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Cardiac Malformation in Neonatal Mice
Lacking Connexin43
Andrew G. Reaume,” Paul A. de Sousa,t Sarang Kulkarni,

B. Lowell Langille, Daguang Zhu, Tyler C. Davies,
Subhash C. Juneja, Gerald M. Kidder, Janet Rossant$§

Gap junctions are made up of connexin proteins, which comprise a multigene family in
mammals. Targeted mutagenesis of connexin43 (Cx43), one of the most prevalent con-
nexin proteins, showed that its absence was compatible with survival of mouse embryos
to term, even though mutant cell lines showed reduced dye coupling in vitro. However,
mutant embryos died at birth, as a result of a failure in pulmonary gas exchange caused
by a swelling and blockage of the right ventricular outflow tract from the heart. This finding
suggests that Cx43 plays an essential role in heart development but that there is functional

compensation among connexins in other parts of the developing fetus.

The connexins are a family of at least 12
proteins, each the product of a distinct
gene, that make up the intercellular mem-
brane channels of gap junctions (1). Gap
junction channels composed of hexamers
of connexins provide conduits for the di-
rect passage of ions and other low molec-
ular weight molecules, including second
messengers, between cells (2), a property
that has been postulated to be important
for many physiological and developmental
processes (3).

All of the connexins have four mem-
brane-spanning domains, two extracellular
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loops, a cytoplasmic loop, and cytoplasmic
NH,- and COOH-termini. Sequence simi-
larity is concentrated in the transmembrane
domains and extracellular loops. In con-
trast, most of the sequence diversity and
length variation among the connexins re-
sides in the cytoplasmic loop and COOH-
terminal tail, which are assumed to account
for the distinct biophysical and regulatory
properties that are exhibited by gap junc-
tion channels composed of different con-
nexins (1). In addition, individual gap junc-
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tions may be composed of more than one
type of connexin (4, 5). Given the distinct
developmental expression patterns of the
different connexins, this could result in
complex regulation of intercellular cou-
pling. The biological significance of con-
nexin diversity is, however, uncertain. An-
tibody and antisense studies in vitro show
the general significance of gap junctional
coupling (6), but mutational analysis is re-
quired to test the role of the different con-
nexins in vivo. The first genetic evidence
for a specific developmental role for a mem-
ber of the connexin family was the demon-
stration that X-linked Charcot-Marie-
Tooth disease, a neuropathological condi-
tion involving peripheral demyelination in
humans, is associated with mutations in the
gene encoding connexin32 (7).

We have created a null mutation in mice
in the gene (Gjal) encoding another mem-
ber of the connexin family, connexin43
(Cx43). The gene is expressed from the
onset of zygotic transcription in early cleav-
age and supplies subunits for the first gap
junctions to form in mammalian develop-
ment (8-10). It is also widely expressed in
postimplantation embryos and adult organs,
often in conjunction with other connexins
(11). A mutation was generated in the
Cx43 gene by homologous recombination
in 129 strain R1 (12) embryonic stem (ES)
cells with a construct that replaced almost
the entire coding sequence with the neo
gene and that lacked a promoter (Fig. 1).
This strategy was made feasible by the high
level of Cx43 expression in ES cells (13).
One in three neo® clones was correctly tar-
geted. Several ES cell lines that were ho-
mozygous for the Cx43 deletion were ob-
tained by an increase in the G418 concen-

E P Xb Xh Exon 2 E
F———— L wtlocus
0 \ 11'1.7 2.6 47 5% \ ) 7.9
\ \
! )
1" i
A ! \
_ fil Targeting vector
EPP Xh
Met Gly Arg lle. . ..
Cx ‘
E P Xb Xh
(I) t t i neo Mutated locus
1.7 2.6 47 EPP Xh 7.9

Fig. 1. Genomic structure of Cx43 and targeting strategy. A rat Cx43 complementary DNA probe (pG2A)
was used to screen a 129Sv mouse genomic library. Six overlapping clones were isolated and the
genomic structure determined. The coding sequence (striped box) is contained entirely within one exon,
and there is an untranslated 5’ exon approximately 11 kilobases upstream (not shown). A targeting vector
was designed to place the promoterless neo gene after the second amino acid of Cx43 and delete all the
transmembrane regions of the Cx43 gene. This vector was introduced into R1 ES cells and neo" clones
isolated in the standard way (39) except that ES cells were grown in leukemia inhibitory factor (1000 U/ml)
without feeders throughout. Homologously recombined clones were recognized by distinctive bands on
Southern (DNA) blots after Eco Rl digestion and probing with 5’ and 3’ probes, shown as bars under the
genomic structure. E, Eco RI; P, Pst |; Xb, Xba |; and Xh, Xho I.
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tration to 1 mg/ml, thus selecting for clones
containing two mutated copies of the gene
(14). Such cell lines were morphologically
normal, proliferated well, and were capable
of differentiating into embryoid bodies con-
taining beating heart muscle and blood is-
lands (15), although they showed complete
absence of Cx43 by antibody staining (Fig.
2, A to C) (16). The dye-coupling ability of
these cells was assessed by injection of car-
boxyfluorescein (17) and indicated a reduc-
tion, but not complete absence, of junction-
al communication (Table 1). '

