
Summary. Heart failure (HF) causes dysfunction of the
atrioventricular node (AVN) – first or second-degree
heart block is a risk factor for sudden cardiac death in
HF patients. The aim of the study was to determine if HF
causes remodelling of the AVN and right atrioventricular
ring (RAVR). HF was induced in rats (n=4) by ligation
of the proximal left coronary artery, which resulted in a
large infarct of the left ventricle. Sham-operated rats
(n=4) were used as controls. Eight weeks after surgery,
functional experiments were performed and the hearts
were frozen. The body weight of HF rats was similar to
control rats, but the mean heart weight of HF rats was
significantly enlarged. In HF rats compared to controls,
the left ventricle was dilated, left ventricular end-
diastolic pressure elevated (21.0±0.6 and 5.4±0.2 mm
Hg), left ventricular ejection fraction reduced (0.2±0.02
and 0.5±0.02) and left ventricular end-systolic pressure
reduced (102±4.2 and 127±3.1 mm Hg). In HF rats, the
in vivo and in vitro PR intervals were increased (41%
and 20%), as was the Wenckebach cycle length,
indicative of AVN dysfunction. The collagen content
was significantly increased in the AVN and RAVR
indicating fibrosis. Immunolabelling of caveolin3 (cell
membrane marker) showed that there was hypertrophy
in HF (cell diameter was increased by 63%, 39% in
AVN, RAVR). The TUNEL assay showed that the
myocytes of the AVN and RAVR in HF undergo
apoptotic cell death. Immunolabelling showed that

expression of HCN4 was significantly decreased in the
AVN and RAVR (43% and 47%) in HF. We conclude
that in HF there is remodelling of the AVN and RAVR
and this remodelling may explain the AVN dysfunction. 
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Introduction

Heart failure (HF) can be defined as a condition in
which the heart is unable to pump sufficiently well to
supply the systemic metabolic requirements. HF is a
common and severe condition, resulting in high rates of
morbidity and mortality. The most common cause of HF
is coronary artery disease, which alone affects an
estimated 2.5 million people in the UK (Allender et al.,
2008). We have recently shown that left ventricular HF
causes dysfunction and molecular changes in one
component of the cardiac conduction system - the sinus
node, the primary pacemaker of the heart (Yanni et al.,
2011). The other major components of the cardiac
conduction system are the atrioventricular node (AVN),
His bundle and bundle branches and the Purkinje
network. An estimated half of HF patients experience
atrioventricular conduction delay, manifesting as a
lengthening of the PR interval (Alonso et al., 1999). A
less well known component of the heart is the
atrioventricular ring tissue, which encircles the orifices
of the tricuspid and mitral valves and takes its origin
from the AVN (i.e., from its inferior extensions (Yanni et
al., 2009). The aim of this study was to investigate the
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effect of HF on the function (as measured by the PR
interval and Wenckebach cycle length), morphology (in
terms of fibrosis, hypertrophy and apoptosis) and HCN4
expression level of the AVN and the right
atrioventricular ring (RAVR) around the tricuspid valve. 
Materials and methods

Ethics statement

The investigation conforms with the Guide for the
Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication No.
85-23, revised 1996) and was approved by the 4th Local
Ethics Committee for Animal Experiments, Warsaw,
Poland.
Induction of HF

Generally, the rat heart is supplied with blood by the
right and left coronary arteries. The right one supplies
the right ventricle, right atrium as well as interatrial
septum. The left one supplies the left ventricle and left
atrium. Both arteries supply the interventricular septum.
HF was induced in four male Sprague-Dawley rats (12
weeks of age) by ligation of the proximal left coronary
artery as described previously (Mackiewicz et al., 2009).
The ligation produced a large infarct (>40%) of the left
ventricle. Four sham-operated rats were used as controls.
Eight weeks post-operatively, cardiac function was
assessed in vivo in the anaesthetised animal using ECG
recording, echocardiography and catheterisation, and in
vitro in the isolated Langendorff-perfused heart using
ECG recording.
Experimental myocardial infarction

