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Mammalian cardiac myocytes express multiple gap 
junction channel proteins or connexins. Expression pat- 
terns of the avian homologues of the mammalian cardiac 
connexins change during cardiac morphogenesis in associ- 
ation with changes in the electrophysiologic properties of 
intercellular junctions in chick cardiac myocytes. To de- 
termine whether expression of cardiac connexins is devel- 
opmentally regulated in humans, we characterized con- 
nexin mRNA and protein content and distribution in hearts 
of 11 human fetuses (74 to 122 d gestational age), seven 
children (0.5 mo to 3 y of age), and two adults. Northern 
blot analysis identified transcripts of connexin40 (Cx40), 
connexin43 (Cx43), and connexin45 (-45) genes in all 
hearts analyzed. Cx40 mRNA was approximately 5-fold 
more abundant in samples from fetal hearts than in hearts 
of children or adults. However, fetal samples used for 
RNA extraction included atrial as well as ventricular myo- 
cardium, whereas samples from children and adults were 
exclusively ventricular. Northern analysis of adult human 
right atrial appendages revealed abundant Cx40 mRNA, 
thus suggesting that the greater amount of Cx40 signal seen 
on Northern blots from fetal hearts could have been attrib- 
utable to atrial contributions. Neither Cx43 nor Cx45 
mRNA varied significantly in amount in samples from the 

different developmental stages analyzed. Immunofluores- 
cence identified abundant Cx43 in the known distribution 
of gap junctions in myocytes in sections of all hearts. Cx45 
staining was inconspicuous in fetal hearts but was readily 
apparent in cardiac myocytes in hearts of older subjects. In 
contrast, Cx40 staining in the ventricle was confined to 
mural coronary arteries, apparently in endothelial cells, 
whereas in the atrium (2x40 staining at myocyte junctions 
was abundant. Junctions in hypertrophied myocardium of 
children with congenital or acquired heart disease appeared 
more prominent and complex than in normal tissues. Thus, 
the human heart contains multiple connexins, but their 
distribution and developmental patterns differ from each 
other and from those in other species. Cx45 expression is 
not restricted to the fetal human heart. Cx40 expression in 
ventricles occurs selectively in coronary arteries. (Pediatr 
Res 36: 561-566, 1994) 

Abbreviations 
Cx40, connexin40 
Cx43, connexin43 
Cx45, connexin45 
pS, picosiemen 

Mammalian cardiac myocytes express at least three 
distinct gap junction channel proteins (1). These proteins, 
Cx40, Cx43, and Cx45, form channels with unique bio- 
physical properties (2). In adult hearts, different cardiac 
tissues having different conduction properties have been 
found to express distinct connexin phenotypes (3-8), 
suggesting that the disparate electrophysiologic proper- 
ties that distinguish atrial and ventricular myocardium 
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and the nodes and bundles of the cardiac conduction 
system may be attributable, in part, to different patterns 
of connexin expression. 

Expression of the avian homologues of these connex- 
ins changes during chick cardiac morphogenesis (9). Ex- 
pression of Cx45 appears to  be highly regulated during 
embryonic development in chicks. Cx45 mRNA is abun- 
dant in hearts from 6-d-old chick embryos but is much 
less abundant in later developmental stages and is ex- 
pressed minimally in the adult chicken heart (9). Record- 
ings of gap junction channels expressed in communica- 
tion-deficient cells transfected individually with the three 
cardiac connexins revealed distinct biophysical proper- 
ties including unitary conductances and voltage depen- 
dence (2). For example, mammalian Cx40 and its chick 
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homologue, Cx42, form channels with large unitary con- 
ductances (predominately 121 or 158 pS) (2, 10, l l ) ,  
whereas channels made by Cx43 have a predominant 
unitary conductance of 44 pS (2). Cx45 channels have 
unitary conductances of only approximately 30 pS (2). 
These observations suggest that junctional conductance 
in cardiac myocytes that express multiple connexins de- 
pends, in part, on the relative abundance of channels 
formed by each of the three proteins. This hypothesis is 
supported by observations that the electrophysiologic 
properties of intercellular junctions in chick cardiac myo- 
cytes change during development in a pattern consistent 
with the known changes in connexin phenotype expres- 
sion (2). There have been some descriptions of changes in 
expression of Cx43 mRNA and protein in the developing 
rodent heart (12-14). However, neither Cx40 nor Cx45 
has been examined in the developing mammalian heart. 

