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T he intercalated disc maintains
the structural integrity of the
heart by the end-to-end con-
nection of myocytes. The myo-

cardium contractile function depends on
intercalated discs for mechanical and
electrical/chemical coupling of cardiomy-

ocytes. The intercalated disc contains
various junctional complexes: adherens
junctions, desmosomes, and gap junc-
tions (1, 2). Adherens junctions, consist-
ing of cadherins, link the intercalated
disc to the actin cytoskeleton, and des-
mosomes, mainly composed of desmo-
plakin, attach to the intermediate fila-
ments. Both associate with catenin
complex proteins to regulate the cell-to-
cell adhesion and the structure of the
junctions at the intercalated disc, en-
abling the transmission of the contractile
force across the plasma membrane. Gap
junctions, consisting of connexons com-
posed of six connexin proteins extending
across cell membranes, provide intercel-
lular communication between neighbor-
ing cardiomyocytes via electrical stimu-
lus and ion transfer.

It is known that disruption of interca-
lated disc constituent proteins give rise to
cardiomyopathy and other fatal defects
(3). For example, induced deletion of the
N-cadherin gene in the heart of mice
leads to loss of intercalated disc struc-

tures, resulting in abnormal cardiac mor-
phology and function (4). Remodeling of
gap-junction organization and reduction
of the levels of the predominant connexin
of the heart ventricle, connexin43, has
been shown to result in slow conduction
velocity, spontaneous ventricular ar-
rhythmia, and sudden cardiac death (5–
8). In Naxos disease, an arrhythmogenic
right ventricular cardiomyopathy due to
deletion of plakoglobin, a remodeling of
gap junctions has been shown, probably
due to abnormal linkage between desmo-
somes and adherens junctions and the
cytoskeleton (9).

Cardiac dysfunction due to impaired
myocardial contractility has been recog-
nized as an important factor contributing
to high mortality in septic patients (10).
Recent study from our laboratory gives
support to the opinion that myocardial
structural change, classifiable as inflam-
matory cardiomyopathy, could be respon-
sible for sepsis-induced myocardial dys-
function (11). The present study describes
intercalated disc remodeling under both
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Objective: The present study describes intercalated disc re-
modeling under both protein expression and structural features in
experimental severe sepsis induced by cecal ligation and punc-
ture in mice.

Design: Controlled animal study.
Setting: University research laboratory.
Subjects: Male C57BL/6 mice.
Interventions: Mice were submitted to moderate and severe

septic injury by cecal ligation and puncture.
Measurement and Main Results: Severe septic injury was ac-

companied by a large number of bacteria in the peritoneal cavity and
blood, high levels of tumor necrosis factor-�, and monocyte inflam-
matory protein-1� in the septic focus and serum, marked hypoten-
sion, and a high mortality rate. Western blot analysis and immuno-
fluorescence showed a marked decrease of key gap and adherens
junction proteins (connexin43 and N-cadherin, respectively) in mice
submitted to severe septic injury. These changes may result in the

loss of intercalated disc structural integrity, characterized in the
electron microscopic study by partial separation or dehiscence of
gap junctions and adherens junctions.

Conclusions: Our data provide important insight regarding the
alterations in intercalated disc components resulting from severe
septic injury. The intercalated disc remodeling under both protein
expression and structural features in experimental severe sepsis
induced by cecal ligation and puncture may be partly responsible
for myocardial depression in sepsis/septic shock. Although fur-
ther electrophysiological studies in animals and humans are
needed to determine the effect of these alterations on myocardial
conduction velocity, the abnormal variables may emerge as ther-
apeutic targets, and their modulation might provide beneficial
effects on future cardiovascular outcomes and mortality in sepsis.
(Crit Care Med 2007; 35:2176–2185)
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protein expression and structural features
in experimental severe sepsis induced by
cecal ligation and puncture (CLP) in mice.
These findings make plausible the hypoth-
esis that alterations in cell communication
and mechanical coupling between neigh-
boring cardiomyocytes could contribute to
myocardial depression in sepsis.