Rats were anaesthetised with ketamine HCl and
xylazine (100 mg/5 mg/kg body weight, injected
intraperitonealy), left thoracotomy was performed, the
heart was externalised, and a suture (5-0 silk) was placed
around the proximal left coronary artery. In sham-
operated rats, it was left loose, and in HF rats, it was
tied. The heart was immediately internalised, the chest
was closed, and pneumothorax was reduced with
negative pressure. 
In vivo and in vitro measurements 

Eight weeks after the surgery, light anaesthesia was
induced using ketamine HCl and xylazine (75 mg and
3.5 mg/kg body weight, injected intraperitonealy), a
surface ECG recording was obtained to measure the PR
interval in vivo, echocardiography was performed (using
MyLab25, Esaote, Italy with a 13 MHz linear array
transducer) to obtain the left ventricular end-diastolic
area, left ventricular end-systolic area and left
ventricular ejection fraction, and a micromanometer-

tipped catheter (Millar Instruments) was advanced
through the right carotid artery into the left ventricle for
recording of left ventricular pressures. Then the heart
was removed and retrogradely perfused with Krebs-
Henseleit buffer. Recording hook electrodes were
inserted into the left ventricle and right atrial appendage.
Bipolar pacing hook electrodes were inserted into the
right atrial appendage. The heart was allowed 10 min to
stabilise. Atrioventricular conduction time in vitro was
measured as the PR interval at spontaneous sinus
rhythm. Then the atrium was paced at progressively
increasing rates. The Wenckebach cycle length was
defined as the cycle length at which AVN Wenckebach
block first appeared during atrial pacing. 
Histological and immunohistochemical experiments

After functional experiments, all hearts were frozen
in isopentane cooled to ~-50°C in liquid N2. For
Masson’s trichrome, picrosirius red, immunohisto-
chemistry and TUNEL staining, serial cryosections were
cut in the long axis in the coronal plane from all hearts.
Cryosections (20 µm thickness) were collected at 200
µm intervals and were mounted on Superfrost glass
slides (VWR, UK) and stored at -80°C until use.
Masson’s trichrome staining

Sections were stained with Masson’s trichrome as
previously described to show morphology (Dobrzynski
et al., 2005). Images of tissue sections were collected
using a Zeiss light microscope, and AxioVision software
was used to collect and stitch images (Carl Zeiss, Imager
Z1).
Picrosirius red staining

Sections were stained with picrosirius red as
previously described to examine fibrosis (Yanni et al.,
2010). Images of tissue sections were processed as
described above for Masson’s trichrome. 
Antibodies

Primary antibodies used for immunolabelling of
tissue sections were: mouse anti-Cx43 IgG raised against
residues 252-270 of rat Cx43 (1:100; Chemicon), rabbit
anti-HCN4 IgG raised against residues 119-155 of
human HCN4 (1:20 dilution; Alomone labs), mouse
anti-caveolin3 IgG raised against residues 3-24 of rat
caveolin3 (1:100; BD transduction), and goat anti-Cx40
(1:100, Santa Cruz Biotechnology) raised against a
peptide near the C-terminus of Cx40 of human origin. To
detect the primary IgGs, secondary IgGs conjugated to
fluorescence markers were used: donkey anti-mouse IgG
conjugated to Cy3, donkey anti-rabbit IgG conjugated to
FITC and donkey anti-goat IgG conjugated to Alexa488.
Secondary antibodies were purchased from Chemicon
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and Molecular Probes.
Immunohistochemistry

Immunofluorescence labelling was carried out using
established methods as described previously
(Dobrzynski et al., 2001; Yanni et al., 2009). Images
were collected using a confocal laser-scanning
microscope (Zeiss 410, Carl Zeiss GmbH, Goettingen
Germany; LSM 5 PASCAL software). No labelling
above background was detected when secondary
antibodies were used alone.
Image analysis 

Images of sections stained with Masson’s trichrome
or picrosirius red, or immunolabelled for HCN4 and
Cx43 were analysed for content of connective tissue or
collagen and expression of HCN4 or Cx43. Sections to
be compared were stained or immunolabelled under the
same experimental conditions. High magnification
images (using x40 objective for Masson’s trichrome and
picrosirius red staining and x63 objective for
immunolabelling) were collected using the same
microscope parameters. 10-15 images per tissue per
heart were collected. Volocity software (Improvision,
UK) or Image J were used to measure signal intensity (in
arbitrary units) as previously described by Yanni et al.
(2010) and Chandler et al. (2009). 
Measurement of cell diameter

Sections were immunolabelled for caveolin3 to
highlight the cell membrane in order to measure the cell
diameter. 15-22 myocytes were measured per tissue per
heart. 

