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Gap junction proteins (connexins) facilitate intercel-
lular communication and serve several roles in regu-
lation of tissue function and remodeling. To examine
the physiologic effects of depleting two prominent
endothelial connexins, Cx40 and Cx43, transgenic
mice were generated by breeding Cx40-deficient mice
(Cx40�/�) with a vascular endothelial cell (VEC)-spe-
cific Cx43-deficient mouse strain (VEC Cx43�/�) to
produce double-connexin knockout mice (VEC
Cx43�/�/Cx40�/�). The life span in VEC Cx43�/�/
Cx40�/� mice was dramatically shortened, which cor-
related with severe spontaneous lung abnormalities
as the mice aged including increased fibrosis, aber-
rant alveolar remodeling, and increased lung fibro-
blast content. Moreover, VEC Cx43�/�/Cx40�/� mice
exhibited cardiac hypertrophy and hypertension. Be-
cause VEC Cx43�/�/Cx40�/� mice demonstrated
phenotypic hallmarks that were remarkably similar
to those in mice deficient in caveolin-1, pulmonary
caveolin expression was examined. Lungs from VEC
Cx43�/�/Cx40�/� mice demonstrated significantly
decreased expression of caveolin-1 and caveolin-2.
This suggests that expression of caveolin-1 may be
linked to expression of Cx40 and endothelial Cx43.
Moreover, the phenotype of caveolin-1�/� mice and
VEC Cx43�/�/Cx40�/� mice may arise via a com-
mon mechanism. (Am J Pathol 2011, 178:2536–2546;
DOI: 10.1016/j.ajpath.2011.02.045)
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Gap junctions are sites of direct cell-cell contact at the
plasma membrane and contain arrays of channels that
enable diffusion of soluble signaling molecules between
cells as a means for intercellular communication. Gap
junction channels are composed of proteins known as
connexins.1,2 More than two dozen mammalian connexin
genes have been identified,3 of which several isoforms
are expressed differentially throughout the lung.4

Gap junction communication serves several functions
in pulmonary physiology. For example, gap junction com-
munication between type II alveolar epithelial (AT2) and
type I alveolar epithelial (AT1) cells helps regulate secre-
tion of pulmonary surfactant.5–7 This system enables AT1
cells to act as mechanosensors responsive to inflation
because stretching AT1 cells causes an increase in in-
tracellular calcium, which is subsequently transmitted via
gap junctions to AT2 cells to stimulate secretion.6 Gap
junction communication is not restricted to cells within an
individual alveolus because calcium can also be trans-
mitted between alveoli, even in the absence of mechan-
ical stress.8

Functional communication between the pulmonary cir-
culation and alveoli has been suggested in studies in
which increased pulmonary vascular pressure stimulated
surfactant secretion via a gap junction–dependent mech-
anism.9 Whether these signals are strictly due to mechan-
ical distention of AT1 cells or whether gap junction com-
munication from the endothelium to the alveoli is required
is not known. Conversely, stimulation of the alveolar air-
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space with either tumor necrosis factor-� or ATP causes
a calcium transient originating in the alveolar epithelium
that is subsequently transmitted to the pulmonary endo-
thelium.10,11 Although the role of gap junction communi-
cation in mediating these signals is not known, these
findings demonstrate that signals that originate in the
alveoli can be communicated to the endothelium to in-
duce a physiologic response.

Connexin expression is frequently disrupted in re-
sponse to lung disease. During the acute phase of lung
injury, Cx43 expression in the alveoli is increased,5,12

whereas Cx40 expression at the whole-lung level is de-
creased.13 Moreover, lung fibroblasts isolated from pa-
tients with idiopathic pulmonary fibrosis demonstrate re-
duced Cx43 expression and decreased intercellular
communication.14 The consistent correlative changes in
connexin expression with pulmonary disease suggest
roles for gap junction communication in normal lung ho-
meostasis and remodeling in addition to established
roles for intercellular signaling.

