion of Cx43, radiation chimeric 

animals were generated and examined for EAM severity in a similar manner. Production 

of anti-heart autoantibodies and the development of fibrosis were also examined. 
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In situations of acute EAM, regions of myocardium were observed to be entirely 

occupied by leukocytes. In these foci, all Cx43 immunofluorescence signal was lost. 

Additionally, Cx43 signal was often observed to be disrupted at the borders of these 

inflammatory areas. To identify whether these changes exert a functional effect on 

cardiac electrophysiology, electrocardiograms (ECGs) were recorded from EAM-induced 

animals to measure QRS interval, a metric of ventricular conduction velocity. Differential 

prolongation of the QRS interval was observed in Cx43
+/-

 mice over WT mice by day 28 

post-EAM induction. Unexpectedly, a shortening of QRS, indicating an increase in 

conduction velocity was found among animals of both genotypes at 14 days post-

induction. 
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MATERIALS AND METHODS 

Animals 

Mice heterozygously-deficient in Connexin43 (Cx43
+/-

; B6;129-Gja1
tm1Kdr

/J) were 

obtained from The Jackson Laboratory (Bar Harbor, ME) and have been maintained at 

the Department of Laboratory Animal Resources at SUNY Upstate Medical University 

for several generations. For each animal, Cx43 status was confirmed by PCR-based 

genotyping. These animals were crossed with BALB/cAnTac animals obtained from 

Taconic Farms (Germantown, NY) for > 9 generations to generate the animals used in 

this study. To generate the donor strain for radiation chimera experiments, Cx43
+/-

 mice 

on a BALB/c background were crossed with animals expressing CD45.1 (CBy.SJL(B6)-

Ptprc
a
/J), also obtained from the Jackson Laboratory. All experiments in this study 

employed male mice. All experiments and procedures in this study were approved by the 

Institutional Animal Care and Use Committee at SUNY Upstate. 

 

Induction of Experimental Autoimmune Myocarditis (EAM) 

EAM was induced according to the procedure of Pummerer et al. (22). Briefly, a peptide 

fragment of α myosin heavy chain (Ac-RSLKLMATLFSTYASADR, AnaSpec, Fremont, 

CA) was dissolved in PBS and mixed with an equal volume of complete Freund’s 

adjuvant (CFA, Sigma, St. Louis, MO). This mixture was vortexed for ~ 1.5 hr to 

produce a thick emulsion of antigen in CFA. To initiate EAM, animals received 100 μL 

of antigen-emulsion in each flank, containing a total of 200 μg of myosin peptide. 

Concurrently, 500 ng of pertussis toxin (PTX, List Biological Laboratories, Campbell, 
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CA) dissolved in PBS was delivered intraperitoneally to each animal (23). Seven days 

later, mice received a second injection of antigen emulsion. Following treatment, mice 

were closely monitored for skin lesions at injection sites.   

 

Speciemen Preparation for Histology 

Twenty one days after EAM induction, animals were euthanized by CO2 asphyxiation. 

Hearts were removed and immediately flushed with ice cold PBS, and were fixed for 

several days in a 1% paraformaldehyde saline solution. Next, hearts were bisected 

midway between base and apex and placed in a two step series of 15% and 30% graded 

sucrose solutions for cryoprotection. Hearts were embedded in OCT freezing compound 

(Tissue-Tek, Sakura, Japan) and submerged in 2-methylbutane on dry ice. After storage 

at -80°C for at least 24 hr, hearts were transversely sectioned at a thickness of 8 μm and 

affixed to glass slides. Slides were stored at -80°C until use. 

To provide a representative sampling of the entire ventricular myocardium for 

analysis, slides were selected that contained at least four sections progressing in 

approximate quartiles from apex to base. Slides were incubated at room temperature in 

PBS for 15 min followed by a secondary fixation step at -20°C in a 1:1 solution of 

methanol and acetone for an additional 15 min. Slides were allowed to air dry followed 

by rehydration with PBS.  
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Immunohistochemistry 

Immunohistochemistry was performed using the ImmPRESS anti-rat Ig (Vector 

Laboratories, Burlingame, CA). To quench endogenous peroxidase activity, slides were 

submerged in PBS containing 0.3% hydrogen peroxide and 0.3% normal goat serum for 5 

min. Next, slides were washed in PBS, and blocked in blocking buffer containing 2.5% 

normal goat serum (Vector Laboratories) in PBS. Sections were then immersed in 

blocking buffer containing anti-CD45 (Abcam, Cambridge, MA) or rat anti-Ly6G 

(BioLegend, San Diego, CA) and incubated overnight at 4°C in a humidified chamber. 

The following day, slides were washed in PBS and incubated in ImmPRESS Reagent 

(Vector Laboratories) for 30 min at room temperature. Unbound secondary antibody was 

removed by washing in PBS and sections were incubated in ImmPRESS Nova Red 

(Vector Laboratories) peroxidase substrate solution prepared according the 

manufacturer’s instructions. Finally, sections were rinsed in tap water, dehydrated using a 

series of graded alcohols followed by xylene, and mounted using Permount (Fisher 

Scientific, Pittsburgh, PA). 

 

Picrosirius Red (Fibrosis) Staining  

Slides were rehydrated in PBS and treated with 0.2% phosphomolybic acid for 5 min, 

followed by staining with a solution of 0.1% picrosirius red. Slides were rinsed with 

dilute hydrochloric acid, dehydrated and mounted as described above. 
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Image Analysis 

Photomicrography was performed using a Eclipse E800 microscope (Nikon Instruments) 

fitted with a 2× objective and RT Slider digital camera (Spot Instruments, Sterling 

Heights, MI). Image preparation and analysis was performed using ImageJ software 

(NIH). Ventricular areas positive for the markers CD45 and Ly6G, or positively stained 

for picrosirius red, were measured at a consistent threshold value across images from all 

specimens and compared to total ventricular area to produce a percentage value for each 

image. At least four images from each specimen were averaged to produce a percentage 

positive value for each specimen. Prior to statistical analysis, percentage data was arcsin 

transformed (24). Transformed values were compared using a two-tail Student’s T test 

using Prism software (Graphpad, San Diego, CA).        

 

Immunofluorescence 

Slides were prepared as above. Slides were washed in PBS twice followed by blocking 

for 1 hr in a blocking solution containing: 5% normal goat serum with 0.1% Triton X-100 

in PBS. Sections were immersed in rabbit anti-Cx43 (Millipore, Billerica, MA) and rat 

anti-CD45 (Abcam) in blocking solution and incubated at 4°C in a humidified chamber 

overnight. On the following day, slides were washed (3 × 5 min) in PBS and goat anti-

rabbit-AlexaFluor488 and goat-anti-rat-AlexaFluor594 (Invitrogen/Life Technologies, 

Grand Island, NY) were added in blocking buffer and incubated for 45 min at room 

temperature. Slides were then washed 3 times in the dark and briefly submerged in de-
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ionized water. Cover slips were mounted using prolong gold with DAPI (Invitrogen/Life 

Technologies). Slides were stored at 4°C until microscopy. 

 

Generation of Radiation Chimeric Mice  

Radiation chimeric mice were generated by as previously described (25). Briefly, Cx43
+/-

 

mice on a CD45.1 background were mated to produce CD45.1+ WT, Cx43
+/+

 and Cx43
-/-

 

fetuses which were explanted at 12 to 14 days of gestation. Fetal liver cell suspensions 

were prepared and incubated at 4°C while fetuses were genotyped for Cx43 status. 1×10
6
 

fetal liver cells were transferred to an irradiated (950 cGy) CD45.2+ BALB/c host by 

retro-orbital injection. After allowing 10 weeks for reconstitution, peripheral blood was 

analyzed by Hemavet hematology analyzer (Drew Scientific, Dallas, TX) and by flow 

cytomtery for the donor marker (CD45.1). For flow cytometry, erythrocytes were lysed 

using ammonium chloride lysis buffer, followed by blocking with 2.4G2 supernatant, and 

staining with anti-CD45.1-BrilliantViolet605 (Biolegend). At least 1×10
4
 live cells events 

were collected using an LSRFortessa cytometer (BD Biosciences, San Jose, CA). Data 

analysis was performed using FlowJo software (Tree Star, Ashland, OR).   