MATERIALS AND METHODS

Animals. Male C57BL/6 mice (average
weight, 22 g) were acclimated to the labora-
tory environment for 24–48 hrs before exper-
imentation and received H2O and food ad li-
bitum. The mice were maintained at 22 � 2°C
on a 24-hr day/night cycle, with 12 hrs of light
and 12 hrs of darkness. The animal experi-
ments performed in the present study were
conducted according to the guidelines of the
Animal Care Committee of the Faculty of Med-
icine of Ribeirão Preto, and the experimental
protocols were approved by the Committee.

Sepsis Model. Sepsis was induced through
CLP. Briefly, mice were anesthetized with 250
mg/kg tribromoethanol intraperitoneally. A
1-cm midline incision was made, and the ce-
cum was exposed and ligated with 5-0 silk
below the ileocecal junction without causing
bowel obstruction. A single puncture was
made through the cecum using a 30-gauge or
an 18-gauge needle to induce moderate septic
injury (MSI) and severe septic injury (SSI),
respectively. The cecum was then replaced in
its original position and the abdomen sutured.
Each animal received a subcutaneous injec-
tion of 1 mL of 0.9% NaCl solution (37°C) and
maintained under the conditions stated above.

Number of Bacteria in the Peritoneal
Cavity and Blood. Six hours after surgery, the
mice were killed. For bacterial count in the
peritoneal cavity, the abdominal skin was
thoroughly disinfected, and 2 mL of sterile
phosphate-buffered saline was injected into
and 1 mL aspired out of the peritoneal cavity.
Aliquots of serial log dilutions of the perito-
neal aspirate were plated on Mueller-Hinton
agar dishes (Difco Laboratories, Detroit, MI)
and incubated at 37°C for 24 hrs. Colony-
forming units (CFU) were then counted and
expressed as the log of CFU per peritoneal
cavity. For bacteremia, blood was collected
under sterile conditions and 10 �L collected
and plated on Mueller-Hinton agar dishes
(Difco). CFU were counted 24 hrs after incu-
bation at 37°C and the results expressed as the
log of CFU per milliliter of blood.

Measurement of Carotid Blood Pressure.
Carotid artery blood pressure was obtained in
anesthetized animals (250 mg/kg tribromo-
ethanol intraperitoneally) 6, 12, and 24 hrs
after surgery. A catheter was positioned in the
right carotid artery and exteriorized in the
neck. When hemodynamics became stable,
mean carotid pressure was recorded by con-
necting the catheter to the pressure trans-
ducer (Powerlab, AD Instruments, Castle Hill,

Australia). Mean carotid pressure of anesthe-
tized animals, simulating the time 0 of the
experiment immediately before surgery, was
also measured.

Cytokine and Chemokine Measurements.
Six hours after CLP, the concentrations of
tumor necrosis factor-� (TNF�) and monocyte
inflammatory protein-1� (MIP-1�) in the peri-
toneal exudate and serum were determined by
using a double-ligand enzyme-linked immu-
nosorbent assay. The results were expressed as
picograms of TNF� or MIP-1� per milliliter of
supernatant or serum. Recombinant murine
TNF� and MIP-1� standard curves were used
to calculate the cytokine concentrations.

Western Blot. To determine the amounts
of connexin43 and N-cadherin in septic hearts,
homogenates of left and right ventricles were
analyzed by immunoblotting 24 hrs after sur-
gery. Freshly excised hearts were washed in
cold phosphate-buffered saline, and the left
and right ventricles were isolated and homog-
enized in extraction buffer and protease inhib-
itor cocktail (Sigma-Aldrich, St. Louis, MO).
Total heart protein (40 �g protein/well) was
resolved on 7% or 12% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis and
transferred to nitrocellulose membrane (Hy-
bond-ECL, Amersham Pharmacia Biotech,
Amersham, UK). The membranes were
blocked with 5% skimmed milk/Tris-buffered
saline with 0.1% Tween 20 for 24 hrs and
incubated overnight at 4°C with the primary
antibodies (goat polyclonal anti-N-cadherin,
1:500; mouse monoclonal anti-connexin43,
1:500; Santa Cruz Biotechnology, Santa Cruz,
CA). The blots were washed and incubated
with horseradish peroxidase–conjugated sec-
ondary antibodies (rabbit anti-goat immuno-
globulin G, 1:20,000; and horse anti-mouse
immunoglobulin G, 1:7,000; Vector Laborato-
ries, Burlingame, CA) for 1 hr at room tem-
perature. The same antibodies were used for
Western blot and immunofluorescence. The
anti-connexin43 antibody recognizes both
phosphorylated and nonphosphorylated forms
of connexin43. The membranes were washed,
developed using electrogenerated chemilumi-
nescence (Amersham Pharmacia Biotech), and
exposed to Hyperfilm ECL (Amersham Phar-
macia Biotech). The quantification was done
by scanning in a Kodak camera (Amersham
Pharmacia Biotech) and Gel-Pro Analyzer soft-
ware (Media Cybernetics, Silver Spring, MD).
Values reported are optical densities expressed
as arbitrary units.