Expression of cardiac connexins in human fetal and 
infant myocardium has not been characterized previ- 
ously, nor have the effects of myocardial disease on 
connexin expression been fully explored. Moreover, con- 
siderable species variation may exist in connexin expres- 
sion patterns (3-8). Thus, observations in chick and ro- 
dent hearts may not be applicable to human myocardium. 
Accordingly, the present study was performed to char- 
acterize expression of cardiac connexins in human fetal 
and infant hearts and to determine whether expression of 
cardiac connexins is developmentally regulated or al- 
tered in myocardial disease. 

METHODS 

Tissue acquisition. Myocardial samples from 20 human 
hearts were analyzed. These included samples from 11 
fetuses (74 to 122 d gestational age), seven children (0.5 
mo to 3 y of age), and two adults. Fetal hearts were 
obtained from the Central Laboratory for Human Em- 
bryology at the University of Washington, Seattle, in 
accordance with U. S. Public Health Service guidelines 
on research using human fetal tissue. These cardiac sam- 
ples were collected from conceptal tissues, snap frozen, 
and shipped to our laboratory on dry ice. Upon arrival, a 
small fragment of the left ventricle was removed from the 
frozen sample and stored at -70°C for subsequent prep- 
aration of frozen sections and immunofluorescence anal- 
ysis. The remainder of the sample was divided into two 
approximately equal portions, and each was subse- 
quently used for preparation of total tissue RNA and 
Northern blot analysis. Although the bulk of the frozen 
fetal cardiac samples consisted of right and left ventric- 
ular myocardium, the atria were also unavoidably in- 
cluded in the samples used for preparation of total tissue 
RNA. 

The infant myocardial samples were obtained from 
patients undergoing cardiac surgery at St. Louis Chil- 
dren's Hospital and included three left ventricular sam- 
ples from patients with hypoplastic left heart syndrome 
who underwent cardiac transplantation, one right ven- 

tricular sample from a patient who underwent repair of 
tetralogy of Fallot, and a sample of left ventricle obtained 
from a cardiac allograft that was excised from a 1-y-old 
patient at the time of retransplantation because of acute 
rejection. Samples of left ventricular myocardium were 
also obtained at autopsy within 2 h of death in a 5-mo-old 
child who died of idiopathic dilated cardiomyopathy and 
a 3-y-old normal child who died of head injury sustained 
in a motor vehicle accident. Adult left ventricular sam- 
ples were obtained from a 38-y-old patient with dilated 
cardiomyopathy who was undergoing heart transplanta- 
tion and a 33-y-old trauma victim with no history of heart 
disease. All of the left ventricular samples from pediatric 
and adult hearts were divided into multiple portions, 
frozen rapidly, and stored at -70°C until used in immu- 
nofluorescence and Northern blot analyses. 

Northern blot analysis. Total cellular RNA was prepared 
from the combined atrial and ventricular myocardium of 
fetal hearts and ventricular myocardium of pediatric and 
adult hearts using the guanidinium isothiocyanate- 
phenol-chloroform extraction method (15) as previously 
described (1). An additional study was performed to 
compare the relative abundance of Cx40 transcripts in 
RNA isolated from the right atrial appendage and left 
ventricle of two other adults (aged 54 and 66 y). Each lane 
was loaded with 10 pg of RNA except for the membrane 
probed with Cx45, in which each lane contained 20 pg of 
RNA. The amount of RNA transferred to each lane of the 
nylon membranes was determined by visual assessment 
under UV light of gels and membranes stained with 
ethidium bromide. Approximately equal amounts of 
RNA were loaded and transferred as judged by this 
criterion. 

Membranes containing RNA from fetal, pediatric, and 
adult hearts were hybridized with 32~-labeled DNA 
probes corresponding to human Cx40, rat Cx43, or hu- 
man Cx45 as previously described (16). Human Cx43 has 
been cloned and sequenced, and it shares more than 97% 
amino acid sequence homology to rat Cx43 (16, 17). In 
previous studies, we have found that the 32~-labeled 
DNA probes hybridize specifically under stringent con- 
ditions with their respective mRNA obtained from human 
myocardium (16). 

Probes were labeled with 3 2 ~  using random hexanucle- 
otide primers and the Klenow fragment of DNA polymer- 
ase I as described (1). Standard hybridization conditions 
with stringent washes were used for all blots. Positive 
Northern blot analyses were confirmed in two additional 
experiments by repeated hybridization of the same DNA 
probes with RNA isolated from additional tissue samples 
that were available. The relative abundance of Cx mRNA 
among samples was determined for each connexin by 
densitometric analysis of bands in the Northern blots. 