Cx40 and Cx43 are two of the major connexins ex-
pressed by the pulmonary vasculature.15 Cx40-deficient
mice are hypertensive16 due to misregulation of renin
secretion by the kidney.17 Conducted vasodilation along
the endothelium of Cx40�/� mice is attenuated,16 al-
though Cx40 deficiency has little effect on large blood
vessel architecture.18,19 In addition, there are also hints
of blood leakage into the airspaces of lungs from
Cx40�/� mice, although this has not been fully estab-
lished.20 Because Cx43-deficient mice are not viable,21

roles for Cx43 in vascular function were examined using
a tissue-targeted approach in which mice expressing Cre
recombinase driven by a Tie-2 promoter were crossbred
with mice containing a Cx43 gene flanked by loxP sites to
generate endothelial-specific Cx43-deficient mice (VEC
Cx43�/�).22,23 VEC Cx43�/� mice demonstrate de-
creased blood pressure,22 in contrast to Cx40�/�

mice, which exhibit elevated blood pressure.16 This
suggests distinct roles for these two connexins. More-
over, calcium wave propagation via Cx43 in the pul-
monary vasculature was severely attenuated in VEC
Cx43�/� mice, which indicates that Cx43 has a role in
pulmonary function.24

To define the combined effect of depleting endothelial
Cx43 and Cx40, double-connexin knockout mice were gen-
erated (VEC Cx43�/�/Cx40�/� mice). It was observed that,
compared with either control, VEC Cx43�/� or Cx40�/�

mice, VEC Cx43�/�/Cx40�/� mice demonstrated de-
creased viability as they aged. Based on functional and
morphologic criteria, VEC Cx43�/�/Cx40�/� mice ac-
quired severe spontaneous lung abnormalities as they
aged, which included increased fibrosis and alveolar
wall thickening, a phenotype that closely resembled
caveolin-1– deficient mice. Consistent with this VEC
Cx43�/�/Cx40�/� mice demonstrated significantly de-
creased caveolin-1 expression. Findings are dis-
cussed in the context of previous studies that docu-
mented that connexins and caveolins interact, and
suggest that the lung pathologic findings in VEC
Cx43�/�/Cx40�/� and caveolin-1�/� mice likely occur

through a common pathway.
Materials and Methods

Animals

All mice were treated in accordance with animal protocols
approved by the University of Virginia Animal Care and Use
Committee, under animal protocol number 3648 (to B.E.I.).
VEC-specific Cx43�/� mice, which are homozygous for
Cx43 flanked by loxP sites and express Cre recombinase
driven by the Tie-2 promoter, were generated as origi-
nally described.22 Cx40�/� mice were generated as pre-
viously described.16 VEC Cx43�/�/Cx40�/� mice were
generated by first mating female VEC Cx43�/� mice with
male Cx40�/� mice, followed by successive mating of
progeny to produce a subset of mice homozygous for
VEC Cx43�/� and Cx40�/�. Genomic DNA from tail clips
confirmed the genotype of each animal studied. Kaplan-
Meier analysis of strain viability was performed as
described,25,26 using VassarStats (available at http://
faculty.vassar.edu/lowry/VassarStats.html; last accessed
December 30, 2010).

Arterial Blood pO2 Analysis

Mice were anesthetized using 60 to 90 mg/kg sodium
pentobarbital and placed on a warming pad to prevent
loss of body heat. The carotid artery was exposed, and
0.15 mL arterial blood was drawn into a heparinized
syringe. Blood gas analysis was immediately performed
on the sample using a 178 pH/Blood Gas Analyzer (Ciba
Corning Diagnostics Corp., Medfield, MA).27 Results
from four 32-week-old mice per genotype were aver-
aged. Statistical significance was determined using one
way analysis of variance.

Blood Pressure Measurement

Mean systolic blood pressure was obtained from tail cuff
measurements in mice at designated times using the
Visitech System (Physiological Research Instruments,
Apex, NC), as described.22 Each group of knockout mice
consisted of six to eight mice. At least two blood pressure
recordings were obtained for each mouse on each day,
and the procedure was repeated three or four times on
different days. At least six measurements were obtained
for each mouse, and data were pooled to obtain a single
mean value for each mouse genotype.