 

Anti-heart Autoantibody ELISA 

Hearts from control BALB/c mice were homogenized in PBS supplemented with 

Complete protease inhibitor cocktail (Roche) and centrifuged at 18,000 × g. Heart lysates 

were allowed to bind to Immulon plates (Fisher Scientific) for 48 hrs at 4°C. Plates were 



156 
 

blocked with PBS containing 1% bovine serum albumin and 0.1% sodium azide 

overnight at 4°C. Serum collected from 21 day post-EAM induction radiation chimeric 

animals by cardiac puncture was added to wells in 10-fold serial dilutions, beginning with 

a 1:10 dilution in blocking buffer. After several wash steps, goat anti-mouse IgG 

conjugated to alkaline phosphatase (Invitrogen/Life Technologies) was added to wells 

and incubated for 30 min. Following another series of washes, PNPP substrate was added 

to wells for 30 min, after which the reaction was arrested using NaOH. Absorbance was 

measured at 405 nm from triplicate wells of each dilution. After subtracting the 

absorbance of blank wells, each dilution was tested for statistical significance using two-

way ANOVA.      

 

ECG Telemetry Studies 

ECG telemetry devices (ETA-F10, Data Sciences International, St. Paul, MN) were 

implanted abdominally in adult (>10 wk) WT and Cx43
+/-

 mice under isoflurane 

anesthesia (26). Positive and negative bipotential leads were securely fastened to the 

upper left peritoneum immediately below the ribs and to the right pectoralis muscle, 

respectively. Lead placement was tested using an AM band receiver set to 550 kilocycles. 

After surgery, animals were allowed to recover for at least two weeks before preliminary 

data was collected. 

For data collection, mice were transported from SUNY Upstate’s Department of 

Laboratory Animal Resources to an approved telemetry recording room. To reduce noise 

caused by activity, mice were left undisturbed for approximately 1 hr prior to recording. 
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During each recording session, several minutes of raw ECG data were collected from 

each animal in tandem, at a frequency of 5000 Hz. Beginning with 2 wks pre-EAM 

induction, animals were recorded at 1 wk intervals until 4 wks post-EAM induction.  

Data analysis was performed at the completion of the experiment using Ponemah 

software (Data Sciences International). For QRS and PR interval measurement, cardiac 

cycles were binned into groups of 50 beats, from which an average and standard 

deviation were calculated. To exclude erroneous measurements resulting from noise, bins 

where heart rate standard deviation was greater than 20% of average heart rate, or where 

QRS or PR interval standard deviation was greater than 10% of the average value, were 

ignored. Pre-induction QRS and PR interval values were averaged and compared to 

values for each successive week after EAM induction. QRS and PR interval values were 

compared using a two tail Student’s T test, comparing each time point to pre-induction 

values as well as comparing WT and Cx43
+/-

 animals at each time point.  
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RESULTS 

Several animal models of myocarditis are have been described in the literature, including: 

infection of susceptible mouse strains with Coxsackie virus B3 (27), inoculation of mice 

with peptide pulsed dendritic cells (28), and the existence of laboratory mouse strains 

prone to spontaneous development of myocarditis (29). For the present study, an 

experimental autoimmune myocarditis (EAM) protocol was selected that features 

injection of a peptide fragment of α myosin heavy chain emulsified in complete Freund’s 

adjuvant (CFA, Fig. 1) (22). This model system is ideal for studying the role of Cx43 in 

autoimmunity, as well as the impact of immune infiltration on myocardial Cx43, because 

disease is readily inducible and does not include superimposed damage to myocytes 

caused by viral infection. 

Mice homozygously deleted for Cx43 (Cx43
-/-

) die shortly after birth due to 

cardiac malformation (30), while Cx43 heterozygotes (Cx43
+/-

) are viable. We therefore 

first compared the severity of myocarditis among wild type (WT) and Cx43
+/-

 mice. 

Twenty-one days following EAM induction, heart sections from WT and Cx43
+/-

 mice 

were analyzed for the percentage of ventricular area occupied by CD45+ leukocytes. 

Using this measurement as a correlate of disease severity, no statistically significant 

difference was observed between WT and Cx43
+/-

 mice (Fig. 2A), suggesting that the 

overall level of immune cell infiltration during EAM is not impacted by reduction of 

Cx43 expression to heterozygous levels.   

Neutrophil recruitment to sites of lung inflammation has been shown to be Cx43 

dependent (13), and the infiltration of neutrophils has been shown to closely correlate 
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with the severity of EAM (10). Consequently, we next examined heart sections from 

EAM-induced WT and Cx43
+/-

 animals for the proportion of ventricular area positive for 

neutrophils using the marker Ly6G (Fig. 2B). As with CD45, no significant difference in 

the percentage of area positive for Ly6G was observed between these groups, indicating 

that neutrophil recruitment in EAM is independent of Cx43 genotype. 

Fibrotic remodeling is often a consequence of EAM and can exert a substantial 

negative impact on cardiac function after the inflammatory phase of the disease has 

subsided (31). Reduction or depletion of Cx43 has been reported to exacerbate the 

development of fibrosis in response to transaortic constriction (19), an effect that may be 

traced to greater proliferation of cardiac fibroblasts under conditions of reduced Cx43 

expression (32). To address whether Cx43 heterozygosity results in a similar 

enhancement of fibrosis following EAM, ventricular collagen content was analyzed by 

picrosirius red staining at day 45 post-EAM induction. When WT and Cx43
+/-

 heart 

sections were assayed for the percentage of collagen-positive ventricular area, no 

significant increase was observed among Cx43 heterozygotes (Fig. 3), implying that 

reduced Cx43 expression does not result in increased post-EAM fibrosis. 

Cx43 is expressed in nearly all immune cells and has been reported to play several 

potential roles in immunity (6-8). As previously stated, Cx43 knockout (Cx43
-/-

) mice do 

not survive into adulthood, presenting an obstacle to identifying the effects of Cx43 

deletion on immune function. This barrier can be circumvented using a unique model 

system, the radiation chimera (25). To generate radiation chimeric mice, liver cells 

harvested from 12 to 14 day WT, Cx43
+/-

, or Cx43
-/- 

donor fetuses were transferred to 

irradiated WT recipients, allowing engraftment of donor-derived hematopoietic stem cells 
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of varied Cx43 genotypes in the context of a WT animal. Radio-ablation of the recipient 

immune system and reconstitution with WT, Cx43
+/-

, or Cx43
-/-

 immune cells resulted in 

an immune system predominantly populated by cells matching the donor’s Cx43 status. 

To further investigate whether modulation of Cx43 expression can alter the 

development of EAM, radiation chimeric mice were generated. Prior to induction of 

EAM, peripheral blood was drawn from chimeras and analyzed to assess their overall 

health and the efficiency of reconstitution. Erythrocyte (RBC) and leukocyte (WBC) 

counts met or exceeded those of age matched non-irradiated control animals (Table 1), 

excluding the presence of anemia or leukopenia in chimeric animals. Using the alternate 

CD45 isoform CD45.1 to identify donor-derived cells, peripheral blood leukocytes were 

assayed for the percentage of leukocytes expressing the CD45.1 marker. High levels of 

reconstitution (>95% donor-derived) were observed in the blood from animals of each 

donor Cx43 genotype (Table 1). 

As these peripheral blood values confirmed sufficient reconstitution, EAM was 

induced in the radiation chimeric animals. After 21 days, hearts were harvested and the 

severity of disease was evaluated by estimating the percentage of ventricular area 

occupied by CD45+ immune cells. No significant differences were found in the mean 

disease severity among recipients of cells from any Cx43 genotype (Fig. 4). Interestingly, 

chimeras that received Cx43
-/-

 donor cells developed disease, and this experimental group 

included the most severe case among those studied. These findings suggest that the Cx43 

status of infiltrating immune cells does not significantly impact EAM severity. 
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Production of autoantibodies is a hallmark of EAM (17). Since inhibition of Cx43 

has been reported to decrease immunoglobulin secretion in mixed lymphocyte cultures 

(18), we measured serum concentrations of IgG in chimeric animals at 21 days post-EAM 

induction. Among chimeras reconstituted with cells of any Cx43 genotype, no significant 

difference was measured in serum levels of anti-heart IgG, indicating that autoantibody 

production in EAM is independent of immune cell Cx43 status.  