TUNEL assay

For recognition of apoptotic cells, we used the
TUNEL assay (TdT-mediated dUTP-biotin nick end
labelling) (Gavrieli et al., 1992). The TUNEL assay was
performed on tissue sections using the in situ Cell Death
Detection kit (Roche). Sections were fixed in 10%
buffered formalin for 30 min at room temperature and
were then washed with PBS three times (10 min each
wash). After that, sections were treated with 0.1% Triton
X-100 for 2 min at room temperature and were washed
with PBS three times (10 min each wash). Sections were
then incubated with 50 µl per section TUNEL reaction
mixture (TdT solution with dUTP-FITC solution) for 10
min and were washed with PBS three times (10 min each
wash). Finally, sections were mounted with Vectashield
mounting medium (Vector Labs) and covered with
coverslips and edges were sealed with nail varnish. In
addition, double staining with caveolin3 and TUNEL
was performed to confirm if the apoptotic nuclei were
located within myocytes. Images were collected using
the Zeiss confocal microscope.
Statistical analysis

Data are presented as means±SEM and statistical
differences assessed using Student’s t test or a one-way
or two-way ANOVA as appropriate; differences were
considered significant if P<0.05. 
Results

HF-dependent AVN dysfunction

8 weeks after ligation of the proximal left coronary
artery, the rats had significantly elevated left ventricular
end-diastolic pressure and markedly reduced left
ventricular ejection fraction and they exhibited left
ventricular dilation and hypertrophy, features typical of
post-myocardial infarction systolic heart failure.
Characteristics of the HF rats are provided in Table 1. In
the anesthetised animal, there was no difference in the
heart rate between the sham-operated and HF rats. In the
HF rats, there was evidence of dysfunction of the AVN.
There was an increased PR interval both in vivo (76±2
versus 54±1 ms in sham-operated rats) and in vitro
(59±1 versus 49±1 ms in sham-operated rats; Table 1).
In addition, the Wenckebach cycle length (a measure of
the maximum ability of the AVN to conduct atrial action
potentials) was prolonged from 108±3 ms in sham-
operated rats to 155±5 ms in HF rats (Table 1). Fig. 1
shows representative ECG recordings. A prolongation of
both the PR interval (Fig. 1A,B) and the Wenckebach
cycle length (Fig. 1C) can be seen in HF.
HF-dependent fibrosis 

Fig. 2 shows representative tissue sections stained
with Masson’s trichrome demonstrating the location of
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Table 1. Functional characterisation of sham-operated and HF rats. 

Sham (n=4) Heart failure (n=4)

Body weight (g) 419±8 406±8
Heart weight (g) 1.37±0.02 1.73±0.02*
Heart weight/body weight ratio (mg/g) 3.28±0.18 4.25±0.20*
LV end diastolic area (mm2) 81±1 109±6*
LV end systolic area (mm2) 40±2 88±7*
LV ejection fraction 0.51±0.02 0.20±0.02*
LV end-diastolic pressure (mm Hg) 5.4±0.2 21.0±0.6*
LV end-systolic pressure (mm Hg) 127±3.1 102±4.2*
LV developed pressure (mm Hg) 121±3.2 81±5.1*
LV dP/dtmax (mm Hg/s) 6262±181 3931±201*
LV dP/dtmin (mm Hg/s) 4438±161 2602±177*
In vivo PR interval (ms) 54±1 76±2*
In vitro PR interval (ms) 49±1 59±1*
Wenckebach cycle length (ms) 108±3 155±5*

*: significantly different (Student’s t test; P<0.05) from sham-operated
rats. LV, left ventricle; dP/dtmax and dP/dtmin, maximum and minimum
rate of change of ventricular pressure during contraction and relaxation,
respectively.
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Fig. 1. Evidence of AVN dysfunction in the HF rat. A, B. ECG-like recordings from anaesthetised sham-operated and HF rats (A) and Langendorff-
perfused hearts from sham-operated and HF rats (B). Measurement of PR interval and basic cycle length (BCL) shown. C. ECG-like recordings from
Langendorff-perfused hearts from sham-operated and HF rats showing measurement of Wenckebach cycle length (WCL). Progressive shortening of
the pacing interval resulted in progressive prolongation of the PR interval and eventually atrioventricular block occurred, corresponding to the WCL. In
B and C, one small box corresponds to 10 ms.