Histologic Analysis

Aortas were processed as previously described.28 All
lung sections used were taken from the distal left lobe of
the mice. Lungs were perfused with saline solution and
inflated with 1 mL 4% paraformaldehyde at a constant
pressure of 30 cm H2O. Lungs were ligated at the tra-
chea, removed en bloc, and immersed in 4% paraformal-
dehyde for 24 hours, at which time the immersion me-
dium was changed to 70% alcohol, before paraffin
embedding followed by sectioning to 8-�m thickness and
H&E staining. Alternatively, Picro-sirius Red staining of par-

affin-embedded sections to enhance collagen or the Ver-
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hoeff-Van Gieson procedure for staining elastin fibers was
performed using standard techniques. Each image repre-
sents one of three mice analyzed from each genotype at
each time point. Mean alveolar septal width was calculated
by measuring the width of the alveolar wall between the
pulmonary microcirculation and alveolar airspace in lung
sections imaged at transmission electron microscopy.

Primary antibodies used were rabbit anti-Cx40 (ADI,
Inc., San Antonio, TX), rabbit anti-Cx43 (Sigma-Aldrich
Corp., St. Louis, MO), rabbit anti-prolyl 4-hydroxylase
(anti-fibroblast; Abcam Inc., Cambridge, MA), and rabbit
anti–caveolin-1 and rabbit anti–caveolin-2 (BD Biosci-
ences, Franklin Lakes, NJ). A secondary antibody used
was donkey anti-rabbit Alexa Fluor 594 [Molecular Probes,
Eugene, OR (Invitrogen Corp., Carlsbad, CA)]. Immunoflu-
orescence was performed as described.5,29,30 Deparaf-
finized thin sections were incubated for 30 minutes at room
temperature with 1 mmol/L glycine in PBS to reduce non-
specific cross-linking and autofluorescence, washed with
PBS, incubated for 10 minutes at room temperature with 1
mg/mL NaBH4 in PBS to further reduce autofluorescence,
and washed with PBS plus 0.5% Triton X-100 and PBS plus
0.5% Triton X-100 plus 2% goat serum. The sections were
incubated overnight at 4°C with primary antiserum diluted
with PBS plus 0.5% Triton X-100 plus 2% goat serum,
washed, and incubated with fluorescent goat anti-rabbit
IgG (Roche Diagnostics Corp., Indianapolis, IN) for 2 hours
at room temperature. Sections were imaged using a confo-
cal microscope (FluoView; Olympus America, Center Val-
ley, PA). Minimum and maximum intensity were adjusted for
images in parallel so that the intensity scale remained linear
to maximize dynamic range. To quantify the total immuno-
fluorescence signal, total relative fluorescence units were
determined from four blinded fields per condition, and were
expressed as mean � SE. Statistical significance was de-
termined using Student’s t-test.

Results

Previously, transgenic mice deficient in either Cx40 or
Cx43 were used to identify roles for these connexins in
the vasculature.22,31 To define the combined effect of
depleting Cx43 and Cx40 expression by endothelium,
double-connexin knockout mice (VEC Cx43�/�/Cx40�/�

mice) were generated. Cx43 was a tissue-specific knock-
out using floxed Cx43 and Cre recombinase driven by the
Tie-2 promoter, which is primarily expressed by vascular
endothelium. VEC Cx43�/�/Cx40�/� mice were identified
via genotyping of clipped tail samples. The relative ex-
pression of Cx40 and Cx43 in aortas of wild-type C57Bl/6
versus VEC Cx43�/�/Cx40�/� mice is shown in Figure 1.
Confirming the extent of connexin deficiency, Cx40 was
absent from the aortas in VEC Cx43�/�/Cx40�/� mice. In
VEC Cx43�/�/Cx40�/� mice, Cx43 was specifically de-
pleted from the endothelium but not the smooth muscle
layer, consistent with a tissue-specific knockout.

VEC Cx43�/�/Cx40�/� mice died prematurely (Figure
2A). At 50 weeks, the 95% confidence interval for the
probability of survival was 0.94 to 1.0 for C57Bl/6 mice