Reports have described alterations in Cx43 immunostaining patterns in human 

myocarditic hearts at transplant (33), human Chagasic myocarditis (34), and in animal 

models of systemic inflammation (35-36). To investigate the effect of EAM on Cx43 

localization, heart sections from WT and Cx43
+/-

 animals were examined by 

immunofluorescence for Cx43 and CD45. A loss of Cx43 signal was apparent within 

dense CD45+ foci and in many cases, myocytes bordering inflammatory foci exhibited 

internalization and/or lateralization of Cx43 (Figs. 6 and 7). Importantly, at higher 

magnifications, we observed no evidence of Cx43 gap junction formation between 

CD45+ infiltrating cells and cardiac myocytes. 

Proper expression and localization of Cx43 is essential for conduction of action 

potentials, which underpin the heart’s coordinated contraction. Alteration of overall Cx43 

levels or Cx43 cellular localization may provide a substrate for arrhythmia (5). Based on 

our finding of severe disruption of Cx43 immunostaining patterns in EAM, and 

knowledge that Cx43
+/-

 hearts express approximately 50% less Cx43 than WT hearts 

(37), we hypothesized that Cx43
+/-

 mice may exhibit an exaggerated slowing of 

conduction through the ventricles during acute EAM. 
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Implantable recording devices were used to record electrocardiograms (ECGs) 

from pre- and post-EAM animals, with the goal of measuring QRS interval duration, a 

metric of ventricular conduction velocity (20, 38). To identify whether expression of 

Cx43 at heterozygous levels appreciably slows conduction, pre-EAM QRS interval 

duration was compared between WT and Cx43
+/-

 mice. No significant difference in mean 

QRS interval was observed (Table 2).  

Once baseline QRS interval durations had been established, EAM was initiated 

and QRS duration was measured on a weekly basis. When compared to pre-EAM values, 

Cx43
+/-

 mice exhibited an increase in QRS duration over WT mice that achieved 

significance at day 28 post-EAM induction (Fig. 8). Unexpectedly, a significant 

shortening of QRS interval duration, indicative of an increased conduction velocity, was 

observed in both WT and Cx43
+/-

 mice 14 days after EAM-induction. By day 21 post-

EAM induction, QRS intervals had returned to nearly baseline values.   

An important contributor to appropriate conduction of action potential impulses 

into the ventricles is the atrioventricular node and specialized conduction system (39). 

Although other cardiac connexins, including Cxs 40 and 45 are the primary connexins 

responsible for intercellular coupling among cells of the atria and specialized conduction 

system, Cx43 is expressed in atrial myocytes and cells of the distal conduction system 

such as purkinje fibers (40). Despite this fact and in agreement with our QRS interval 

data, we measured no significant prolongation of the PR interval (Table 2) in Cx43
+/-

 

mice as compared to WT animals. Since myocarditic infiltrates were observed in the atria 

as well as the ventricles (data not shown), PR interval was assessed during the course of 
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EAM in a manner similar to QRS interval. No significant changes in PR interval were 

observed over the course of disease (Fig. 9).  
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FIGURE 1. Protocol for the induction of EAM. Mice were injected subcutaneously with 

a peptide fragment of α myosin heavy chain (αMHC) emulsified in complete Freund’s 

adjuvant (CFA), in conjunction with an intraperitoneal injection of pertussis toxin (PTX), 

on day 0. A second dose of αMHC in CFA was delivered on day 7. Using this protocol, 

autoimmune myocarditis occurs in treated animals, with peak infiltration of immune cells 

into heart tissue around day 21, as represented in red. At later time points, the disease 

progresses to fibrosis, represented in blue. 
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FIGURE 2. WT and Cx43+/- animals develop EAM of equal severity. On day 21 post-

EAM induction, hearts were explanted, frozen, and sectioned transversely. 

Immunohistochemical staining was performed on sections taken from at least four planes 

from heart base to apex, providing a representative sampling of the ventricular 

myocardium. The area of positive immunostaining was measured and compared to the 

total ventricular area measured from each plane. (A) Comparison of the percentage of 

ventricular area positive for the marker CD45 measured from WT and Cx43
+/-

 hearts. No 

significant difference was observed between means; p = 0.9920. (B) Comparison of the 

percentage of ventricular area positive for the granulocyte marker Ly6G. No significant 

difference was observed; p = 0.7863. Each point represents a single animal. Horizontal 

lines represent the mean of each group. Some sectioning and immunostaining was 

performed by Wanda Coombs.  
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FIGURE 3. WT and Cx43+/- animals develop similar levels of post-EAM fibrosis. The 

percentage of ventricular area occupied by picrosirius red-positive staining was measured 

in mice at day 45 following EAM induction. No significant difference was observed 

between means; p = 0.6838. Each point represents a single animal. Horizontal bars 

represent the mean of each group. Some sectioning and immunostaining was performed 

by Wanda Coombs.  
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TABLE 1. Reconstitution of radiation chimeric animals. 

donor genotype 
RBC Count 

(10
6
/μL) 

WBC count 

(10
3
/μL) 

percent 

reconstitution 

(%CD45.1+) 

WT 8.9 ± 0.3 11.8 ± 0.9 98.2 ± 0.5 

Cx43
+/-

 9.5 ± 0.2 12.5 ± 1.2 95.6 ± 0.7 

Cx43
-/-

 9.2 ± 0.2 13.7 ± 0.7 97.9 ± 0.6 

Reference 8.6 ± 0.3 8.1 ± 0.6 NA 

 

Following 8 weeks of reconstitution, peripheral blood was drawn from chimeric animals 

and non-chimeric reference animals to test suitability for induction of EAM. Absolute 

erythrocyte (RBC) count, leukocyte (WBC) count, and percent reconstitution of CD45+ 

cells were assayed. Values represent mean ± standard error of the mean. NA = not 

assayed (since reference animals were non-chimeric). 
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FIGURE 4. Disease severity in radiation chimeras is independent of Cx43 donor 

genotype. Severity of EAM at day 21 post-induction was measured in irradiated mice 

reconstituted with donor cells from WT, Cx43
+/-

, and Cx43
-/-

 animals. Percentage of 

ventricular area positive for CD45 was estimated by a blinded observer. No significant 

difference was observed between any of the three donor genotypes; p = 0.53. Some 

sectioning and immunostaining was performed by Wanda Coombs.  
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FIGURE 5. Effect of donor Cx43 status on serum anti-heart IgG concentration. Direct 

ELISA was performed on serum from day 21 post EAM-induced radiation chimeric mice 

to measure relative serum IgG concentrations. Each data point represents data from a 

single animal. Horizontal bars represent mean. No significant difference was observed 

between means; p = 0.2118. Control serum samples had anti-heart IgG concentrations 

significantly below experimental values.  
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FIGURE 6. EAM lesions are associated with disruption of Cx43 immunostaining 

patterns. Immunofluorescence micrographs of Cx43 (green) and CD45 (red) at day 21 

post-EAM induction. “Le” = lesion area, “BZ” = lesion border zone, “BV” = blood 

vessel. Immunostaining performed by Wanda Coombs.  
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FIGURE 7. EAM is associated with disruptions of the ventricular myocardium and Cx43 

staining. (A) Thin strands of myocytes bridge foci of immune cells. (B, C and D) Cx43 

immunofluorescence signal is localized to lateral membranes of myocytes and 

internalized within the myocyte cytoplasm.   
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         TABLE 2. QRS and PR interval duration in untreated animals 

genotype 
QRSi 

(msec)* 

PRi 

(msec)* 

WT 9.82 ± 0.12 32.70 ± 1.18 

Cx43
+/-

 9.77 ± 0.08 34.08 ± 2.12 

p = 0.366 0.194 

 

          *QRS and PR interval ± standard error.  

          p value derived from one-tail Student’s T test.  
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FIGURE 8. Cx43-independent and –dependent alterations to QRS interval occur during 