the AVN and ring tissue relative to the working
myocardium in both the sham-operated (Fig. 2A) and
HF (Fig. 2B) rat hearts. Fig. 2C shows a high
magnification image of the scar region in the left
ventricle of a HF rat; it shows that myocytes (stained
purple) are replaced with fibrous tissue (stained blue).
Fig. 2D shows that myocytes in sections from HF rat
hearts are more ‘fragmented’. Fig. 3 shows similar
sections stained with picrosirius red. Picrosirius red
stained sections show increased fibrous tissue in HF rat
hearts: there is more collagen (stained red) in Fig. 3B

than in the sham-operated rat heart (Fig. 3A) and this is
confirmed by the high magnification images of different
tissues in Fig. 3C. Fig. 3C shows that, in HF, myocytes
(stained yellow) in all regions investigated are encircled
by a thick layer of collagen (stained red). 

Images such as those shown in Figs. 2D and 3C
were analysed to determine the extent of fibrosis in HF
rat hearts. Fig. 3D shows that there is a significant
increase in the content of collagen (labelled using
picrosirius red) in the HF rat heart: collagen content was
significantly increased by 440% in the left ventricle,
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Fig. 2. Fibrosis in the HF rat heart as revealed by Masson’s trichrome staining. A, B. Long axis Masson’s trichrome stained sections from sham-
operated (A) and HF (B) rat hearts showing the location of the AVN and RAVR. Myocytes are stained purple, connective tissue blue and nuclei black.
C. High magnification image showing a large scar in the left ventricle from a HF rat heart. D. High magnification images of different tissues from sham-
operated and HF rat hearts. Scale bars: 50 µm. E. Connective tissue content of different tissues from sham-operated and HF rat hearts. Connective
tissue measured as blue stained tissue in Masson’s trichrome stained sections using Image J software. Means±SEM (n=4 rats; 10-15
images/tissue/rat) shown. *significantly different from corresponding content in sham-operated rats (P<0.05; two-way ANOVA). AVN, atrioventricular
node; LAVR, left atrioventricular ring; LA, left atrium; LV, left ventricle; MV, mitral valve; PB, penetrating bundle; RA, right atrium; RV, right ventricle;
RAVR, right atrioventricular ring; TV, tricuspid valve; VS, ventricular septum.



237% in the ventricular septum, 164% in the AVN,
100% in the right ventricle, 99% in the right atrium and
95% in the RAVR in HF rat hearts compared to sham-
operated rat hearts. As shown in Fig. 2E, this correlates
with an increase in the volume of connective tissue
(stained blue) in Masson’s trichrome stained sections
from HF rats in all tissues investigated.
HF-dependent cellular hypertrophy 