Anticonnexin antibodies. Cx43 was detected with a 
mouse monoclonal IgG antibody raised against amino 
acids 252-270 of rat Cx43 (Chemicon International Inc., 
Temecula, CA). Cx40 was detected using affinity-purified 
polyclonal rabbit antibodies raised against residues 316- 
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329 of dog Cx40. Cx45 was detected using affinity-puri- 
fied rabbit polyclonal antibodies raised against residues 
285-298 of doglhuman Cx45. We have described previ- 
ously the preparation and characterization of these 
monospecific antibodies (1, 18, 19). In brief, their speci- 
ficity and absence of cross-reactivity were demonstrated 
by inhibition of immunostaining by preincubation of an- 
tibodies with their corresponding peptide immunogens, 
by immunoprecipitation experiments in which the Cx40 
and Cx45 antibodies (and a Cx43 polyclonal antiserum 
that was raised against a peptide of 20 amino acids in- 
cluding the 19 used for the Cx43 MAb) precipitated only 
the relevant connexin, and by confirmation by electron 
microscopy that these antibodies bind only to gap junc- 
tions rather than to other membrane structures. 

In previous studies of adult human myocardium (16), 
we observed binding of these antibodies to frozen sec- 
tions of atrial and ventricular cardiac myocytes in a 
pattern consistent with the known distribution of gap 
junctions. 

Immunocytochemistry. Frozen sections of fetal, pediat- 
ric, and adult myocardium were prepared at a thickness 
of 12 pm, mounted on gelatin-coated slides, fked in 1% 
paraformaldehyde, permeabilized with 1% Triton X-100, 
and, after being washed in PBS, preincubated for 30 min 
in blocking buffer composed of 3% normal goat serum, 
0.4% nonfat dry milk, 2% IgG-free BSA (Sigma Chemical 
Co., St. Louis, MO), and 0.3% Triton X-100 in PBS. 
Sections were incubated overnight with the respective 
primary antibodies diluted 1:400 in blocking buffer. Non- 
immune mouse serum or nonimmune rabbit serum was 
used as a negative control. After washing in PBS, sec- 
tions were incubated with a 1:800 dilution of the appro- 
priate rabbit or mouse secondary antibody conjugated to 
CY3 (Jackson Immunoresearch Laboratories, West 
Grove, PA) or a 1:200 dilution of secondary antibodies 
conjugated to FITC (Boehringer-Mannheim, Indianapo- 
lis, IN). Sections were examined by conventional epiflu- 
oresence microscopy with filter sets appropriate for the 
specific fluorochromes. 

RESULTS 

Northern blot analyses. mRNA for Cx40, Cx43, and 
Cx45 were detected in human myocardium. A represen- 
tative Northern blot showing results obtained from hy- 
bridizing RNA isolated from fetal, pediatric, and adult 
hearts is shown in Figure 1. (2x43 transcripts were abun- 
dant in all samples from the earliest fetal heart to the 
adult hearts. Densitometry demonstrated less than 50% 
variation between the (2x43 signal in the adult samples 
and samples from any of the other age groups. Cx40 
transcripts were also detected in all samples. Densitom- 
etry revealed an approximately 5-fold greater signal in 
fetal hearts compared with samples from children and 
adults. In contrast to the Northern blot hybridization 
observed with Cx43 and Cx40 probes, the Cx45 bands 
were weak even when twice as much total RNA was 

Figure 1. Northern blots of total RNA derived from representative 
fetal (lanes I d ) ,  pediatric (lanes 5 and 6),  and adult (lane 7) hearts. 
RNA was prepared from combined atrial and ventricular myocardium 
of fetuses. Remaining RNA was prepared from left ventricular samples 
of the explanted heart of a 1-mo-old cardiac allograft recipient with 
hypoplastic left ventricle, a 3-y-old normal child, and a 38-y-old normal 
adult. Small arrows indicate the positions of 18s and 28s rRNA and the 
large arrows show the connexin mRNA bands. The lowerpanel shows 
ethidium bromide staining of the (5x45 blot and indicates that approxi- 
mately equal amounts of total RNA were loaded in each lane. Similar 
loading equivalences were observed in ethidium bromide-stained gels 
for the other connexins. 

loaded on the gel that was ultimately analyzed. There 
appeared to be no selective expression of (2x45 in human 
fetal myocardium, inasmuch as the amounts of Cx45 
mRNA detected in samples from 74- and 76-d-old fetal 
hearts did not differ significantly from that observed in 
RNA derived from the left ventricle of a 38-y-old normal 
adult heart. 