Immunofluorescence. Hearts from SSI and
sham mice were obtained 24 hrs after surgery,
sectioned into anterior and posterior halves,
immediately frozen, and stored at �80°C for
immunohistochemical study. Immunolabel-
ing was performed (5-�m-thick sections) us-
ing primary antibodies to connexin43 (mouse
monoclonal antibody anti-connexin43) and N-
cadherin (goat polyclonal antibody anti-N-
cadherin, Santa Cruz Biotechnology). Fluores-
cein-conjugated secondary antibodies, anti-
mouse or anti-goat immunoglobulin G

(Vector Laboratories), were used. Omission of
the primary antibodies served as negative con-
trols. The mean area and fluorescence inten-
sity (optical density) of immunoreactivity par-
ticles of total connexin43 restricted to the
intercalated discs and N-cadherin were ana-
lyzed with Leica Qwin software (Leica Imaging
Systems, Cambridge, UK) in conjunction with
a Leica microscope, videocamera, and an on-
line computer. For the comparison of hetero-
geneity of connexin43 and N-cadherin in SSI
and sham hearts, 5–10 randomly selected im-
ages of longitudinally oriented myofibers of
0.0093 mm2 were captured from each of four
left ventricles per group and analyzed. Some
sections were also labeled with phalloidin
complexed to rhodamine (Alexa Fluor 594
phalloidin, Molecular Probes, Eugene, OR) for
visualization of actin.

Transmission Electron Microscopy. Small
blocks (1 mm3) of myocardial tissue from the
left ventricle free wall from SSI and sham
animals were processed for transmission elec-
tron microscopy (n � 5). After fixation with
2.5% glutaraldehyde in cacodylate buffer (pH
7.3) for 2 hrs and postfixation with osmium
tetroxide for 2 hrs, the fragments were dehy-
drated in ascending concentrations of acetone
and embedded in araldite. Ultrathin sections
were obtained from selected areas with a dia-
mond knife in a Sorvall MT-5000 ultramic-
rotome (DuPont, Wilmington, DE), double-
stained with uranyl acetate and lead citrate,
and examined in a Zeiss EM109/900 electron
microscope (Carl Zeiss, Oberköchen, Ger-
many) at 80 kV.

Statistical Analysis. The data (except for
the survival curves) are reported as the
mean � SD. Multiple comparisons were made
using a one-way analysis of variance and
Tukey or Bonferroni post hoc multiple-
comparisons tests. Two groups’ comparisons
were made using unpaired Student’s t-test for
group data. Bacterial counts were analyzed by
the Mann-Whitney U test. The survival rate
was expressed as the percentage of live ani-
mals. A level of significance of 5% was chosen
to denote difference between mean values.

RESULTS

Mortality of Mice Submitted to CLP
Sepsis. Figure 1 shows curves of actuarial
mortality of the mice submitted to sham
operation, MSI, and SSI. Sham-operation
animals presented a 100% survival rate
through the analyzed period of 72 hrs.
The MSI mice showed 90% survival at 12
hrs post injury, declining progressively to
50% survival at 72 hrs. At 24 hrs, defined
as the period of study, the survival rate of
MSI animals was 80%. The SSI mice
showed 70% mortality at 12 hrs after
injury, 90% at 24 hrs after injury, and
remained steady at this rate until 72 hrs
after injury.
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Peritoneal Cavity Infection and Bac-
teremia. Figure 2A shows the number of
CFU present in the peritoneal cavity 6 hrs
after CLP. MSI mice showed a small
number of CFU in the peritoneal cavity,
not statically different from the negative
number of CFU in sham-operation mice.
The mean number of CFU in the perito-
neal cavity of SSI mice was higher than
that of MSI and sham control animals.
Figure 2B shows the number of CFU
present in the blood. MSI mice exhibited
a mild bacteremia not different from the
negative values in the blood of sham con-

trols. The SSI group presented higher
bacteremia in comparison with MSI and
sham groups.