In Fig. 2D, it can be seen that both histologically-

specialised and working myocytes (stained purple) are
larger in sections from HF rat hearts as compared to
sections from sham-operated rat hearts. To confirm this
hypertrophy, sections were immunolabelled for
caveolin3 in order to measure the cell diameter. Fig. 4A-
C shows that caveolin3 is expressed in the cell
membrane in the AVN, RAVR and working
myocardium. In sections from HF rat hearts, the
myocytes appear larger in all tissues investigated (Fig.
4A-C). Fig. 4D shows that the mean cell diameter (in
short axis) was significantly increased in sections from
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Fig. 3. Fibrosis in the HF rat heart as revealed by picrosirius red staining. A, B. Long axis picrosirius red stained sections from sham-operated (A) and
HF (B) rat hearts. Myocytes are stained yellow and collagen red. C. High magnification images of different tissues from sham-operated and HF rat
hearts. Scale bars: 50 µm. D. Collagen content of different tissues from sham-operated and HF rat hearts. Collagen measured as red stained tissue in
picrosirius red stained sections using Volocity software. Means±SEM (n=4 rats; 10-15 images/tissue/rat) shown. *significantly different from
corresponding content in sham-operated rats (P<0.05; two-way ANOVA). AVN, atrioventricular node; LAVR, left atrioventricular ring; LA, left atrium; LV,
left ventricle; MV, mitral valve; PB, penetrating bundle; RA, right atrium; RV, right ventricle; RAVR, right atrioventricular ring; TV, tricuspid valve; VS,
ventricular septum.
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Fig. 4. Cell hypertrophy and apoptosis in the HF rat heart. A, B, C. High magnification images of caveolin3 immunolabelling (red signal) in different
tissues from sham-operated and HF rat hearts. Caveolin3 immunolabelling (in cell membrane) allows determination of cell diameter. D. Cell diameter in
different tissues from sham-operated and HF rat hearts. Means±SEM (n=3 rats; ~25 images/tissue/rat) shown. *significantly different from
corresponding cell diameter in sham-operated rats (P<0.05; two-way ANOVA). E. Labelling of apoptotic nuclei (green signal) and caveolin3 (red signal)
in different tissues from sham-operated and HF rat hearts. Scale bars: 50 µm. AVN, atrioventricular node; LAVR, left atrioventricular ring; LA, left
atrium; LV, left ventricle; MV, mitral valve; PB, penetrating bundle; RA, right atrium; RV, right ventricle; RAVR, right atrioventricular ring; TV, tricuspid
valve; VS, ventricular septum.
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Fig. 5. Downregulation of HCN4 in the
AVN and RAVR in the HF rat heart. 
A. High magnification images of HCN4
immunolabelling (green signal) in the
AVN and RAVR from sham-operated
and HF rat hearts. Scale bars: 50 µm. 
B. Intensity of HCN4 immunolabelling in
the AVN and RAVR from sham-operated
and HF rat hearts. Means±SEM (n=4
rats; 10-15 images/tissue/rat) shown.
*signif icantly different from
corresponding intensity in sham-
operated rats (P<0.05; one-way
ANOVA). AVN, atrioventricular node;
LAVR, left atrioventricular ring; LA, left
atrium; LV, left ventricle; MV, mitral
valve; PB, penetrating bundle; RA, right
atrium; RV, right ventricle; RAVR, right
atrioventricular ring; TV, tricuspid valve;
VS, ventricular septum.



HF rat hearts compared to sections from sham-operated
rat hearts: by 63% in the AVN, 39% in the RAVR, 45%
in the right atrium, 55% in the right ventricle, 36% in the
left atrium and 27% in the left ventricle. These results
indicate general hypertrophy of myocytes in HF.
HF-dependent apoptosis 

A significant number of apoptotic cells were found
in sections from HF rat hearts in the AVN and working
myocardium: TUNEL staining demonstrated a

significantly higher level of DNA fragmentation (a
marker of apoptosis; green signal in Fig. 4E). Double
labelling of caveolin3 (a marker of cardiac myocytes)
confirmed that apoptosis was occurring mainly in
cardiac myocytes. Only scattered apoptotic cells were
found in the sham-operated hearts (Fig. 4E).
HF-dependent downregulation in HCN4

HCN subunits are responsible for the relatively non-
selective cation current, If, which plays an important role
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Fig. 6. Downregulation of Cx43 in the working myocardium in the HF rat heart. A, B. Long axis sections through the RAVR and AVN in sham-operated
and HF rat hearts immunolabelled for HCN4 (green signal) and Cx43 (red signal). HCN4 is highly expressed in the RAVR and AVN, whereas Cx43 is
expressed in the working myocardium, but not in the RAVR and AVN. Scale bars: 500 µm. C, D. High magnification images of Cx43 immunolabelling
(red signal; in intercalated disks) in different parts of the working myocardium from sham-operated and HF rat hearts. E. Intensity of Cx43
immunolabelling in different parts of the working myocardium from sham-operated and HF rat hearts. Means±SEM (n=4 rats; 15 images/tissue/rat)
shown. *significantly different from intensity in sham-operated rats (P<0.05; one-way ANOVA). Scale bars: 50 µm. AVN, atrioventricular node; LAVR,
left atrioventricular ring; LA, left atrium; LV, left ventricle; MV, mitral valve; PB, penetrating bundle; RA, right atrium; RV, right ventricle; RAVR, right
atrioventricular ring; TV, tricuspid valve; VS, ventricular septum.