The ability of ES cells to proliferate and
differentiate in the absence of Cx43 sug-
gested that embryos lacking Cx43 might
also be able to survive, despite high levels of
expression in early embryogenesis. Het-
erozygous mutant ES cell lines were used to
generate germline chimeras by injection
into C57BL/6 blastocysts (18), and the phe-
notype of homozygous offspring from het-
erozygous crosses was analyzed. No viable
homozygous offspring were produced from
two separate cell lines, ES5 and ES24 (Ta-
ble 2). Dead homozygous pups were occa-
sionally observed in the cage shortly after
birth. By delivery of pups close to term by
cesarian section, the expected ratio of gen-
otypes could be recovered. A slight defi-
ciency of homozygotes was observed for the
ES?5 line but not for ES24, a difference that
is still unexplained (Table 2). For the two
mutant lines, the phenotype of homozy-
gotes was identical. Although breathing was
initiated and the lungs became expanded,
the pups became cyanotic, suggesting a fail-
ure of pulmonary gas exchange. Most ho-
mozygotes died shortly after delivery, but
occasionally pups were observed to survive
up to 5 hours after birth. However, these
pups remained cyanotic and exhibited la-
bored breathing, as well as a swollen abdo-
men and stomach.

By external morphology, Cx43 homozy-
gotes were essentially indistinguishable
from wild-type, except for some swelling in
the neck region. Autopsy revealed no gross
anatomical defects, except in the heart,
where the conus region overlying the right

Table 1. Dye coupling in homozygous mutant ES
cell lines

Cell Percent Percent coupled
geno- n not 1o 90
type coupled ordert order
+/+ 8 25 25 50
+/- 34 53 15 32
-/- 28 82 11 7

*Two separate cell lines were analyzed for each genotype
and the data pooled. tFirst-order coupling is indicat-
ed by transfer of dye to immediate neighbors of the in-
jected cells; second-order coupling involves transfer be-
yond immediate neighbors.
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ventricular outflow tract was grossly en-
larged. The topological arrangement of all
the major vessels of the heart was undis-
turbed. Cx43 is expressed in many other
tissues throughout development (11), but
abnormal morphogenesis was observed only
in the heart. Histological examination of
other tissue types that express high levels of
Cx43, such as brain, gut, skin, lungs, kid-
ney, and limbs, revealed no overt abnormal-
ities, although subtle cell type—specific or
physiological effects cannot be excluded.
The conus defect in the heart was a con-
sistent feature that allowed identification of
all homozygotes at term and was also appar-
ent earlier in gestation at 16.5 days post
coitum (19): Scanning electron microscopy
of the dissected hearts (20) confirmed the
enlarged conus (Fig. 3B). When the outer
wall of the conus was dissected away, the

Fig. 2. (A to C) Confocal
imaging of immunofiucres-
cence localization of Cx43
in ES cells. (A) Wild-type
cells; (B) Cx43*'~ cells; (C)
Cx43 cells. Punctate
intercellular staining indica-
tive of Cx43-containing
gap junction plagues was
detected only in stem cells
with at least one normal
Cx43 gene. The apparent
heterogeneity of expres-
sion in Cx43*/~ cells was
not consistently observed.
Confocal Z-series projec-
tions, 7 pwm thick; scale
bar, 25 um. (D) Protein im-
muncblot analysis of Cx43
levels in primary embryo fi-
broblasts grown from
12.5-day-old fetuses. Ar-
row indicates the Cx43
band at ~46 kD. Lane 1,
positive  control  (C43-
transfected rat C6 glioma
cells) (38); lane 2, negative

enlarged region was seen to be filled with
intraventricular septae instead of the unob-
structed cavity seen in wild-type pups. Serial
histological transverse sections of the mutant
hearts showed that the trabeculae of the
right ventricle were somewhat more exten-
sive than in heterozygous or wild-type mice,
but the major morphological abnormality in
the heart was observed in the outflow tract,
where the internal septae divided the tract
into separate, interconnected or blind-ended
chambers (Fig. 3, C and D). Transmission
electron microscopy (TEM) identified the
primary cell type in these septae as myocytes
and also showed that the cardiac myotube
structure was apparently normal in the mu-
tant heart (21).