EAM. Electrocardiographic QRS intervals were measured prior to and following EAM 

induction in WT and Cx43
+/-

 mice. Shown is the average difference in QRS interval 

(ΔQRS) from pre-EAM induction values for animals of each genotype. * p < 0.01, WT 

vs. Cx43
+/-

; ** p < 0.001 pre-induction vs. week 2 post-induction.   
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FIGURE 9. EAM is not associated with significant prolongation of PR interval in either 

WT or Cx43
+/-

 animals. Electrocardiographic PR intervals were measured prior to and 

following EAM induction in WT and Cx43
+/-

 mice. Shown is the average difference in 

PR interval (ΔPR) from pre-EAM induction values for animals of each genotype. No 

significant changes (p < 0.05) were observed over time in animals of either genotype 

during the course of myocarditis, or between genotypes at any time point. 
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DISCUSSION 

The heart being a solid organ, evaluation of the severity of EAM poses a challenge. In the 

present study, disease severity was determined by measuring the proportion of the 

ventricles that stained positively for the immune cell marker CD45, also known as 

leukocyte common antigen. Other techniques, such as flow cytometry on homogenized 

hearts, can provide more quantitative data on immune infiltration. However, this 

quantitative improvement comes with a loss of the structural organization of the inflamed 

myocardium.  

Microscopic examination has been used to evaluate the severity of EAM for 

several decades and still remains the “gold standard” (23). In most cases, microscopic 

analysis is performed on hematoxylin and eosin stained sections by a blinded 

investigator, who then estimates the percentage of myocardium occupied by infiltrating 

immune cells. When possible in this study, we have removed the subjectivity inherent in 

this procedure by employing an automated measurement system. A comparison of the 

two approaches indicates a high degree of correlation in the data generated by both 

techniques (Supplemental Figure 1). 

Regardless of its benefits and close correlation with other methods for the 

estimation of EAM severity, our process suffers from several inherent flaws. First, some 

diffusion of immunohistochemical substrate inevitably occurs, making it difficult to 

differentiate between dense immune infiltrates and those of lesser density. Second, due to 

the focal nature of the lesions (Fig. 6), the four sections analyzed from each animal may 
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not provide a completely representative sample of the entire myocardial mass. Future 

studies of this nature may be improved by coupling microscopy with flow cytometry.            

Cardiac expression of Cx43 is approximately halved in Cx43
+/-

 mice as compared 

to their WT counterparts (37). There has been debate as to whether this level of reduction 

is sufficient to cause a delay in the conduction of depolarizing action potentials through 

the ventricles and as to whether this slowing is empirically measurable. Guerrero et al, 

when studying ventricular conduction velocity in explanted hearts, measured a reduction 

of nearly 50% in Cx43
+/-

 hearts as compared to controls (37). When QRS interval was 

assessed in vivo by electrocardiography, a prolongation of ~2 msec was observed in 

Cx43
+/-

 mice (37). Thomas et al. reported a similar, though not as pronounced, decrease 

in conduction velocity among Cx43 heterozygotes and concordant lengthening of the 

QRS interval (41). In contrast, a third study by Morley et al. found no difference in 

conduction velocity between explanted WT and Cx43
+/-

 hearts and no significant 

difference in QRS interval duration (42). 

The results of the present study agree more closely with those of Morley et al. 

(42), in that we found no significant relationship between QRS interval and Cx43 status. 

The discordant findings of these studies may be attributable to technical factors such as 

the use of anesthetics during ECG recording or poor maintenance of mouse body 

temperature, both of which can cause slowing of conduction (43). For instance, in the 

study by Thomas et al., the average QRS interval in a pentobarbital- and ketamine-

anesthetized Cx43
+/-

 animal was reported to last 40 msec (41), a value more than 4 times 

that recorded in the present study. Ketamine has been demonstrated to slow cardiac 

conduction velocity in vitro (44). An important benefit of recording ECG signals using 
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implantable devices is that they render anesthetics unnecessary. Additionally, the devices 

used in the current study allowed monitoring of the internal temperature of the mouse. 

Although disagreement exists in the literature concerning whether reduction of 

Cx43 expression to heterozygous levels appreciably slows ventricular conduction, 

reductions beyond ~50% have been reported to have severe consequences. Employing 

two distinct mouse models with cardiac-specific deletions of Cx43, Gutstein et al. 

reported a dramatic slowing of ventricular conduction in animals with substantial loss of 

Cx43 (45). In these animals, immunofluorescence microscopy revealed a homogeneous 

reduction of Cx43 expression and Western immunoblot analysis of total cardiac Cx43 

showed expression levels as low as 5% of WT levels. This dramatic decrease in Cx43 

expression led to a >50% reduction in conduction velocity and resulted in susceptibility 

to fatal arrhythmias. 

During acute EAM, we observed large foci containing inflammatory cells where 

Cx43 expression was notably absent (Fig. 6). In addition to disrupted ventricular 

conduction in cases of global Cx43 reduction, heterogeneous loss of Cx43 has also been 

shown to impact conduction. In a second study, Gutstein et al. developed a chimeric 

mouse model where WT and Cx43
-/-

 stem cells were combined in the same embryo (46). 

In this model, deletion of cardiac Cx43 was detectable in foci, very closely resembling 

those in the present study (without the infiltration of immune cells). Disruption of 

ventricular conduction was observed in these animals. Such heterogeneous loss of Cx43 

has been reported in both human and mouse models of heart failure, where it correlates 

with prolongation of QRS interval and vulnerability to arrhythmia (47).  
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A novel finding of the present study was the prolongation of QRS interval, and 

therefore slowing of ventricular conduction velocity, in EAM-induced Cx43
+/-

 mice over 

WT animals (Fig. 8). We have hypothesized that the differential response in conduction 

velocity between WT and Cx43
+/-

 mice stems from the loss of Cx43 observed during the 

acute phase of EAM (Figs. 6 and 7) and the fact that heterozygous mice express less 

Cx43 at the outset. However, factors other than gap junction conductance have been 

shown to influence conduction velocity (5). 

Reductions in the sodium current responsible for the rapid depolarization of 

cardiac cells, mediated by the ion channel Nav1.5 have been shown to impact the velocity 

of action potential conduction in vitro (48). Mice heterozygous for the gene encoding 

Nav1.5 have been reported to exhibit QRS interval prolongation, although the phenotypic 

penetrance of this phenotype is somewhat variable (49).           

A third factor that can lead to a slowing of ventricular conduction velocity is the 

architecture of the myocardium and the presence of fibrosis. The formation of branching 

or blind-ended pathways, comparable to those found in regions of scar tissue, have been 

shown to inversely impact conduction velocity in vitro (39). Similarly, age-related 

myocardial fibrosis in the rat was associated with significant prolongation of the 

electrocardiographic QRS interval (50). As with loss of Cx43, there appears to be a 

threshold level of fibrotic remodeling that must be achieved before a substantial slowing 

of conduction occurs. However, if fibrosis is coupled with disruption of gap junction 

communication or reduction of sodium current, synergy may lead to a disproportionate 

slowing of conduction. For instance, minimal slowing of conduction velocity was 

observed in fibrotic hearts from aged mice as compared to young mice, but when 
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heterozygous deletion of Na(v)1.5 was superimposed on advanced age, conduction 

velocity was substantially reduced (51).    

At day 45 post-EAM induction, we observed no significant difference between 

WT and Cx43
+/-

 animals in the proportion of the ventricles of occupied by collagen 

fibers, indicating essentially equal amounts of fibrosis (Fig. 3). However, significant QRS 

interval prolongation was observed in Cx43
+/-

 animals as early as day 28 (Fig 8). It is 

therefore possible that the rate of fibrotic remodeling differs between WT and Cx43
+/-

 

mice, which may not be accurately reflected in our fibrosis analysis. 

In conclusion, our EAM model system has demonstrated that the course of 

disease is not significantly impacted by modulation of Cx43 expression, regardless of 

whether levels of Cx43 are altered globally or only within cells of hematopoietic origin. 