Immunofluorescence analysis. Cx43 immunoreactivity 
was readily detected in all samples (Fig. 2). Cx43 immu- 
nostaining was observed in the distribution of interca- 
lated disks. In general, the intercellular junctions ap- 
peared to be more prominent and more complex in the 
hypertrophied myocardium of children with congenital or 
acquired heart disease. However, a detailed morphomet- 
ric study was not performed, and no specific quantitative 
conclusions can be reached. (2x45 immunostaining was 
inconspicuous in fetal hearts but readily apparent in the 
hearts of children and adults (Fig. 2). In contrast to the 
distinctive myocardial staining patterns seen with Cx43 
and Cx45, the distribution of (2x40 immunoreactivity in 
ventricular tissues was confined to endothelial regions of 
small- and medium-sized mural coronary arteries (Fig. 3). 
Little or no Cx40 immunoreactivity was detected at in- 
tercalated disks in ventricular myocardium from fetal, 
infant, and adult hearts. 

As indicated previously, RNA used in Northern blots 
was extracted from combined ventricular and atrial myo- 
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Figure 2. Representative immunofluorescence preparations showing connexin expression in human fetal and pediatric hearts. A, Cx43 immuno- 
reactivity in the ventricle of a 78-d-old fetal heart. B, Cx43 immunofluorescence in a 0.5-mo-old infant left ventricle from an explanted heart with 
hypoplastic left heart syndrome. C, Cx45 immunoreactivity in the explanted left ventricle of a 1-mo-old cardiac transplant recipient with 
hypoplastic left heart syndrome. D, Cx45 immunofluorescence in the left ventricle from a 3-y-old normal patient. Original magnification ~ 4 0 0 .  

cardium from fetal hearts but only from ventricular tissue 
in hearts of children and adults. As shown in Figure 1, 
more abundant Cx40 transcript levels were detected in 
the fetal samples. However, because immunohistochem- 
ical studies revealed Cx40 staining only within vessels in 
both fetal and adult ventricular myocardium, additional 
experiments were performed to determine whether hu- 
man atrial myocardium selectively expresses high levels 
of Cx40 transcripts. Figure 4 compares the results of 
Northern blots of RNA extracted from the right atrial 
appendage myocardium obtained from the normal heart 
of a 66-y:old organ donor. A distinct Cx40 signal was 
detected in atrial samples after an exposure interval in- 
sufficient to' produce a detectable Cx40 signal in ventric- 
ular tissue. Immunofluoresence microscopy of sections 
prepared from the right atrial appendage revealed prom- 
inent Cx40 staining at regions of intercellular junctions 
(Fig. 4). Cx40 immunoreactivity was also detected in 
sections prepared from a minute sample obtained from 
the right atriotomy site in a 5-mo-old male who under- 
went surgical repair of tetralogy of Fallot (data not 
shown). Thus, Cx40 mRNA and protein expression are 

much greater in human atrial myocardium than in the 
ventricle. 

DISCUSSION 

The results of these studies indicate that three distinct 
connexins are expressed in the human heart. Cx43 ap- 
pears to be the predominant gap junction protein in 
human ventricular myocardium and was detected abun- 
dantly by immunofluorescence analysis in all samples. 
Cx45 protein expression was more apparent by immuno- 
fluorescence in the hearts of children and adults than in 
fetal hearts. However, the junctions in fetal hearts are 
very small. Therefore, it is possible that Cx45 expression 
in fetal hearts was roughly equivalent to that in the older 
hearts but appeared to be less abundant because of the 
structural differences in the intercellular junctions in fetal 
and pediatric hearts. Nevertheless, the combined results 
of Northern blot analysis and immunofluorescence indi- 
cate that neither Cx45 nor Cx43 is selectively expressed 
in the fetal heart over the developmental intervals stud- 
ied. Previous studies in the developing chick heart (9) 
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Figure 3. Representative immunofluorescence preparations showing Cx40 immunoreactivity confined to small and medium intramural coronary 
arteries. In all cases, immunofluorescence signal appears to be localized to intercellular junctions of endothelial cells. A, left ventricle from 
105-d-old fetal heart; B, left ventricle from 5-mo-old child with dilated cardiomyopathy; C, right ventricular sample from a 4-mo-old child who 
underwent repair of tetralogy of Fallot; D, left ventricle from a 3-y-old child with a normal heart. Panels A ,  C, and D show vessels cut in cross 
section, whereaspanel B shows a vessel cut in a longitudinal plane in which a portion of the vessel wall has been cut away showing the endothelial 
lining below. Original magnification ~ 4 0 0 .  

demonstrated enhanced Cx45 expression in d-6 embryos, 
a developmental stage roughly equivalent to a d-35 hu- 
man embryo. Cx45 expression decreased significantly on 
developing chick hearts at late stages of development. 
Thus, it is possible that there may have been enhanced 
expression of Cx45 or other connexins in younger human 
fetal hearts undergoing early cardiac morphogenic 
events. However, we were unable to analyze connexin 
expression in fetal hearts younger than 74 d of gestational 
age. 