in cardiac pacemaking (DiFrancesco and Ojeda, 1980).
As such, HCN channels are important for AVN
automaticity (Dobrzynski et al., 2003). However, HCN
channels may have another role. The HCN4 channel is
the predominant isoform expressed in the cardiac
conduction system (DiFrancesco and Tortora, 1991).
Baruscotti et al., 2011 reported that knockout of HCN4
in the adult mouse not only leads to an expected and
substantial sinus bradycardia, but it unexpectedly often
results in death as a result of heart block (i.e. a block of
AVN conduction). It is possible that the HCN channels
control cellular excitability and thus the conduction
velocity. In this study, we found a decline in expression
of HCN4 in the AVN and RAVR in sections from HF rat
hearts compared to sections from sham-operated rat
hearts (Fig. 5A). Measurement of the intensity of the
signal confirmed a significant decrease in HCN4 in the
AVN and RAVR by 43% and 47%, respectively (Fig.
5B).
HF-dependent downregulation in Cx43

Cx43 is the major gap junction protein that mediates
intercellular electrical coupling in the heart and it was
immunolabelled as a ‘marker’, because it is known to be
downregulated in HF. As expected, Cx43 was not
expressed in the AVN and RAVR (Fig. 6A,B). However,
Cx43 was expressed in the working myocardium and
there was a decrease in Cx43 immunolabelling in
sections from HF rat hearts as shown in Fig. 6C,D. This
was confirmed by measurement of the Cx43 signal
intensity, which declined by 27% in the right atrium,
15% in the left atrium, 40% in the right ventricle, 28% in
the left ventricle and 25% in the ventricular septum (Fig.
6E). 

In this study, we observed Cx40 to be expressed in
the AV conduction axis, mainly the His bundle, but not
in the AVN (data not shown). Cx40 was also not
expressed in the RAVR tissue (data not shown).
Expression of Cx40 showed no obvious changes in the
AV conduction axis in sections from HF rat hearts
compared to sections from sham-operated rat hearts
(data not shown).
Discussion

It is well known that in HF there is fibrosis,
hypertrophy, apoptosis and downregulation of Cx43
(e.g., Dupont et al., 2001; Poelzing and Rosenbaum,
2004; Kostin, 2005; Stillitano et al., 2008). However, the
AVN (responsible for the propagation of the action
potential from the atria to the ventricles) and the
associated RAVR (associated with arrhythmias) in HF
have not been studied before. This study has shown that
in a rat model of ischaemia-induced left ventricular HF,
there is dysfunction of the AVN, which can be attributed
to an adverse structural remodelling (fibrosis and
apoptosis) as well as altered HCN4 expression.
Comparable changes take place in the closely associated

RAVR. 
HF-dependent AVN dysfunction

In the rat model of HF, there was a prolongation of
the PR interval both in vivo and in vitro as well as an
increase in the Wenckebach cycle length (Fig. 1; Table
1). This is evidence of AVN dysfunction. This is
consistent with clinical data from HF patients (see
Introduction). 
HF-dependent fibrosis

The extracellular matrix is a highly adaptive
structure that is dynamically regulated by mechanical
stress, neurohormonal activation, inflammation and
oxidative stress (Burgess et al., 2001). Our data show
that there is a significant increase in connective tissue
content and total collagen content in this model of HF
(Figs. 2, 3). Remodelling of the collagen occurs in both
the infarcted and non-infarcted myocardium. It is
responsible for favourable wound healing and
compensatory responses to tissue loss on the one hand,
and the deleterious development of impaired ventricular
function and HF on the other (Zhang et al., 2010). To the
best of our knowledge, our study is the first to
investigate fibrosis in the AVN and RAVR in HF. We
found evidence of an increase in total collagen content in
the histologically specialised tissues as well as the
working myocardium (Fig. 3). The fibrosis of the AVN
in the HF rats is expected to contribute to the slowed
conduction through the AVN by disrupting myocyte-to-
myocyte connections. 