Carotid Blood Pressure. Figure 3
shows the mean values of carotid blood
pressure during the 24-hr period after
CLP and sham operation. Mean blood
pressure simulating time 0 of the exper-
iment, immediately after surgery, were
similar for sham mice (120.20 � 7.23
mm Hg), MSI mice (114.70 � 7.67 mm
Hg), and SSI mice (117.60 � 6.95 mm
Hg). At 6 hrs after the surgical procedure,
the carotid blood pressure was signifi-

cantly lower in MSI and SSI mice
(85.42 � 16.69 mm Hg and 54.29 �
12.34 mm Hg, respectively), as compared
with sham-operation mice (118.90 �
5.64 mm Hg). At 12 hrs after surgery, the
carotid blood pressure in MSI and SSI
mice (85.57 � 14.35 mm Hg and 47.43 �
12.84 mm Hg, respectively) was signifi-
cantly lower in comparison with the ca-
rotid blood pressure in sham mice
(117.80 � 4.71 mm Hg). At the end of the
period of evaluation (24 hrs), the carotid
blood pressure in MSI and sham mice was
similar (119.20 � 8.64 mm Hg and
109.60 � 9.31 mm Hg, respectively). The
carotid blood pressure in SSI mice after
24 hrs of observation was 65.86 � 23.02
mm Hg.

Peritoneal Exudate and Serum Cyto-
kine and Chemokine Levels. Figure 4
shows the concentrations of TNF� and
MIP-1� in the peritoneal exudate and se-
rum 6 hrs after surgery in sham-opera-
tion, MSI, and SSI mice. The TNF� levels
in peritoneal exudate and serum in MSI
mice were not different from those in
sham controls. In the SSI mice, the peri-
toneal cavity and serum TNF� concentra-
tions were markedly increased in com-
parison with MSI and sham mice. The
levels of MIP-1� in MSI mice were signif-
icantly higher in the peritoneal exudate
as compared with sham animals, whereas
the serum levels of this chemokine were
not different. The peritoneal and serum
MIP-1� concentrations were markedly
increased in SSI mice in comparison with
both MSI and sham-operation mice.

Figure 1. Mortality of the mice submitted to cecal ligation and puncture (CLP) sepsis. Curves of
actuarial mortality of mice submitted to sham operation and moderate (MSI) and severe (SSI)
septic injury induced by CLP. The survival rate was determined daily until 5 days after surgery.
Results are expressed as percentage survival (n � 10) and are representative of three different
experiments. Survival in the SSI group was significantly different from that in the MSI and
sham-operation groups.

Figure 2. Peritoneal cavity infection and bacteremia. The number of colony-forming units (CFU) in the peritoneal cavity (A) and serum (B) of mice
submitted to sham operation and moderate (MSI) and severe (SSI) septic injury induced by cecal ligation and puncture were evaluated 6 hrs after surgery.
Results are expressed as mean number of CFU per cavity or CFU per milliliter of blood (n � 10) and are representative of three different experiments. The
mean number of CFU in the peritoneal cavity of SSI mice was higher than that of MSI and sham control animals.
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Western Blot of Connexin43 and N-
Cadherin. Figure 5 shows the amounts of
connexin43 and N-cadherin 24 hrs after
CLP or sham operation expressed in ar-

bitrary units (AU) and representative
blots. The amount of connexin43 in SSI
mice heart ventricles (658.90 � 14.80
AU) was markedly reduced as compared

with MSI (1420.00 � 34.15 AU) and
sham-operation (1380.00 � 75.24 AU)
heart ventricles. In contrast, N-cadherin
was markedly decreased in both MSI
(798.20 � 74.92 AU) and SSI (660.60 �
146.30 AU) heart ventricles in compari-
son with sham-operation heart ventricles
(1424.00 � 487.60 AU).