(n � 70), 0.82 to 0.98 for Cx40�/� mice (n � 55), and 0.90
to 1.0 for VEC Cx43�/� mice (n � 44). In contrast, com-
pared with the other strains, VEC Cx43�/�/Cx40�/� mice
demonstrated significantly reduced viability at 50 weeks,
with a probability of survival of �0.80 (95% confidence
interval, 0.20 to 0.80; n � 10). Therefore, the VEC Cx43�/�/
Cx40�/� mice were examined in greater detail. One clue
that decreased lung function was a major contributor to
premature death in VEC Cx43�/�/Cx40�/� mice was the
appearance of the lungs at 32 weeks; they were enlarged
and looked hemorrhagic, which suggested pulmonary
dysfunction (Figure 2B). Consistent with impaired lung
function at age 32 weeks, carotid arterial blood oxygen-
ation was significantly reduced in VEC Cx43�/�/Cx40�/�

mice compared with C57Bl/6, VEC Cx43�/�, or Cx40�/�

mice (Figure 2C). It was also confirmed that Cx40 and
Cx43 are present in the lungs of wild-type C57BL/6
mice and that VEC Cx43�/�/Cx40�/� mice lacked
Cx40 expression (see Supplemental Figure S1 at http://
ajp.amjpathol.org). VEC Cx43�/�/Cx40�/� mice re-
tained some Cx43 expression in the lungs, consistent
with diminished Cx43 expression by endothelium but
preservation of Cx43 by other lung cells.32

It was also visually apparent that the hearts of VEC
Cx43�/�/Cx40�/� mice were larger than those of control
mice. Hearts from VEC Cx43�/� or Cx40�/� mice were
comparable to those of control mice (data not shown). In
addition to cardiac hypertrophy, VEC Cx43�/�/Cx40�/�

mice also demonstrated consistently elevated blood

Figure 1. Cx40 and Cx43 expression in mouse aorta of control and VEC
Cx43�/�/Cx40 �/� mice. Sections from C57Bl/6 mice (A–D, I, and J) and
VEC Cx43�/�/Cx40 �/� mice (E–H, K, and L) were stained with anti-Cx40 [A
and E (green)] and anti-Cx43 [B and F (red)]. C, G, and I–L: Violet areas
represent autofluorescence of internal elastic lamina (IEL). D, H, and I–L:
Nuclei were stained with Sytox Blue. I–L: Merged images. Note lack of Cx40
labeling in aortas from VEC Cx43�/�/Cx40 �/� mice; Cx43 was depleted
from the endothelial layer in VEC Cx43�/�/Cx40 �/� mice (arrowheads)
but remained present in the smooth muscle layer (arrows). J and L: Insets
show threefold magnification of the regions of interest indicated in I and K.
Scale bars � 100 �m.
pressure at levels comparable to those of Cx40�/� mice
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(Figure 3B).31 Moreover, VEC Cx43�/� mice demon-
strated decreased blood pressure,22 which suggested
that loss of Cx40 was the predominant factor in determin-
ing the blood pressure of VEC Cx43�/�/Cx40�/� mice.
Inasmuch as viability was significantly greater in Cx40�/�

mice than in VEC Cx43�/�/Cx40�/� mice (Figure 2A),
high blood pressure alone was not sufficient to shorten
the life span of VEC Cx43�/�/Cx40�/� mice, and de-
creased viability was due to other confounding factors,
most notably, decreased lung function.

To further examine how the loss of endothelial Cx43
and Cx40 affects lung architecture as a function of age,
H&E-stained lung sections were examined (Figure 4). As
early as age 16 weeks, the lungs of VEC Cx43�/�/
Cx40�/� mice began to exhibit disruption of the alve-
olar airspaces, which were larger than the alveoli in
wild-type C57Bl/6 mice. The architecture of lungs from
VEC Cx43�/�/Cx40�/� mice continued to deteriorate as
the mice aged; at 32 weeks, morphologic features were
comparable in all lungs from VEC Cx43�/�/Cx40�/�

mice. In contrast, lungs from either VEC Cx43�/� or
Cx40�/� mice appeared more normal.

Because the lungs of VEC Cx43�/�/Cx40�/� mice re-
sembled fibrotic lung disease, elastin and collagen con-
tent were examined at histologic analysis. Compared with