In contrast, EAM results in large regions of cardiac tissue absent of Cx43 

immunofluorescence signal. These dramatic changes in Cx43 expression patterns 

correlate with the electrocardiographic finding of disrupted ventricular conduction in 

Cx43 heterozygotes, implicating aberrant Cx43 expression as a potential substrate for 

EAM-related arrhythmias. Clearly, the changes in cardiac electrophysiology that occur 

during EAM demand further study.   
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SUPPLEMENTAL FIGURE 1. Comparison of EAM severity evaluation methods: 

immunohistochemistry followed by automated measure vs. blinded-observer scoring 

based on H&E.  
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PART I. LINKING SPONTANEOUS CARDIAC CALCINOSIS IN BALB/cByJ 

ANIMALS TO HUMAN DISEASE 

 

In Chapter II of the current body of work, a spontaneous cardiac disease of mice, found in 

the albino BALB/cByJ strain is described. This disease, classified as a dystrophic cardiac 

calcinosis (DCC), evokes similarities to a handful of human diseases. Two human 

diseases that share similar pathologies with the calcinosis found in BALB/cByJ mice are 

chronic constrictive pericarditis (CCP) and arrhythmogenic  right ventricular 

cardiomyopathy/dysplasia (ARVC/D). This section will focus on comparing and 

contrasting these distinct diseases in the hope that murine cardiac calcinosis may provide 

some insight into human disease. 

CCP is a rare disorder where the exterior of the heart, or serous pericardium, 

becomes thickened by fibrous scar tissue and calcified lesions (1). Predominantly found 

in young men, CCP leads to severe cardiac dysfunction caused by the compressive action 

of the calcified lesions (2). Sometimes referred to as “egg shell heart”, CCP lesions are 

most commonly found encasing the right ventricular surface of the heart, a localization 

shared with the spontaneous calcinosis observed in BALB/cByJ mice (3). 

Although most cases of CCP, both historically (2), and more recently (3), have an 

unknown etiology, pericardial tuberculosis has been implicated in disease development. 

Similarly, several studies have linked the development of cardiac calcinosis in substrains 

of BALB/c mice to infection. Various pathogens associated with cardiac mineralization 

include: the murine gamma herpes virus, MHV-68 (4); encephalomyocarditis virus (5); 
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murine cytomegalovirus (6); and Francisella novicida (7). It is important to note that we 

were unable to identify a cause of calcinosis in BALB/cByJ animals.        

ARVC/D is a congenital cardiac disease that results in chronic deterioration of 

ventricular function and is frequently associated with arrhythmias, sudden cardiac death, 

and heart failure (8). Many reported cases of ARVC/D where the mechanism of disease 

development has been ascertained involve mutations or deletions in desmosomal genes 

(9), although exceptions not involving the desmosome exist (8). With a prevalence 

estimated to be between 1 in 2000 and 1 in 5000 persons, ARVC/D represents an 

important cause of disability and death, which is magnified by the fact that fatality is 

often the first sign of the presence of disease (10).        

The hallmark feature of ARVC/D is the presence of “fibrofatty” tissue within the 

right ventricular wall (11). Co-involvement of the left ventricle is common in many 

advanced cases of ARVC/D, but is always found in association with right ventricular 

disease (12). Interestingly, calcinosis lesions in BALB/cByJ animals were found to have 

an almost identical pattern of localization: a right ventricular predominance with 

involvement of the left ventricle in the most severe instances.       

Although the presence of adipose tissue is a common finding in humans, even in 

non-diseased hearts, it almost always forms a layer on the exterior of the heart between 

the epicardium and the serous pericardium, with a well-defined border separating muscle 

from adipose tissue (13). ARVC/D involves the infiltration of adipocytes and collagenous 

scar tissue into the ventricular walls, with no clear demarcation between muscle tissue 

and lesion. In contrast to ARVC/D, regions containing mineralized tissue in BALB/cByJ 
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hearts were well-circumscribed, occupying the pericardial surface of the heart with no 

observed incursion into the myocardium. Even in the most severe cases, DCC lesions 

comprised less than ~25% of the thickness of the ventricular wall, while ARVC/D lesions 

have been known penetrate transmurally, from epicardium to endocardium (12). 

The DCC found in the hearts of BALB/cByJ mice is characterized by mineralized 

lesions on the epicardial surface of the right ventricle. As with ARVC/D, these lesions 

were found to contain substantial collagen, however, unlike ARVC/D no adipose tissue 

was identified within calcinosis lesions. The presence of inflammatory cells and 

degenerating myocytes in both diseases raises the possibility that the adiposis associated 

with ARVC/D in humans and the mineralization found in mice are both examples of 

deranged repair processes initiated in response to myocyte death, with the commitment to 

either pathway being species-dependent (14). More likely, the determination to proceed 

to either fatty infiltration or calcification is not simply determined by the differential 

responses of the two species to myocyte death, as murine models of ARVC/D have been 

shown to develop fibrofatty infiltration similar to that observed in human disease (15-16), 

and humans have been reported to undergo cardiac calcification in patterns similar to 

those observed for BALB/cByJ mice (1). Therefore, the procession to either adiposis or 

mineralization is probably multifactorial in nature.    

The mineralized lesions in BALB/cByJ animals were accompanied by 

myocarditis, or the presence of inflammatory cells in cardiac tissues. Interestingly, 

myocarditis is also a common finding in ARVC/D (17). The association between 

ARVC/D and the presence of immune cells has led some investigators to speculate that 

infection or autoimmunity may precede ventricular deterioration (18), while others have 
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postulated the same for DCC (19). Initiation or exacerbation of ARVC/D by infection in 

predisposed individuals would explain the presence of inflammatory infiltrates, and may 

provide a theoretical framework for understanding the variability in disease penetrance. 

Empirical support for the theory of a myocarditic etiology for ARVC/D has been 

contentious, with some investigators reporting the absence of Coxsackie virus genomes in 

the hearts of afflicted individuals (20), while others detected the presence of viral 

genomes in the majority of cases (21).  

The association of cardiac mineralization in mice with infectious disease has been 

discussed previously. Additionally, infection of BALB/c animals with Coxsackie virus 

B3, a notorious cause of human myocarditis, was reported by Matsumori and Kawai to 

result in an ARVC/D-like disease (22). These investigators reported fibrous lesions with 

a right ventricular predominance in infected animals, but failed to recognize that these 

lesions were, based on histology, calcinotic in nature. In our study of calcinosis in the 

BALB/cByJ strain, we failed to identify an association with an infectious agent, leaving 

much detective work for future investigations. 

Disease outcome is an important discrepancy between human ARVC/D and 

BALB/cByJ calcinosis. Severe disease was observed in calcinotic mice at 5 weeks of age, 

but was substantially reduced in 12 week old animals. Importantly, identification of 

dystrophic calcinosis required that the experimental animals be sacrificed. Therefore, the 

attenuation of disease observed in aged mice may represent batch-to-batch variation. In 

contrast with calcinosis, ARVC/D is generally a progressive disease that leads, in many 

cases to heart failure (23-24). Life-threatening or fatal arrhythmias are also commonly 

associated with ARVC/D. Since no electrophysiological measurements or recordings 
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were performed on BALB/cByJ animals, it is unknown whether calcinosis provides an 

arrhythmogenic substrate, however, no instances of unexpected death were observed in 

this strain while housed at the SUNY Upstate animal facility, nor does the Jackson 

Laboratory note any predilection toward sudden death in these mice. 

The mechanisms driving arrhythmias in ARVC/D patients have yet to be 

completely elucidated but do not appear to be directly related to alterations of the 

physical structure of the heart caused by infiltration of fibrofatty tissue, as arrhythmias 

are known to occur early in the disease process, preceding overt myocardial derangement 

(25). A handful of studies have reported alterations in cardiac Connexin43 (Cx43) in 

association with ARVC/D, potentially explaining why the risk of arrhythmia is 

exceedingly high in those afflicted with the disease: Fidler et al. noted a reduction in the 

immunofluorescence signal of Cx43 at the intercalated disc among biopsy specimens 

from patients with dominant mutations in the desmosomal protein plakophilin-2 (26). 

Altered patterns of Cx43 localization, ranging from punctuate foci at the intercalated disc 

to complete absence of signal were also observed in these specimens (26). Similar 

alterations in Cx43 staining intensity and localization were reported by Asimaki et al. 