Immunofluorescent Analysis of Con-
nexin43 and N-Cadherin. The immuno-
histochemical analysis showed that levels
of immunofluorescent signal for con-
nexin43 and N-cadherin were strikingly re-
duced in left ventricles of hearts from SSI
mice, whereas heart ventricles from sham-
operation mice showed abundant junc-
tional signal for both proteins (Fig. 6).

The mean area (in percentage) and
fluorescent intensity (optical density ex-
pressed in arbitrary units, OD) of con-
nexin43 in left ventricles of hearts from
SSI mice (1.18% � 0.20% and 9.80 �
0.76 OD, respectively) were strikingly de-
creased as compared with the values in
the left ventricles of sham-operation mice
(2.25% � 0.21% and 16.04 � 0.78 OD,
respectively). The mean area and fluores-
cent intensity of N-cadherin in the left

Figure 3. Carotid blood pressure. Mean values of carotid blood pressure at 0, 6, 12, and 24 hrs after
sham operation or moderate (MSI) and severe (SSI) septic injury induced by cecal ligation and
puncture. The number of animals is six to ten for each group at each time.

Figure 4. Peritoneal exudate and serum cytokine and chemokine levels. The concentrations of tumor necrosis factor (TNF)-� (A, B) and monocyte
inflammatory protein (MIP)-1� (C, D) were quantified in peritoneal exudates (A, C) and serum (B, D) 6 hrs after surgery in sham-operation, moderate septic
injury (MSI), and severe septic injury (SSI) mice. Results (n � 10) are representative of three different experiments. NS, not significant.
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ventricles of SSI mice (1.14% � 0.17%
and 18.51 � 2.88 OD, respectively) were
strikingly decreased as compared with
the values in the left ventricles of sham-
operation mice (2.72% � 0.95% and
27.27 � 4.17 OD, respectively). Box and
whisker-plot graphs show the batches of
data in SSI and sham mice regarding the
percentage area of connexin43 and N-
cadherin signals (Fig. 6).

Dehiscence of Gap and Adherens
Junctions in Septic Hearts. The interca-
lated discs in the myocardium of sham-
operation mice did not differ from that
reported in the literature. In contrast, a
proportion of 30 –50% of intercalated
discs in SSI mice left ventricular myocar-
dium appeared partly dehiscent or sepa-
rated (Fig. 7). This dehiscence implicated
both adherens and gap junctions.

DISCUSSION

The model of CLP in rodents has been
widely used for the investigation of sev-
eral aspects of sepsis and septic shock
(12). In this model, autochthonous gut
flora is seeded into the systemic circula-
tion from a septic focus. Because females
are better able to tolerate sepsis (13) and
endotoxemia (14), to avoid differences be-
tween sexes, only male mice were ana-
lyzed.

In the present study, the animals sub-
mitted to SSI showed a high mortality
throughout the analyzed period (72 hrs),

which remained steady at 10% survival
after 12 hrs. In comparison, animals sub-
mitted to MSI displayed a lower mortal-
ity, varying from 90% survival at 12 hrs
to 50% survival at 72 hrs. The SSI mice
showed a 10% survival in the first 24 hrs
after injury, in striking contrast to the
80% survival of the MSI mice. The sham-
operation mice showed 100% survival
throughout the analyzed period.

The peritoneal cavity and blood cul-
tures 6 hrs after cecal puncture were sig-
nificantly positive in SSI mice, in con-
trast to MSI mice, which presented a very
low number of CFU in the peritoneal cav-
ity and blood not statistically different
from sham-operation controls, which had
negative peritoneal cavity and blood cul-
tures.

The mean arterial blood pressure was
significantly lower in SSI and MSI mice 6
hrs (reduced by 54.3% and 28.2%, re-
spectively) and 12 hrs (reduced by 59.7%
and 27.3%, respectively) after injury as
compared with sham-operation controls.
At 24 hrs postinjury, the mean arterial
blood pressure of SSI mice was lower
than that observed in MSI and control
mice (reduced by 44.8% and 39.9%, re-
spectively) as long as the mean arterial
pressures of MSI and sham-operation
mice were not statistically different.