Figure 2. VEC Cx43�/�/Cx40�/� mice have a shortened life span and demo
Cx43�/� mice all had normal viability; however, nearly half of the VEC Cx4
single-knockout mice based on efficient score method.25 B: Gross anatom
demonstrates a characteristic hemorrhagic appearance indicative of lung inju
C57Bl/6, VEC Cx43�/�, Cx40�/�, and VEC Cx43�/�/Cx40�/� mice measure
significantly lower pO2 than did C57Bl/6 mice. *P � 0.05.
wild-type or single transgenic mice, lungs from VEC
Cx43�/�/Cx40�/� mice were enriched in elastin, as de-
termined using Verhoeff staining (Figure 5). Elastin depo-
sition in lungs from VEC Cx43�/�/Cx40�/� mice seemed
to lag behind the alterations in alveolar structure, in which
the brown elastin labeling became prevalent beginning at
age 24 weeks and persisted to age 32 weeks. By Picro-
sirius Red staining, lungs from VEC Cx43�/�/Cx40�/�

mice exhibited increased collagen deposition at age 32
weeks, although lungs from wild-type, VEC Cx43�/�, and
Cx40�/� mice also demonstrated some localized enrich-
ment with collagen using this approach (Figure 6). Given
the changes in architecture and matrix deposition ob-
served in lungs from VEC Cx43�/�/Cx40�/� mice, alve-
olar septal width was quantified by measuring tissue
thickness between the pulmonary microvasculature and
the alveolar epithelium. At age 32 weeks, alveolar septa
of VEC Cx43�/�/Cx40�/� mice were roughly 25% thicker
than septa of C57Bl/6 control mice (Figure 6E). Together,
these results demonstrate that, compared with the other
strains of mice examined, lungs from VEC Cx43�/�/
Cx40�/� mice lost the ability to maintain proper lung
architecture and instead were more sensitive to aging.

To determine whether the changes observed in VEC
Cx43�/�/Cx40�/� mice were due to altered cell prolifer-

ung injury and decreased blood oxygenation. A: C57Bl/6, Cx40�/�, and VEC
40�/� mice died by age 32 weeks. *Significantly different from control and
left lobe of lungs from viable 32-week-old VEC Cx43�/�/Cx40�/� mice

mpared with healthy age-matched C57Bl/6 mice. C: Carotid arterial paO2 for
32 weeks (mean � SE; n � 4). VEC Cx43�/�/Cx40�/� mice demonstrated

Figure 3. Compared with VEC Cx43�/�/
Cx40�/� mice, Cx40�/� mice demonstrated in-
creased blood pressure. A: Gross anatomy of
hearts from 32-week-old VEC Cx43�/�/Cx40 �/�

mice shows hypertrophy. B: Mean blood pressure
measurements from C57Bl/6, VEC Cx43�/�,
Cx40�/�, and VEC Cx43�/�/Cx40�/� mice mea-
sured at age 8, 24, or 32 weeks (mean � SE; n �
4). Blood pressure in VEC Cx43�/� mice was sig-
nificantly lower than C57Bl/6 mice at 24 and 32
weeks. *P � 0.05. Cx40�/� and VEC Cx43�/�/
Cx40�/� mice had comparable blood pressure,
which was significantly higher than C57Bl/6 mice.
*P � 0.05.
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ation, Sytox Blue was used to label nuclei and scored for
changes in lung cell number. Lungs from VEC Cx43�/�/
Cx40�/� mice were hyperplastic, in particular at age 32
weeks (Figure 7A). Given the lung pathologic findings,
these cells were likely fibroblasts. To confirm this, lung
sections from 32-week-old mice were immunolabeled us-
ing the enzyme prolyl 4-hydroxylase as a fibroblast
marker, which confirmed that there was a significant in-
crease in fibroblasts in the lungs from VEC Cx43�/�/
Cx40�/� mice (Figure 7, B–E). Quantitative image analy-
sis of the sections demonstrated that VEC Cx43�/�/
Cx40�/� mice had significantly higher fibroblast
content than did lungs from the other strains examined
(Figure 7F). Moreover, VEC Cx43�/� and Cx40�/�

mice also had significantly higher fibroblast content
than did wild-type mice, although they had fewer fibro-
blasts than lungs from double-knockout VEC Cx43�/�/

Figure 4. Altered architecture of lungs from VEC Cx43�/�/Cx40�/� mice. P
(B, F, J, and N), Cx40�/� (C, G, K, and O), and VEC Cx43�/�/Cx40�/� (D, H
(M–P) were stained with H&E and imaged. Compared with the other strain
architecture and alveolar wall thickening as they aged. Scale bars � 60 �m
Cx40�/� mice. This underscores the sensitivity of using
prolyl 4-hydroxylase as a marker and suggests that the
lungs depleted of either endothelial Cx43 or Cx40 dem-
onstrate low levels of injury and/or fibrotic remodeling
at age 32 weeks.