(27). 

Altered localization of Cx43 was observed in myocytes bordering calcinosis 

lesions in BALB/cByJ mice. In addition to localization of Cx43 immuno-signal to the 

intercalated disc, as was observed in both control mice and in regions distant from 

lesions, Cx43 signal was also found in “speckles” within the myocyte cytoplasm. In some 

calcinotic hearts, a reduction in Cx43 signal was found at the intercalated disc. 

Unfortunately, no attempt was made to quantify Cx43 signal or measure protein levels in 
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these animals, making it impossible to identify a reduction in Cx43 at the intercalated 

disc or total cardiac Cx43. Intriguingly, while altered Cx43 patterns were observed near 

calcinosis lesions, at least one study observed particularly strong Cx43 staining in 

myocytes adjacent to murine calcinosis lesions (28).  

Clearly, the spontaneous cardiac calcinosis reported in BALB/cByJ mice and the 

human disease ARVC/D share several similarities, including: a predisposition for the 

sub-epicardial region of the right ventricle, infiltration of immune cells into the 

myocardium, and alterations in the gap junction protein, Cx43. Along with these 

similarities, there are also many differences, such as the nature of the lesion (fibrofatty 

vs. mineralized) and the increased susceptibility to arrhythmias present in ARVC/D but 

not detected in calcinosis. Hopefully, the data generated by studies of BALB/cByJ 

animals, and from other mouse substrains predisposed to calcinosis can be integrated 

with data from various mouse models of ARVC/D to provide a more complete 

understanding of this deadly disease.  
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PART II. EXPLORING POTENTIAL MECHANISMS OF CONDUCTION VELOCITY 

ALTERATION ASSOCIATED WITH ACUTE AUTOIMMUNE MYOCARDITIS.  

 

Myocarditis in the human population is associated with ventricular tachycardia, an 

unusually fast heart rate, and arrhythmias that can occasionally result in sudden death 

(29). Although myocardial biopsy is generally considered to have the best diagnostic 

value in patients suffering from acute myocarditis, electrocardiography (ECG) is often 

used to screen for suspected myocarditic disease (30). Other than the presence of overt 

arrhythmias, one electrocardiographic parameter that has been reported to correlate with 

sudden death is prolongation of the QRS interval, the ECG waveform that signifies 

ventricular depolarization (31-32). 

The duration of the QRS interval is inversely proportionate to the conduction 

velocity (CV) of action potentials through the heart ventricles; i.e. slowing of CV results 

in a lengthening of QRS and vice versa (33). Three primary factors are known to 

contribute to ventricular conduction: myocardial architecture, myocyte excitability, and 

gap junction communication between myocytes (34). Altered levels of Cx43, the 

ventricular gap junction protein, have been reported to result in conduction slowing and 

prolongation of QRS interval in animal models (35-36), although there remains some 

debate as to whether reduction of Cx43 levels by as little as 50% results in significant 

QRS lengthening (37).  

Based on our finding of a dramatic loss of ventricular Cx43 immunofluorescence 

signal in an animal model of experimental autoimmune myocarditis (EAM), and 

knowledge that hearts from mice heterozygous for Cx43 (Cx43
+/-

) express only half of 
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the normal compliment of connexin (35), we hypothesized that myocarditis may produce 

a measurable prolongation of the QRS interval in Cx43
+/-

 animals as compared to their 

wild type (WT) counterparts. This hypothesis was confirmed using implantable ECG 

telemetry devices to record signals from myocarditic WT and Cx43
+/-

 mice, as a 

significant increase in QRS interval was measured specifically among Cx43 

heterozygotes at 4 weeks post-EAM induction. 

Considering the association between myocarditic sudden death and QRS 

prolongation (31-32), and reports of altered Cx43 immuno-staining patterns in Chagasic 

and viral myocarditis (38-39), our findings suggest that disruption of ventricular Cx43 

may provide a substrate for the fatal arrhythmias known to occur in human myocarditis. 

Caution must be emphasized, however, against over-interpretation of the 

electrocardiographic data from the present study for reasons that will now be discussed. 

Two major components contribute to QRS interval length: 1) transit of the action 

potential wavefront through the ventricular conduction system and 2) through the bulk of 

the ventricular muscle (33). The ventricular conduction system begins with a structure 

known as the Bundle of His, follows a path along the endocardial aspect of the 

interventricular septum, and terminates with Purkinje fibers, which serve to distribute the 

action potential impulse throughout the ventricular myocardium. At each of these regions 

of the conduction system, specialized conducting cells are coupled by Cxs 40, 43, and 45, 

sometimes with overlapping expression patterns (40). Therefore, use of the QRS interval 

as a correlate of ventricular conduction requires the assumption be made that the 

ventricular conduction system is unaltered by heterozygous levels of expression of Cx43. 

In support of this assumption, we observed no perturbation of average QRS interval in 
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Cx43
+/-

 mice as compared to WT animals, suggesting no significant impairment of the 

conduction system in heterozygotes. Further supporting this assumption, other studies 

have failed to observe any compensatory up-regulation or down-regulation of either Cx40 

or Cx45 in Cx43
+/-

 mice (36).       

As stated previously, action potential conduction through the ventricular 

myocardium is dependent on: tissue architecture, myocyte excitability, and gap junctional 

coupling. Modification of any of these conditions; whether focally, regionally, or 

homogenously throughout the entire myocardium; can be expected to exert changes in the 

speed or coordination of ventricular conduction.   

In our model of acute EAM the normal myocardial architecture is interrupted by 

regions of strong CD45 immunofluorescence signal, indicating dense aggregations of 

immune cells, combined with an absence of Cx43 that is stark in contrast to surrounding 

tissue. The loss of Cx43 coupled with the presence of non-excitable immune cells 

suggests that these regions may act as obstacles to the normal conduction of action 

potential impulses. This situation may be similar to that observed in models of ischemic 

heart disease, where coronary blood vessel occlusion results in areas of myocyte death. In 

cardiac infarct models, myocytes surrounding areas of necrosis, known as border zones, 

exhibit altered electrophysiological properties, including slowing of conduction velocity 

(41). In human border zone myocytes, Cx43 immunofluorescence patterns have been 

observed to be markedly different from myocytes found in locations distant from the 

infarcted tissue; with internalization and lateralization a common finding (42). Similar 

derangement of Cx43 immunostaining was occasionally observed in regions surrounding 

inflammatory foci in EAM. Perhaps more important for the development of post-
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myocardial infarction arrhythmias is the presence of narrow bands of myocytes between 

infarcted regions, sometimes only as thick as a single myocyte (43). As action potentials 

are conducted along these narrow bands, their progress is substantially slowed by 

bifurcations, anastomoses, and obstructions formed by collagen fibers, forcing impulses 

to travel in a “zigzag” pattern (44). Histology of EAM hearts indicates these factors may 

exist and also contribute to conduction slowing in myocarditis. 

In EAM, disruption of tissue architecture also occurs due to interstitial fibrosis, or 

the deposition of collagen fibers between myocytes and the replacement of myocytes 

with scar tissue. Fibrotic remodeling has been shown to cause significant delays in 

conduction in the human heart (45-46). Although no difference in fibrosis was observed 

between EAM-induced WT and Cx43
+/-

 hearts at 45 days, differences in QRS interval 

duration achieved significance after only 28 days, raising the possibility that fibrotic 

remodeling occurs at a faster rate in Cx43
+/-

 animals. To address this possibility, collagen 

deposition could be measured at an earlier time point. Further complicating our 

understanding of the true effect of fibrosis on ventricular conduction, it has been reported 

that not all patterns of fibrotic remodeling lead to substantial slowing of conduction 

velocity: long, thick collagenous septa decrease conduction velocity to a much greater 

extent than short or diffuse fibers (45). Therefore, a closer examination of differences in 

fibrotic remodeling in response to EAM-induction between WT and Cx43
+/-

 mice is 

warranted. 