Sugai et al. (1981) undertook a morphological study
of the cardiac conduction system in the human in various
ageing and disease states, noting that, in cases
considered to be HF, the AVN was often infiltrated by
fatty tissue, resulting in myocyte distortion or
destruction, with increased fibrosis also present in some
cases.
HF-dependent cellular hypertrophy 

The presence of hypertrophy in failing working
cardiomyocytes is well documented, and is often
considered to be a compensatory mechanism preceding
the failing state (Berenji et al., 2005; Hara et al., 2005).
A search of the literature failed to reveal any mention of
hypertrophy in the AVN and RAVR in HF. Okada and
Kawai (1983), in a histological study of hearts from
patients who died as a result of sudden cardiac death,
observed AVN hypertrophy in hearts from patients
whose ECG findings had shown prolonged QT interval,
heart block or ventricular fibrillation as a result of
ischaemic or hypertensive disease. There was no
discussion, however, as to whether the AVN myocytes
were enlarged. We present, therefore, the first evidence
that in HF there is cellular hypertrophy of AVN
myocytes and the myocytes making up the RAVR, as
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well as the working cardiomyocytes (Fig. 4). It is
unclear whether the cellular hypertrophy per se will have
any effect on AVN function in HF. 
HF-induced apoptosis

Examination of human heart tissue has shown
apoptosis in association with conditions such as
idiopathic dilated cardiomyopathy, ischaemic
cardiomyopathy, arrhythmogenic right ventricular
dysplasia and hypertrophic cardiomyopathy (Guerra et
al., 1999; Kavantzas et al., 2000). In a study of
ischaemic cardiomyopathy, 2% of cardiomyocyte nuclei
were apoptotic at the time of the sample collection
(Olivetti et al., 1997). It has been proposed that
apoptosis may be partly responsible for the progression
of HF (Gill et al., 2002; Wang et al., 2009). Our study is
the first to present evidence of apoptosis in the AVN in
HF (Fig. 4). Like the fibrosis of the AVN in HF rats, the
apoptosis is expected to contribute to the slowed
conduction through the AVN by disrupting myocyte-to-
myocyte connections.
HF-dependent downregulation of HCN4

This study, for the first time, showed downregulation
of HCN4 in both the AVN and RAVR in HF (Fig. 5). A
previous study has shown downregulation of HCN4 and
HCN2 in the sinus node in HF (Leoni et al., 2005). It is
possible that the downregulation of HCN4 in HF
contributes to the slowed conduction through the AVN
by reducing excitability (Baruscotti et al., 2011).
HF-dependent downregulation of Cx43

Our study showed a downregulation of Cx43 in the
working myocardium in HF (Fig. 6). This is consistent
with earlier studies: Ai et al., 2010 showed a general
downregulation of Cx43 in left ventricular myocytes in
arrhythmogenic HF rabbit, Bastide et al., 1993 showed a
downregulation of Cx43 in Cx40 transgenic
hypertensive rats and Peters et al., 1993 showed a
downregulation of Cx43 in chronically pressure
overloaded hypertrophic human myocardium. A
reduction in Cx43 in the working myocardium in HF is
expected to be proarrhythmic by slowing the conduction
velocity and promoting reentry. However, this
downregulation of Cx43 may play a beneficial role in
myocardial infarction-induced HF, because Cx43 plays
vital roles in inflammatory responses, cell proliferation
and wound repair (Chanson et al., 2005; Mori et al.,
2006). 
Conclusion

Our study reveals that ischaemia-induced HF causes
a decline in AVN function as a result of a remodelling of
the AVN and the closely associated RAVR. As the
RAVR is located within the right atrium and the AVN in

the interatrial septum, it is unlikely that the observed
remodelling of the AVN and RAVR in HF rats was due
to ligation of the proximal left coronary artery as the
blood supply to these structures comes from the
branches of the right coronary artery (Halpern, 1957).
However, the remodelling of the right ventricle and
inetrventricular septum could be partly due to ligation of
the left coronary artery as some of its branches do supply
these structures of the heart with blood (Halpern, 1957).

The observed fibrosis, apoptosis and downregulation
of HCN4 in the AVN are expected to contribute to the
dysfunction of the AVN, although a role for yet more
factors cannot be ruled out. This study improves our
understanding of the dysfunction of the cardiac
conduction system in HF and may lead to the
development of new therapies.
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