The phenotype of VEC Cx43�/�/Cx40�/� mice was
remarkably similar to the phenotype of caveolin-1 defi-
cient mice, which are subject to premature death,33 al-
veolar disruption,34,35 alterations in lung extracellular cell
matrix,36,37 cardiac hypertrophy,38 and hypertension.39

Thus, it was hypothesized that caveolin-1 expression is re-
duced in VEC Cx43�/�/Cx40�/� mice. Compared with
lungs from wild-type, VEC Cx43�/�, and Cx40�/� mice,
caveolin-1 was significantly reduced in lungs from VEC
Cx43�/�/Cx40�/� mice as early as age 8 weeks (Figure 8;
see also Supplemental Figure S2 at http://ajp.amjpathol.
org). Moreover, compared with the other strains examined,
caveolin-2 expression was also decreased in lungs from

embedded distal lung sections from C57Bl/6 (A, E, I, and M), VEC Cx43�/�

P) mice at age 8 weeks (A–D), 16 weeks (E–H), 24 weeks (I–L), or 32 weeks
ined, lungs from VEC Cx43�/�/Cx40�/� mice exhibited disrupted alveolar
araffin-
, L, and
VEC Cx43�/�/Cx40�/� mice (Figure 8; see also Supple-
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mental Figure S3 at http://ajp.amjpathol.org), consistent with
previous findings that caveolin-2 expression is diminished
in caveolin-1–deficient mice.34,35 Thus, the data suggest
that expression of caveolin-1 and caveolin-2 is linked to
expression of Cx43 and Cx40 and that the pulmonary dam-
age observed in caveolin-1�/� mice and VEC Cx43�/�/
Cx40�/� mice develops through a common pathway.

Discussion

It was observed that as they aged, VEC Cx43�/�/
Cx40�/� mice died prematurely, which correlated with
severe spontaneous lung abnormalities. This included
increased fibrosis and alveolar wall thickening, which
had an adverse effect on blood oxygenation. Previous
studies have associated decreased expression of
Cx40 with acute lung injury,13 and of Cx43 with idio-

Figure 5. Increased elastin deposition in lungs from VEC Cx43�/�/Cx40�/

Cx43�/� (B, F, J, and N), Cx40�/� (C, G, K, and O), and VEC Cx43�/�/Cx4
or 32 weeks (M–P) were labeled using Verhoeff to stain elastin fibers dark br
Cx43�/�/Cx40�/� mice showed increased elastin labeling (arrowheads). S
pathic pulmonary fibrosis.14 The present study pro-
vided evidence that reducing expression of these con-
nexins in an intact mouse model is a causative factor in
development of lung disease.

Deletion of vascular connexins had a deleterious effect
on lung architecture and remodeling, which underscores
the concept of coordinate regulation of pulmonary epi-
thelial and vascular compartments to maintain proper
lung architecture. Both sides of the alveolar-capillary unit
are functionally coupled via transmission of calcium tran-
sients, which can originate on either the endothelial or
epithelial side and, in some cases, require gap junction
communication.9–11 By electron microscopy, human al-
veolar epithelium and pulmonary circulation are inter-
connected by a network of gap junctions passing
through fibroblasts. This is disrupted in chronic ob-
structive pulmonary disease and further underscores the
importance of intercellular communication in preventing

Paraffin-embedded distal lung sections from C57Bl/6 (A, E, I, and M), VEC
, H, L, and P) mice at age 8 weeks (A–D), 16 weeks (E–H), 24 weeks (I–L),
d were imaged. Compared with the other strains examined, lungs from VEC
rs � 60 �m.
� mice.
0�/� (D
lung disease.40,41
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The phenotype of VEC Cx43�/�/Cx40�/� mice was
remarkably comparable to that of caveolin-1–deficient
mice.34,35 Although the similar pathologic findings in
these two different mouse strains with distinct genotypes
was surprising, it has been well established that several
connexins directly interact with caveolins and contain
caveolin-binding motifs.42–44 Moreover, mesenteric arter-
ies from caveolin-1�/� mice exhibited defective vasodi-
lation and, according to immunoblot analysis and mor-
phologic criteria, demonstrated decreased expression of
vascular Cx37, Cx40, and Cx43.32 This decrease in vas-
cular connexin expression correlated with a blunted en-
dothelium-derived hyperpolarizing factor response by