The measurements obtained by peri-
toneal lavage and serum TNF� expression
measured 6 hrs after injury was signifi-

cantly higher in SSI mice as compared
with MSI and sham mice. The cytokine
levels in MSI mice were not significantly
different from the levels observed in
sham-operation animals. Peritoneal la-
vage and serum MIP-1� expression mea-
sured 6 hrs after injury were significantly
higher in SSI mice as compared with MSI
and sham mice. The peritoneal lavage
MIP-1� levels in MSI mice were higher in
comparison with those in sham mice,
whereas the serum levels were not differ-
ent from the values observed in controls.
TNF� is a prototypical proinflammatory
cytokine that has been implicated in the
morbidity and mortality associated with
septic shock (15–17). The pathogenesis of
cardiac dysfunction has been greatly at-
tributed to the myocardial effects of cir-
culating or local TNF� (18). In vitro and
in vivo studies demonstrated that TNF�
induces early (19–21) and delayed pro-
longed (22) myocardial depressant effect.
Recent study from our laboratory has
demonstrated increased expression of
TNF� in the myocardium of human sep-
tic hearts, localized to myocytes, intersti-
tial macrophage-type cells, and endothe-
lial and smooth muscle cells in the
vessels (11). TNF�-induced myocardial
depression involves attenuation of the
force of contraction of the individual car-
diomyocytes through decreased cytosolic
calcium release and decreased myofila-
ment sensitivity to calcium mediated by

Figure 5. Western blot analysis of connexin43 and N-cadherin. The amounts of connexin43 and N-cadherin of mice submitted to sham operation and
moderate (MSI) and severe (SSI) septic injury induced by cecal ligation and puncture (CLP) were measured 24 hrs after surgery and expressed in arbitrary
units (AU). Results (n � 6) are representative of three different experiments. NS, not significant.
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high levels of nitric oxide produced by
inducible nitric oxide synthase (23). Con-
sonantly, MIP-1�, a member of the CC
chemokines family, has been shown to
exert significant activating and chemo-
tactic effect on macrophages, including

their release of TNF�, and, unlike other
members of the family, seems to regulate
polymorphonuclear function (24, 25).

Western blot analysis of connexin43 ex-
pression presented a marked decrease of
this junctional protein in the hearts of mice

submitted to SSI as compared with mice
submitted to MSI and sham operation (re-
duced by 52.3% and 53.6%, respectively).
Connexin43 protein expressions in MSI
and sham hearts were similar. In addi-
tion, Western blot analysis of N-cadherin

Figure 6. Immunofluorescence analysis of connexin43 and N-cadherin. The immunofluorescent signal for connexin43 and N-cadherin are strikingly
reduced in myocardium of mice with severe septic injury (SSI) (right, top and bottom immunohistochemical panels) in comparison with the
immunofluorescent signal in sham-operation myocardium (left, top and bottom immunohistochemical panels). The mean area (percentage) and
fluorescent intensity (optical density expressed in arbitrary units) of connexin43 and N-cadherin in the left ventricles of SSI mice are markedly decreased
as compared with the values in the left ventricles of sham mice. The middle graphs show the batches of data of percentage area of connexin43 and
N-cadherin signals. In the immunohistochemical panels, the bars indicate 50 �m.
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showed that the expression of this junc-
tional protein was markedly decreased in
the hearts of both SSI and MSI mice in
comparison with its expression in the

hearts of sham-operation mice (reduced
by 53.2% and 43.9%, respectively).