The second major factor influencing ventricular conduction is the excitability of 

the myocytes themselves. At the onset of an action potential the interior of the myocyte 

plasma membrane undergoes depolarization from a resting potential of approximately -80 
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mV (47). This depolarization occurs locally at first, in the region of the intercalated disk; 

its source being the passage of ionic currents through gap junctions from an adjacent cell. 

Once a threshold membrane potential is achieved, voltage regulated ion channels respond 

by allowing a rapid influx of sodium ions into the cytoplasm, committing the myocyte to 

an action potential of its own. 

The sodium channel associated with the first phase of the myocyte action 

potential and responsible for the cell’s excitability is known as Nav1.5, encoded by the 

gene Scn5a. Reduction of Scn5a expression by 50% in mouse models has been reported 

to lead to conduction abnormalities, demonstrating the central role of Nav1.5 activity in 

ventricular conduction (48). 

Interestingly, several studies have pointed to a close relationship between Nav1.5 

and Cx43. In a study by Rhett et al., both Nav1.5 and, in lesser quantities, Cx43 localize 

to the region surrounding the intercalated disc known as the perinexus (49). A second 

study reported co-immunoprecipitation of Cx43 by the β1 subunit of Nav1.5 (50). Finally, 

a recent study employing an inducible cre-recombinase system targeting Cx43, 

demonstrated a relationship between the loss of Cx43 and a loss of Nav1.5 

immunofluorescence signal (51). In vitro, it was further shown that silencing of Cx43 

leads to considerable attenuation of sodium currents. Taken together, these findings 

suggest that Cx43 and Nav1.5 may exist within the same subcellular structures, with 

expression of Nav1.5 possibly being regulated by Cx43. Whether activating sodium 

currents are disrupted in Cx43
+/-

 animals has yet to be shown. Clearly, reduction of 

myocyte excitability in addition to reduced intercellular coupling could result in the 

disparate effects of EAM on WT and Cx43
+/-

 mice. 
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An unexpected finding of our electrocardiographic studies of the response to the 

murine hearts of WT and Cx43
+/-

 mice to acute EAM was a shortening of the QRS 

complex, indicative of an increased conduction velocity, two weeks following disease 

induction. Unlike the disparate slowing of conduction observed in Cx43
+/-

 animals over 

WT animals at later time points, this early enhancement of conduction is not as easily 

explained by studies of EAM pathology. To identify possible explanations for this cryptic 

QRS shortening, we must delve deeper into the electrophysiological basis of action 

potential conduction. 

In large part, the basis of action potential propagation through the myocardium 

can be explained in terms of the properties of individual cardiac myocytes: successful 

conduction occurs when a pre-junctional cell undergoes depolarization, flooding a post-

junctional cell with ions that, in turn, cause its depolarization. In this context, connexins 

serve as low-resistance pathways allowing conduction of charged particles between the 

two cells. Alternatively, the relationship between pre- and post-junctional cells can be 

described in terms of source and sink: the cytoplasm of the pre-junctional myocyte 

(source) during an action potential becomes inundated with positive sodium and calcium 

ions, which pass to the post-junctional cell (sink), in which negative ions predominate 

(47). Therefore, successful conduction is reliant on the source of depolarization being 

greater-than-or-equal-to the sink. Experimental evidence from model systems where 

source < sink exhibit a slowing or complete blockade of conduction (52).          

In a study by Rohr et al., isolated ventricular myocytes were cultured in a specific 

two-dimensional pattern: a narrow ribbon of myocytes several hundred micrometers in 

length abruptly opened into a larger area (52). Under control conditions, stimulation of 
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the ribbon myocytes resulted in propagation of the action potential, but only until the 

wave front reached the opening, at which point the impulse dissipated due to the cellular 

sink beyond. Stimulation of myocytes from the opposite side of the culture resulted in 

rapid conduction which successfully passed into, and along the narrow ribbon. 

Remarkably, when gap junction communication between myocytes was partially blocked, 

conduction from the ribbon into large area became possible, presumptively due to 

disruption of the sink. 

Although the findings of Rohr et al. occurred in vitro in a model system of a very 

specific geometry, they can be extrapolated to the case of myocarditis. At 21 days post-

EAM induction, large regions of tissue were found to be absent of Cx43 

immunofluorescence signal. In some instances, only a narrow band of intact myocytes 

passed between or around these regions, creating three-dimensional tissue structures 

resembling the two-dimensional cultures designed by Rohr et al. Perhaps as the Cx43-

deficient regions form throughout the myocarditic ventricles two weeks following EAM 

induction, further reductions of Cx43 result in a paradoxical enhancement of conduction 

similar to that described by Rohr et al. Unfortunately, in the current work the QRS 

interval shortened to the same degree in both WT and Cx43
+/-

 animals, making it difficult 

to completely reconcile this proposed mechanism with our findings. 

An alternative possible mechanism underlying the QRS interval shortening 

observed during acute EAM is increased myocyte excitability caused by the activity of 

pro-inflammatory cytokines on the ventricular myocardium. For instance, tumor necrosis 

factor-α (TNF-α) is an important driver of severe EAM and its neutralization can arrest or 

greatly attenuate disease (53). In a recent study, Lin et al. have described the modulation 
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of cardiac sodium channel activity by TNF-α, with an enhancement of sodium currents, 

especially those generated in the mid-regions of myocytes, following short-term 

treatment with TNF-α (54). TNF-α has been shown to result in a decrease in atrial Cx40 

expression, but does not affect ventricular Cx43 expression, suggesting that up- or down-

regulation of Cx43 mediated by TNF-α is not a factor in enhanced conduction (55). It is 

impossible to say with any certainty whether the augmentation of sodium currents 

observed in vitro under the influence of TNF-α is scalable to the activity of the entire 

ventricular myocardium. 

Given our intriguing ECG data and the findings of others, study of the 

electrophysiological ramifications of cardiac inflammation appears to be an area ripe for 

further investigation. More work will be necessary to establish whether changes in Cx43 

expression and localization contribute to myocarditis-related arrhythmias, whether 

anatomic remodeling and other ion channel proteins play a role, and most-importantly, if 

medical intervention targeting gap junctions can be used to suppress aberrant electric 

activity and save lives.   
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PART III: MACROPHAGE PHAGOCYTOSIS AND THE M1/M2 PARADIGM 

 

Chapter I of this work represents a re-exploration of the role of Cx43 in macrophage 

phagocytosis. A previous study by Anand et al. suggested a requirement for Cx43 in 

phagocytosis based on the observation of deficient target particle uptake under conditions 

of reduced or deleted Cx43 (56). Due to the neonatal lethality of Cx43 deletion, Anand et 

al. utilized a population of cells harvested directly from the livers of WT and Cx43
-/-

 

fetuses. In contrast, our work found phagocytosis to be independent of Cx43 genotype 

and did so using well-characterized macrophage populations (57).  The following 

discussion will provide support for-and-against the hypothesis that the discrepant findings 

of the two studies can be explained by the existence of varying phagocytic capabilities 

among the different macrophage populations used in the two studies.  

 It is quickly becoming appreciated by immunologists that macrophages do not 

represent a single cell type, but a spectrum of heterogeneous cells (58-59). A paradigm 

has recently emerged that classifies macrophages according to two opposite polarities, 

known as M1, or classically-activated macrophages, and M2, or alternatively-activated 

macrophages. M1 macrophages have a pro-inflammatory anti-microbial function (60-61). 

These cells express the cytokines TNF-α and IL-1and produce high quantities of reactive 

molecules such as NO and reactive oxygen species. In comparison, M2 macrophages 

express arginase, are anti-inflammatory, and may function in wound healing (62). Cells 

of the M2 macrophage subset produce cytokines such as IL-10 and TGF-β (63). 

 The decision of what fate an immature macrophage will ultimately meet is 

determined by chemical signals delivered by growth factors and cytokines in the 
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extracellular milieu. In an excellent review of the topic, Gordon et al. establish a 

hierarchy of signals responsible for prodding macrophages toward either an M1 or M2 

phenotype over the course of maturation and during an immune response (64). The first 

step, referred to as “differentiation” involves exposure to the growth factors GM-CSF or 

M-CSF. Depending on which of these two factors is present (or dominant) in the 

extracellular environment, the young macrophage is directed toward an M1 or M2 

phenotype, respectively. The second step in the hierarchy is “priming”, which is under 

the influence of cytokines generated by activated T cells, such as INF-γ or IL-4. Finally, 

exposure to local factors, such as the presence of TLR (toll-like receptor) agonists, seals 

the macrophage’s fate as either classically- or alternatively-activated. 