Figure 6. Collagen deposition in lungs from VEC Cx43�/�/Cx40�/� mice.
Paraffin-embedded distal lung sections from C57Bl/6 (A), VEC Cx43�/� (B),
Cx40�/� (C), and VEC Cx43�/�/Cx40�/� (D) mice at age 32 weeks were
labeled using Picro-sirius Red to stain collagen, and were imaged. Compared
with the other strains of mice examined, lungs from VEC Cx43�/�/Cx40�/�

mice showed enhanced collagen staining (arrowheads). Scale bars � 60
�m. E: Paraffin-embedded distal lung sections from C57Bl/6, VEC Cx43�/�,

Cx40�/�, and VEC Cx43�/�/Cx40�/� mice at age 32 weeks were analyzed
using morphometric analysis. Compared with the other strains examined,
VEC Cx43�/�/Cx40�/� mice demonstrated significantly thicker alveolar sep-
tal width between the pulmonary endothelium and the alveolar epithelium.
*P � 0.05.
caveolin-1�/�–deficient vessels, which underscores a
role for caveolin-1 in proper targeting of connexins to
myoendothelial junctions.32

The ability of connexins to bind to caveolin-1 and
caveolin-2 also has been confirmed by co-immunopre-

Figure 7. Lungs from VEC Cx43�/�/Cx40�/� mice are enriched in fibro-
blasts. A: Lung sections from mice at age 8, 16, 24, and 32 weeks were stained
with Sytox Blue, and the number of nuclei per 10 �m2 were scored. At age
32 weeks, VEC Cx43�/�/Cx40�/� mice demonstrated significantly more
nuclei than did the other strains examined, indicating enhanced cell prolif-
eration (P � 0.05). B–E: Immunofluorescence analysis of paraffin-embedded
lung sections from 32-week-old C57Bl/6 (B), VEC Cx43�/� (C), Cx40�/�

(D), and VEC Cx43�/�/Cx40�/� (E) mice were immunostained for the
fibroblast marker prolyl 4-hydroxylase. Scale bars � 60 �m. F: Quantification
of fibroblast immunofluorescence from stained lung sections. Compared with
the other strains examined, lungs from VEC Cx43�/�/Cx40�/� mice dem-
onstrated significantly more fibroblasts at 32 weeks. *P � 0.01. The fibroblast
content of lungs from single-knockout VEC Cx43�/� and Cx40�/� mice also

had significantly more fibroblasts than did wild-type lungs at age 32 weeks.
**P � 0.05.
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cipitation using preparations isolated from cultured
cells.42–44 Detailed analysis of caveolin/Cx43 interactions
has revealed that these proteins initially associate at the
trans-Golgi network to facilitate incorporation of connexin
hemichannels into cholesterol-enriched membrane mi-
crodomains (“lipid rafts”).42 This in turn facilitates con-
nexin transport to the plasma membrane. Connexins at
the plasma membrane generally exhibit low levels of co-
localization with caveolin-1,42,43,45–47 yet a significant
fraction remains associated with membrane microdo-
mains, based on co-localization with glycosphingolipids
labeled with fluorescent cholera toxin.45,48,49 Moreover,
connexins in mature gap junctions are not present in
caveolae or glycolipid-enriched microdomains; rather,
they are removed from rafts through the action of the
cytoplasmic scaffold protein zonula occludens-1.50,51

Caveolar endocytosis is a prominent pathway for plasma
membrane internalization by endothelial cells.52,53 How-
ever, Cx43 turnover does not depend on membrane mi-
crodomains.54 Rather, Cx43 is internalized by clathrin-
coated pits and degraded by ubiquitinylation.55,56

Whether Cx40 is comparably processed has not been def-
initely established. Inasmuch as Cx40 and Cx43 hetero-
oligomerize,57,58 Cx40 and Cx43 are likely co-internalized
by clathrin-coated pits. Thus, the more prominent role for
caveolins in controlling connexins is regulation of transport
of newly synthesized connexins as opposed to a significant
direct role in regulating connexin turnover.