Northern blots demonstrated approximately 5-fold 
greater expression of Cx40 transcripts in fetal hearts than 
in hearts of children or adults. However, the inclusion of 
atrial tissues in the fetal samples and the demonstration 
of Cx40 mRNA and protein expression in human atrial 
myocardium suggests that some, if not most, of the 
apparent increase in (2x40 expression in fetal hearts seen 
with Northern blot analysis was attributable to the atrial 
contribution. Another potential source of Cx40 transcript 
is the Purkinje fiber network of the ventricular conduc- 
tion system. We (6) and others (20-23) have found ex- 

pression of Cx40 to a greater extent in Purkinje fibers 
than ventricular myocardium. It is likely that much of the 
cardiac conduction system was included in the fetal sam- 
ples used in Northern analysis, whereas the pediatric and 
adult samples did not include significant components of 
the conduction system. We did not specifically identify 
conduction tissue in the fetal heart sections analyzed by 
immunofluorescence microscopy, and therefore we do 
not know whether Cx40 is selectively expressed in the 
human fetal conduction system. Nevertheless; the possi- 
bility remains that some of the enhanced (2x40 transcript 
expression observed in fetal hearts could have been de- 
rived from conduction system components. Additional 
studies of connexin expression in the conduct'ion system 
during development are required to elucidate- this ques- 
tion. 

A striking disparity was observed in the distribution of 
Cx40 protein in comparison with Cx43 and Cx45 proteins 
in human left ventricular myocardium. Cx43 and Cx45 
immunoreactivity were distributed in a characteristic pat- 
tern consistent with the known distribution of gap junc- 
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Figure 4.  Left, Northern blots  of total cellular RNA derived from the  
right atrial appendage (lane 1 )  and  t h e  anterior left ventricle (lane 2) of 
a 66-y-old m a n  whose  normal heart w a s  donated for  harvesting valve 
allografts. R N A  w a s  hybridized with  a probe for  human Cx40. A n  
intense signal w a s  detected in the  atrial sample  under  exposure  condi- 
tions insufficient t o  lead t o  formation of a significant ventricular signal. 
T h e  blots were also hybridized with  a probe for  glyceraldehyde-3- 
phosphate  dehydrogenase (GAPDH) t o  control for  loading conditions. 
T h e  small arrows indicate the  positions of 18s and  28s rRNA. Right, 
Immunofluorescence preparation of a section of  right atrial appendage 
f rom a 54-y-old normal organ donor. Bright Cx40 immunoreactivity in 
the  known distribution of gap  junctions i s  apparent  in  myocytes  cu t  in 
both long and  t ransverse  planes of section. Original magnification x400. 

tions interconnecting cardiac myocytes. However, Cx40 
immunoreactivity in the left ventricle was detected only in 
small and medium intramural coronary vessels in a pattern 
that was strongly suggestive of staining of intercellular 
junctions of endothelial cells. Of course, these results do 
not exclude the possibility of low levels of Cx40 protein 
expression in myocyte gap junctions. However, intense 
immunostaining of Cx40 was apparent only in the vascular 
sites. Previous studies in canine myocardium have estab- 
lished that Cx40 is expressed in myocyte junctions of the 
left ventricle (1, 6). Previous studies of avian and rodent 
hearts have also demonstrated Cx40 immunoreactivity in 
the endothelium of intramural coronary vessels (20-24). 
Thus, the results of the present study suggest a different 
tissue distribution of Cx40 expression in human as opposed 
to some other mammalian species. 

The role of intercellular communication at myocyte 
gap junctions in mediating cardiac morphogenesis and its 
potential pathogenetic influence in congenital heart dis- 
ease are still unknown. However, it is now clear that 
mammalian cardiac myocytes express multiple connex- 
ins that form channels with distinct biophysical proper- 
ties (1, 2, 19) and that different cardiac tissues such as 
atrial and ventricular myocardium and the nodes and 
bundles of the conduction system express different com- 
binations of connexins (20-25). Thus, it seems likely that 
connexin expression patterns confer specific functional 
properties of cardiac tissues that may ultimately be im- 
portant in the development of the heart. The use of 
transgenic and targeted gene disruption strategies in fu- 
ture studies may shed light on these roles. 

sues; and Susan Johnson for secretarial assistance. 
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