  The ability to generate large populations of essentially pure macrophages in vitro 

has been of tremendous value to those studying these crucial innate immune cells. 

Traditionally, the source of such macrophages has been the culture of bone marrow cells 

in the presence of L929 cell supernatant; a potent source of M-CSF (65). Treatment of 

bone marrow cells with GM-CSF also results in populations of phagocytic cells 

resembling macrophages. These cells are often considered to be representative of 

immature dendritic cells (66). Most protocols for the derivation of alternatively-activated 

macrophages begin with prolonged treatment of bone marrow cells with M-CSF, 

followed by a brief treatment with recombinant IL-4 (62, 67-68). However, at least one 

study has reported that M-CSF generates cells resembling M1macrophages, while GM-

CSF causes differentiation to an M2 phenotype (69). Clearly, more investigation on the 

topic must be done to better understand the unintended effects culture conditions may 

exert on macrophages derived in this manner. 
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 Mounting evidence suggests that polarization to an M1 or M2 phenotype can 

mediate macrophage phagocytic capability, although the majority of this evidence is 

derived from the culture of human peripheral blood monocytes. For instance, in a model 

system involving phagocytosis of lymphoma B cells opsonized with Rituximab, a 

human/mouse chimeric immunoglobulin, monocytes differentiated with M-CSF exhibited 

higher phagocytic capacity than cells differentiated with GM-CSF; indicating that M2 

macrophages possess a greater phagocytic capacity for targets opsonized with IgG (70). 

In a contrasting report, human monocytes primed toward an M1 phenotype by treatment 

with IFN-γ displayed increased phagocytosis of IgG-opsonized sheep erythrocytes as 

compared to untreated monocytes; whereas IL-4 treated M2 macrophages exhibited 

reduced uptake (71). In line with this second report, M2 macrophages primed by IL-4 

treatment downregulated Fc receptors, while upregulating complement receptors (71).  

Therefore, macrophage polarization appears to modulate the uptake of different types of 

target particle, potentially by fine-tuning the phagocytic receptor repertoire. 

 The study detailed in Chapter I of this thesis relied heavily on macrophage 

populations derived in culture under the influence of M-CSF, indicating that their 

polarization may be skewed toward the M2, or alternatively-activated phenotype. As 

discussed above, reports on the differential phagocytic capacities of M1 and M2 

macrophages indicate that certain phagocytic receptors are up- or down-regulated 

depending on polarization to either phenotype. For this reason, three distinct phagocytic 

target particles were tested in Chapter I: IgG opsonized sheep erythrocytes, zymosan, and 

Listeria monocytogenes. The successful uptake of each type of particle requires one or 

more different receptors. In comparison, the study by Anand et al. predominantly relied 
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on opsonized blood cells as a phagocytic target, focusing specifically on Fc receptor-

mediated uptake (56).  

 Many of the experiments reported by Anand et al. featured adherent phagocytic 

cells explanted directly from WT and Cx43
-/-

 fetuses. Macrophages are common 

constituents of the murine embryo and fetus, and are important not only for tissue 

remodeling  by phagocytosis, but also exert trophic functions that assist the development 

of specific tissues into their adult forms (72). The tissue remodeling and 

immunosuppressive capabilities of fetal macrophages are suggestive that fetal 

macrophages are skewed toward the alternatively-activated, or M2 phenotype (73).  This 

is further supported by the work of Rae et al., using an animal model where expression of 

an eGFP reporter is driven by the CSF-1 promoter (74). Rae et al. isolated eGFP-positive 

fetal macrophages by fluorescence activated cell sorting. Microarray analysis of this cell 

population revealed that the expression profile of these macrophages closely resembles 

those of adult M2 macrophages. These results suggest that the differences in phagocytic 

uptake reported in Chapter I and by Anand et al. cannot be attributed to differences in 

macrophage polarization, since both studies employed M2 macrophages. 

 To address the heterogeneous nature of macrophage populations, the study 

outlined in Chapter I compared WT and Cx43
-/-

 macrophages from several different 

sources: bone marrow cells from radiation chimeric mice and fetal liver cells were 

differentiated in culture under that influence of M-CSF, and primary thioglycollate-

ellicited macrophages were harvested by peritoneal lavage from radiation chimeras. In a 

study of the plasma membrane proteomes of various macrophage populations, 

thioglycollate-ellicited macrophages were found to most closely resemble cells derived in 
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culture under GM-CSF treatment, indicating that these cells most closely represent an M1 

macrophage population (62). This lends further support to the null hypothesis, that 

discrepancies between our study and that of Anand et al. are not attributable to 

differences in macrophage polarization.  

 It is important to note, however, that neither study carefully phenotyped 

experimental macrophage populations to identify their overall polarity. In the study by 

Anand et al., the possibility exists that Cx43 may somehow mediate the differentiation of 

fetal macrophages, driving them toward either the M1 or M2 phenotype. 

 

Future Directions    

The possibility that Cx43 acts as a switch, helping to drive the differentiation of 

macrophages and other related cells is an intriguing concept, requiring further 

investigation. Several groups, including our own, have observed an increase in expression 

of Cx43 under conditions that appear to favor an M1 phenotype, such as treatment with 

IFN-γ and LPS (75-76).  No reports exist detailing the expression of Cx43 in M2 

polarized macrophages, or examining the ability of Cx43-deficient macrophages to 

differentiate into either M1 or M2 macrophages. Given the possibility that Cx43 may act 

as a transcriptional regulator, or even transcription factor, this line of investigation would 

be enlightening and potentially fruitful (77).  

 The first step in such an investigation would involve derivation of macrophages 

from fetal liver cells explanted from WT and Cx43
-/-

 mice after treatment with M-CSF 

and GM-CSF. Macrophages could be further polarized using IFN-γ and LPS to achieve 
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an M1 phenotype, or IL-4 to achieve M2 cells. The expression profiles of these cells 

could then be assessed to measure relative expression of M1 and M2 markers. Further 

experiments could probe into whether these effects, if found, are attributable to different 

regions of the Cx43 molecule, such as the C-terminus, or whether effects are mediated by 

a patent intercellular (or transmembrane) channel. Animal models of infection where 

different outcomes result from divergent macrophage polarities could lend physiological 

significance to these studies.          
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CONCLUDING STATEMENT 

 

Connexin43 is widely expressed among immune cells and has been purported to play 

numerous roles in immunity and autoimmunity. In this dissertation, the function of Cx43 

was closely examined in terms of a basic immune function, phagocytosis; and in a larger 

autoimmune model system, autoimmune myocarditis. Based on literature reports, Cx43 

would be expected to be essential for phagocytosis, and critical at several points to the 

development of myocarditis. Our findings, however, suggest that Cx43 is unimportant in 

these instances and that both phagocytosis and autoimmune myocarditis proceed 

normally in its absence.  

 One factor that has undoubtedly contributed to the discrepancies between our 

findings and those of earlier studies is the use of pharmacological inhibitors of connexins. 

These molecules have questionable specificity and often are plagued with off-target 

effects. Chemical inhibition of connexins is slowly being supplanted by model systems 

that involve specific deletion of Cx43. As our scientific toolkit becomes more refined, a 

better understanding of Cx43’s true contribution to immune function will undoubtedly 

become clearer. 

 One definitive finding of this body of work is that cardiac Cx43 can be 

pathologically altered during an immune response and that this can potentially exert 

effects on the efficient conduction of depolarizing impulses through the heart. Chapter III 

of this work joins an accumulating body of literature on the effects of cardiomyopathy 

and inflammation on Cx43. In the future, modulation of Cx43 during conditions of 
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clinical myocarditis may prove to prevent some instances of sudden arrhythmic death that 

occur in the context of the disease. 

 The connexin family of proteins represents a fascinating subject of scientific 

study. I am proud to contribute this volume to a better understanding of the cardiac- and 

immune-biology of Cx43.                  
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