Although caveolins and connexins interact directly,
lungs from VEC Cx43�/�/Cx40�/� mice demonstrated a
generalized decrease in caveolin-1 and caveolin-2 con-

Figure 8. Decreased caveolin-1 and caveolin-2 expression by lungs from VE
Cx40�/� mice. Paraffin-embedded distal lung sections from C57Bl/6 (A an
Cx43�/� (B and F), Cx40�/� (C and G), and VEC Cx43�/�/Cx40�/� (D and
age 32 weeks were immunostained for caveolin-1 (A–D) or caveolin-2 (E–H) a
Scale bars � 60 �m. Caveolin-1 (I) and Caveolin-2 (J) were quantified by im
rescence analysis of paraffin-embedded lung sections from C57Bl/6, VEC
Cx40�/�, and VEC Cx43�/�/Cx40�/� mice at age 8, 16, 24, and 32 weeks (Fig
S3). Compared with the other strains of mice examined, VEC
Cx40�/� mice demonstrate decreased caveolin-1 and caveolin-2, as earl
weeks. *P � 0.05.
tent beyond the pulmonary vasculature (Figure 8, and
Figures S2 and S3). Thus, a model is favored in which
initial disruption of endothelial connexins and caveolins in
combination with stress during aging initiates a pathway
that has a deleterious effect on overall lung caveolin
content. As one possibility, idiopathic pulmonary fibrosis
is associated with increased expression of transforming
growth factor � (TGF-�) and decreased caveolin-1 con-
tent.59 Moreover, TGF-�–treated human lung fibroblasts
have decreased caveolin-1 expression.60 A comparable
increase in lung TGF-� and decrease in AT1 caveolin-1
expression was observed in a rodent model of radiation-
induced pulmonary fibrosis.61 Although the decrease in
caveolin-1 and caveolin-2 content in lungs from VEC
Cx43�/�/Cx40�/� mice precedes overt disruption of lung
architecture, it is possible that significant levels of TGF-�
are present in young connexin-deficient mice, which
might have a deleterious effect on caveolin expression.
Consistent with this possibility, rats fed alcohol have mor-
phologically normal lungs that contain fivefold more
TGF-� than do control rats given normal feed. This in-
crease in TGF-� in response to alcohol compromises
lung barrier function and increases susceptibility to acute
lung injury.62

Epithelial to mesenchyme transition has an important
role in idiopathic pulmonary fibrosis.63,64 Recent evi-
dence suggests that connexin expression inhibits epithe-
lial to mesenchyme transition in several systems includ-
ing mammary tumor cells, which revert to a normal cell
phenotype when transfected to overexpress connex-
ins,65 and epicardium, in which Cx43 is required for
proper vessel development.66 A recent study by Langlois
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Cx43 and caveolin protects normal keratinocytes from
epithelial to mesenchyme transition induced by phorbol
esters and epidermal growth factor. In a key set of ex-
periments, overexpression of full-length Cx43 was pro-
tective; however, overexpression of a C-terminal trun-
cated form of Cx43 that cannot bind to caveolin-1 was
not, which suggests that cooperation between Cx43 and
caveolin-1 was required to inhibit epithelial to mesen-
chyme transition.46 If a co-regulatory role for connexins
and caveolins can be extended more generally to control
of cell phenotype and migration, it can be speculated that
connexin/caveolin complexes may modulate overexuber-
ant vasculogenesis, which is associated with aberrant
lung remodeling in response to injury.67–70 Whether this is
the case remains to be determined.

A primary function of caveolin-1 is to provide a matrix
that enables local enrichment of diverse proteins into an
integrated platform that controls cell signaling. For exam-
ple, endothelial nitric oxide synthase is associated with
caveolin-enriched membrane microdomains71–73 and is
hyperactivated in caveolin-1�/� mice, leading to hyper-
tension.74 In addition, recent evidence suggests that gap
junction communication across myoendothelial junctions
is controlled by a cyclical nitrosylation/denitrosylation
pathway.75 Whether endothelial nitric oxide synthase
misregulation in caveolin-1�/� mice is due to disruption
of normal cross-talk between nitrosylation and gap junc-
tion communication pathways remains to be determined.
Nonetheless, by serving as part of a caveolin-signaling
complex, connexins have the potential to expand an in-
dividual cell response into a multicellular response by
enabling intracellular signaling to be coupled to direct
intercellular gap junction communication.
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