Corrosion casts of the cardiac circulation
were prepared by infusion of methyl methac-
rylate resin (22). With infusion into the

4

)

control (untransfected C6 cells); lanes 3, 4, and 6, fibroblasts from wild-type fetuses; and lane 5, fibroblasts

from Cx43

fetus. (E and F) Passage of Lucifer yellow through gap junctions in wild-type and homozy-

gous mutant embryonic fibroblasts after scrape loading. (E) Rhodamine (top) and Lucifer yellow (bottormn)
images of wild-type cells show passage of Lucifer yellow from rhodamine-labeled cells at the scrape into
cells located at a distance. (F) Rhodamine (top) and Lucifer yellow (bottom) images of Cx43 cells
showing little spread of dye beyond the rhodamine-labeled cells.

Table 2. Observed genotype ratios from Cx43*/~ heterozygous crosses. dpc; days post coitum

R ey Conotes
line strain .analyz +/+ +/- —/-

ES5 129/C57BL 16 to 18 dpc 42 14 20 8
129/C57BL Term 104 39 59 6*
129 16 to 18 dpc 33 8 19 6
129 Term 121 39 75 7*

ES24 129/C57BL 16 to 18 dpc 101 26 48 27
129/C57BL Term 181 59 121 1*

*Dead pups only.
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right ventricle, no passage of resin from the
right ventricle to the pulmonary arteries was
observed in mutant hearts (Fig. 3F). Con-
versely, back perfusion of the aorta resulted
in minimal filling of the right ventricle, al-
though such perfusion consistently crossed
the ductus arteriosus and leaked back
through the pulmonary valves to the right
ventricle in wild-type pups (Fig. 3E). An
obstruction of this sort is compatible with
survival during fetal life, when central car-
diovascular shunts allow blood to be rerout-
ed via the foramen ovale and the ductus
arteriosus (23). Postpartum closure of these
shunts, combined with the need to deliver
right ventricular outflow to the newly ven-

Table 3. Dye coupling in embryonic fibroblasts.

No. of
Geno- cell No. 'r\\‘g{
type anha:l])?zsed coupled coupled
+/+ 6 6 0
+/- 13 11 2
-/- 3 0 3

Fig. 3. (A and B) Scanning electron micrograph of ventral view of the
hearts of (A) a newborn heterozygote and (B) a homozygote. Heterozy-
gotes exhibited normal heart morphology, but the conus region of the
right ventricle was much enlarged in all homozygotes. Co, conus region;
At, atrium. (C and D) Transverse histological sections through the hearts

tilated lungs, would lead to severe problems
in blood gas transport in mutant neonates.
Thus, we believe that the right ventricular
defect caused the neonatal cyanosis and peri-
natal death.

In mammals, cardiac muscle is a major
site of expression of Cx43, although other
connexins, notably Cx40 and Cx45, are
also expressed (5, 24-26). The survival of
Cx43 mutant mice to term indicates that
functional cardiac conduction does not
uniquely require Cx43 channels (27); either
nonexpressed connexin genes are activated
or coexpressed connexins can suffice or are
upregulated in the absence of Cx43. We
examined the latter possibility by measuring
Cx40 and Cx45 mRNA levels in the mu-
tant hearts, but could find no major chang-
es (28). That Cx43 is not unique in its
ability to mediate cardiac conduction is
clear from its absence from the avian myo-
cardium (26, 29). Although primary con-
ductance cannot have been severely im-
paired in the Cx43 mutants, cardiac func-
tion was ultimately affected. It is not clear
why the defect should have been confined
to the right ventricular outflow tract, espe-

of (C) a heterozygote and (D) a homozygote mouse at the level of the right ventricular outflow tract into the
main pulmonary artery. Histology of heterozygotes was normal. In homozygotes, the right ventricular
cavity was divided by septae into numerous interconnected subcavities that frequently were blind-ended.
Ao, aorta; PA, pulmonary artery; DA, ductus arteriosus; PV, pulmonary valve; RVOT, right ventricular

outflow tract; and A, atrium. Grid bar, 1 mm. (E and F) Corrosion casts prepared by retrograde perfusion