Immunofluorescence analysis indi-
cated loss of both N-cadherin and con-

nexin43 in SSI induced by CLP in mice.
More specifically, immunofluorescence
revealed that the areas and the mean in-
tensities (optical density) of both con-

Figure 7. Dehiscence of gap and adherens junctions in septic hearts. The intercalated discs in the myocardium of sham-operation mice did not differ from that reported
in the literature (A, B). In contrast, a proportion of 30–50% of intercalated discs in left ventricular myocardium of mice with severe septic injury (SSI) appeared partly
dehiscent or separated (C, D). This dehiscence implicated both adherens and gap junctions. Gap junctions are indicated by black arrowheads; adherens junctions are
indicated by white arrowheads; desmosomes are indicated by the arrow. In A and C, the bar indicates 2 �m; in B and D, the bar indicates 0.5 �m.
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nexin43 and N-cadherin reactive particles
at the intercalated discs decreased and
the immunopositive spots were sparse.
The mean area of connexin43 decreased
47.5%, whereas the mean optical density
decreased 38.9%. The mean area of N-
cadherin decreased 57.9%, whereas the
mean optical density decreased 32.1%.
This finding suggests that the number of
connexin43 gap junctions’ channels de-
creased in septic hearts. Furthermore,
the partial separation of gap junctions
observed in the electron microscopic
study may be due to the disassembly of
the connexin43 complexes, thereby im-
pairing the direct communication be-
tween two adjacent cells in septic hearts.
The decreased expression of N-cadherin,
the principal adherens junction protein
primarily localized to intercalated discs,
where it serves as attachment site for
myofibrils in addition to its structural
role in maintaining myocyte adhesion,
would alter the stoichiometric relation of
the cadherin/myofibril connection. This
would disturb the adhesion zipper of the
adherens junctions of the intercalated
discs in the septic hearts, as observed
under the electron microscope, poten-
tially leading to less efficient force trans-
duction across the plasma membrane.

To our knowledge, this is the first
study of changes of connexin43 and N-
cadherin proteins expression in septic
myocardium. A significant depression of
connexin43 messenger RNA levels in the
myocardium of rats after endotoxemia in-
duced by injection of lipopolysaccharide
or after regional hepatic ischemia/
reperfusion was previously demonstrated
(26). Moreover, based on in vitro experi-
ments with a rat myoblast cell line of
cardiac origin (H9c2), these authors sug-
gested that the high levels of TNF� de-
tected in the serum of lipopolysac-
charide-treated rats could reduce the pro-
moter activity of the connexin43 gene
transfected to these cells. The decreased
expression of connexin43 in the hearts of
mice submitted to severe CLP sepsis may
be attributable, at least in part, to the
high serum levels of TNF�. This effect
may be a contributory factor in the pro-
motion of cardiac depression by TNF�
through reduction of electrical/chemical
coupling of cardiomyocytes.

The variables analyzed 6 hrs after CLP,
number of bacteria in the peritoneal cav-
ity and blood and chemokine measure-
ments, were carried out to characterize
the septic process. They represent the
first effects of the injurious influence at

the molecular or biochemical level. The
variables analyzed 24 hrs after CLP, the
amounts of connexin43 and N-cadherin
evaluated by Western blot and immuno-
fluorescence and the intercalated disc ul-
trastructural changes, represent the mor-
phologic consequences of the injurious
influence. All stresses and injurious influ-
ences exert their effects first at the mo-
lecular or biochemical level. There is a
lag between the stress and the morpho-
logic changes of cell injury or death. The
duration of this delay varies according to
the sensitivity of the methods used to
detect the changes. The morphologic
changes in the present study were only
detected in the late periods of the septic
process, 18–24 hrs after injury. Because
marked and persistent low blood pressure
is a hallmark of sepsis/septic shock, the
measurement of carotid blood pressure was
performed during all of the experimental
period: immediately before injury, at 0 hr,
and at 6, 12, and 24 hrs after injury.

The functional consequences of our
findings are not clear at this moment
because we do not know whether the loss
of expression of both heart ventricular
connexin43 localized to the intercalated
discs and N-cadherin caused electrical/
chemical and mechanical cell-to-cell cou-
pling impairment. However, the occur-
rence of hypotension and circulatory
shock in septic mice suggests myocardial
depression. It could be argued that car-
diac dilation caused by other mechanisms
leads to the intercalated disc remodeling
and thus precedes the observed changes.
The hearts of SSI mice 24 hrs after injury
were not dilated in comparison with
sham-operation controls: the wet heart
weights, the left ventricular wall thick-
nesses, and the left ventricle chamber
areas (midventricular coronal section)
were similar in both groups (data not
shown). Previous study has demonstrated
that widespread ventricular myocardial
loss of connexin43 in knockout mice pro-
duces a highly arrhythmogenic substrate
with spontaneous sudden cardiac death
and conduction-velocity slowing (5, 6, 8).
A reduced expression of connexin43 in
ventricular myocardium has been shown
in failing, hypertrophied, and ischemic
hearts (27–29). Myocardial ischemia
leads to connexin43 dephosphorylation
and loss of localization to the intercalated
disc, which very likely contributes to con-
tractile failure and arrhythmias (30).
More recently, an impairment of the con-
duction in streptozotocin-induced dia-
betic rat heart has been ascribed to a

decreased expression of connexin43 in
the gap junctions’ channels (31). We also
show a significant decreased expression
of N-cadherin protein in the hearts of
mice submitted to SSI. As adherens junc-
tion is involved in maintaining attach-
ments between adjacent myocardial fibers,
the decreased expression of N-cadherin
may have an implication on the cell-to-cell
adhesion, thus altering the contractile
force across the plasma membrane. Recent
study using a conditional N-cadherin
knockout mice model showed that the an-
imals developed a modest dilated cardiomy-
opathy with interstitial fibrosis and died of
cardiac arrhythmia (4). The authors sug-
gested that the increased interstitial colla-
gen deposition in N-cadherin knockout
mice depends on �1-integrin overexpres-
sion increasing cell–extracellular matrix
interaction as a response to loss of N-
cadherin linkage to the actin cytoskeleton.
In addition, the loss of N-cadherin expres-
sion resulted in the ensuing decrease of
connexin43, thus supporting the view that,
to some extent, connexin43 expression is
dependent on N-cadherin expression (4, 32,
33). The decreased expression of N-cad-
herin and connexin43 protein in the myo-
cardium of septic mice may be, in a way,
interrelated: our findings showing de-
creased expression of N-cadherin in SSI
and MSI mice hearts in contrast to de-
creased expression of connexin43 only in
SSI mice hearts may represent an addi-
tional support to this hypothesis.

An important question is “what is the
mechanism of reduction of gap and adhe-
rens junction proteins and intercalated
disc structural remodeling in the hearts
of mice submitted to severe CLP sepsis?”
Recent study demonstrated reduction
and redistribution of connexin43 and N-
cadherin after ischemia and reperfusion us-
ing Langendorff-perfused rabbit hearts
(33). Considering that the hallmark of sep-
tic shock is a dysfunctional microcircula-
tion that produces regional flow distur-
bances and abnormal tissue oxygenation
(34–36), the reduction of connexin43 and
N-cadherin and consequent intercalated
disc structural remodeling in septic mouse
myocardium may be attributed to global
ischemia. In addition, taking into account
that calcium depletion causes partial sepa-
ration of cardiomyocytes at intercalated
discs (37) and that TNF� impairs intracel-
lular calcium homeostasis (38), this cyto-
kine may also be involved in the pathogen-
esis of the intercalated disc changes in
septic myocardium. These changes are very
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likely reversible and associated with nonle-
thal or a reversible injury of cardiomyo-
cytes characterized by cell swelling, the so-
called hydropic or vacuolar degeneration,
clearly reflecting disturbance of membrane
function (data not shown). Loss of cell
membrane integrity and the resulting ex-
change of constituents of intracellular and
extracellular space as ions and proteins is
considered a sign of cell injury. It is, how-
ever, difficult to define the stage beyond
which the cell is irreversibly damaged and
condemned to death.

In conclusion, our data provide im-
portant insight regarding the alter-
ations in intercalated disc components
resulting from SSI. In this study, sig-
nificant decrease of key gap and adher-
ens junction proteins (connexin43 and
N-cadherin, respectively) resulted in

loss of intercalated disc structural in-
tegrity, which may be partly responsible
for sepsis-induced cardiac depression.
Figure 8 shows schematic diagrams
representing how N-cadherin and con-
nexin43 may interfere with the remod-
eling of adherens junctions and gap
junctions in septic hearts. These abnor-
mal variables may emerge as therapeu-
tic targets, and their modulation might
provide beneficial effects on future car-
diovascular outcomes and mortality in
sepsis.
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