of methyl methacrylate casting compound into the aorta of (E) normal and (F) homozygous mice. This
compound consistently back-filled the right ventricular chamber (RV) of normal mice (E) despite the
presence of pulmonary valves. However, only very small amounts of casting compound entered either the
right ventricular cavity (RV) or left ventricular cavity (LV) of homozygotes (F). Lack of filling of the right
ventricular cavity was consistent with other indications of blockage of the outflow tract. Filling of the left
ventricle may have been prevented because emptying of blood from the ventricle via the atrioventricular
valves was obstructed. RA, right atrium; Ao, aorta; PA, pulmonary artery; Ca, coronary artery; Co, conus;
RV, right ventricle; RS, right subclavian artery; RC, right carotid artery; LC, left carotid artery, LS, left
subclavian artery; LV, left ventricle; and DA, ductus arteriosus.
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cially because Cx43 is expressed only weak-
ly in this region late in gestation (25). This
area of the heart is subject to extensive
remodeling during development (30), and
failure of correct junctional communication
could affect neural crest migration (31),
proliferation of trabeculae, or the ordered
apoptosis (32) that is essential for normal
development. Alternatively, loss of Cx43
may alter conduction velocities (25) and
local mechanical load on the myocardium,
leading to abnormal morphogenesis (33).

We tested the ability of primary embry-
onic fibroblasts from mutant embryos to
allow dye transfer by the scrape-loading
technique (34) and could detect little or no
effective dye coupling in cells from three
different mutant embryos (Table 3 and Fig.
2, E and F). Protein immunoblot analysis of
other mutant primary fibroblasts (35) re-
vealed the complete absence of Cx43 pro-
tein (Fig. 2D). Combined with evidence of
reduced coupling in ES cells (Table 1), this
result suggests that the junctional perme-
ability of cells was altered by loss of Cx43.
However, loss of dye coupling does not
necessarily imply complete loss of cell cou-
pling, because ionic coupling may still occur
utilizing different connexins with different
conductance properties. The availability of
normal tissue and cell lines lacking Cx43
should help address the physiologically rel-
evant size range of molecules that pass be-
tween cells in different in vivo situations.

There is clearly considerable cross-talk
among the members of the connexin gene
family, because two mutations in individu-
al, broadly expressed connexins, Cx32 in
humans (7) and Cx43 in mice, have very
tissue-restricted phenotypes. The cardiac
defect in Cx43 mutant mice is reminiscent
of some forms of pulmonary stenosis in hu-
mans. Mutations in the COOH-terminal
portion of Cx43 have been reported in
some cases of visceroatrial heterotaxia (36),
and our results suggest that Cx43 defects
could underline other congenital cardiac
abnormalities as well.
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Kinectin, an Essential Anchor for
Kinesin-Driven Vesicle Motility

Janardan Kumar, Hanry Yu, Michael P. Sheetz*

The membrane anchor for the molecular motor kinesin is a critical site involved in intra-
cellular membrane trafficking. Monoclonal antibodies specific for the cytoplasmic surface
of chick brain microsomes were used to define proteins involved in microtubule-depen-
dent transport. One of four antibodies tested inhibited plus-end-directed vesicle motility
by approximately 90 percent even as a monovalent Fab fragment and reduced kinesin
binding to vesicles. This antibody bound to the cytoplasmic domain of kinectin, an integral
membrane protein of the endoplasmic reticulum that binds to kinesin. Thus, kinectin acted
as a membrane anchor protein for kinesin-driven vesicle motility.

Kinesin and cytoplasmic dynein are ubig-
uitous mechanochemical adenosine tri-
phosphatases (ATPases) involved in pow-
ering diverse forms of intracellular organelle
transport such as anterograde and retro-
grade movements of vesicles along microtu-
bules and a variety of membrane-trafficking
events (1, 2). Kinesin directs plus-end (an-
terograde) movement, whereas cytoplasmic
dynein directs minus-end (retrograde)
transport. Antibodies specific for kinesin
heavy chain inhibit vesicle movements af-
fecting axoplasmic transport or other cellu-
lar motile processes (3). These ATPases or
motors interact with integral membrane
proteins on vesicle surfaces (4, 5) that pre-
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sumably contain the vesicle signals (6) reg-
ulating the directionality of vesicle move-
ment on microtubules. Protein-dependent
motor binding to motile vesicle populations
has been quantitated (5), and a kinesin-
binding, integral membrane protein has
been isolated from motile microsomes (7).
It is unclear to what extent motor binding is
related to vesicle motility and which motor-
binding membrane protein is directly in-
volved in motility. Here we define the ef-
fects of specific monoclonal antibodies
(mAbs) on the in vitro movement of mem-
branous organelles along microtubules (1,
4, 8, 9) and the binding of kinesin to
organelles, presumably through the tail por-
tion of the kinesin heavy chain (5).
Monoclonal antibodies were raised
against native epitopes on the cytoplasmic
surface of carbonate-washed microsomal





