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Abstract

The atrioventricular node (AVN), the molecular basis has been studied in animal models; however, the human
AVN remains poorly explored at the molecular level in heart failure patients. We studied ex vivo donor human hearts
rejected for transplantation (n=6) and end-stage failing hearts with cardiomyopathy of various etiologies (n=6).
Microdissection and quantitative PCR (qQPCR) were used to anatomically map mRNA expression in both failing and
non-failing hearts from tissue sections through the AVN, atrial and ventricular muscle. In the failing ventricle
significant (P<0.05) downregulation is apparent for vimentin, hERG and Kir3.4 and trend to downregulation for
Nav1.5, Cav1.2, Tbx3, Kir2.1, NCX1, Cx43 and Cx45. In the failing atrium, there is non-significant trend in
upregulation for Nav1.5, HCN2, Cav3.1, Kv1.5, Kir3.1, RYR2 and significant upregulation for Cx40 and trend in
downregulation for hERG, Kir2.1 and NCX1, and significant downregulation for HCN4 and Kir3.4. In the failing AVN
there is significant (P<0.05) downregulation for vimentin, collagen, Tbx3, Kir3.1, Kir3.4, Cx45 and HCN4; there is
also trend toward downregulation for HCN2, Kv1.5, Kir2.1 and RYR2. In the failing AVN there is significant (P<0.05)
upregulation for Cx40, HCN1 and Cav3.1; and trend in upregulation for Nav1.5 and Cx43. For several transcripts,
we also analysed corresponding protein expression via immunofluorescence. The protein expression data on the
AVN for HCN1, Cav3.1 and Cx40 support gqPCR data. Remodelling of AVN in heart failure might contribute to
prolonged AV conduction time and could explain the prolonged PR interval that occurs in heart failure patients.
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Introduction

Heart failure (HF) is a severe pathological condition, associated
with high morbidity and mortality. HF is the condition in which the
heart is unable to provide cardiac output sufficient for the body’s
metabolic requirement. HF is often the final outcome of several years
of worsening cardiomyopathy, and spectra of etiologies underlying HF
cover a wide range of common conditions, for example coronary heart
disease (CHD), which affects approximately 2.5 million people in the
UK and 5.7 million of people in the USA [1,2]. Treatment may have
little effect on the final outcome of HF [3], as the etiology of the
disease and its underlying mechanisms are complex and not fully
understood.

Electrocardiography (ECG) and echocardiography are common
tools, which aid diagnosis of HF. Bradycardia is not usually observed
clinically in HF as it is masked by increased B-adrenergic drive. The
PR interval is often prolonged in HF indicating slowed conduction
through the atrioventricular node (AVN) [4]. First or second-degree
AV block in HF patients increases a risk factor for sudden cardiac
death [4,5].

The AVN is an important component of the cardiac conduction
system and is responsible for the conduction of the action potential
from the atria to ventricles, and for introducing a delay between atrial
and ventricular systole required for complete ventricular filling for
subsequent efficient pumping of blood. In the human heart, the AVN is

delineated by the triangle of Koch in the floor of the right atrium,
bordered by the coronary sinus; the tendon of Todaro and the tricuspid
valve (Figure 1) (compared with Figure S1). Tawara in 1906 first
described the complex structure of the AVN as a histologically
discrete group of cells at the proximal end of the bundle of His which
he called the “Knoten” [6].

The AVN is a complex region of the heart and it contributes to the
development of arrhythmias and cardiac dysfunction. The molecular
and structural basis for remodelling of the AVN in HF is poorly
explored, especially in the human heart. It is generally believed that
the compact node [6] is responsible for most of the conduction delay
between excitation of the atria and ventricles, and thus we investigated
this region at the structural and molecular level in donor and end-stage
failing human hearts. We hypothesizes that ECG changes (changes in
the PR interval) observed in HF patients are based on structural
remodelling, as well as remodelling of proteins and genes underlying
ion channels, Ca?*-handling proteins, and gap junctions in the failing
AVN. This study is the first comparative study of the AVN in failing
and non-failing human heart.

Methods

The use of human hearts for research was approved by the
Institutional Review Board of Washington University in Saint Louis.
Failing hearts (n=6) with cardiomyopathy were obtained during
transplantation at the Barnes-Jewish Hospital, Washington University
School of Medicine (Saint Louis, MO). We also used non-failing
donor hearts (n=6), which were rejected for transplantation for various
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reasons including age, early stage hypertrophy, atrial fibrillation, and
coronary disease. Donor hearts were provided by the Mid-America
Transplant Services (Saint Louis, MO).

Histology

We obtained cryosections from the compact AVN and adjacent
atrial muscle (AM) and ventricular muscle (VM) from six donor and
six failing human hearts. The profile of patients from whom tissue
samples were obtained for  histology, qPCR and
immunohistochemistry analysis is summarized in Table 1. We used
histology to determine the location of the AVN. Masson’s Trichrome
staining was carried out as previously described [7,8].

Patient Age Gender Disease Cause of death
Category
1 58 F Donor Intracranial hemorrhage
2 70 M Donor Intracranial hemorrhage
3 40 M Donor Brain tumor
4 72 F Donor Intracerebral
hemorrhage
5 33 F Donor Car accident
6 55 F Donor Stroke
7 43 M Failing Idlopathlc dilated
cardiomyopathy
- Idiopathic
8 37 F Failing cardiomyopathy
9 62 M Failin Ischaemic
9 cardiomyopathy
10 52 F Failing Non-ischaemic
cardiomyopathy
1 45 F Failing Hypgrtrophlc obstructive
cardiomyopathy
- Ischaemic
12 50 M Failing cardiomyopathy

Table 1: Profile of patients from whom tissue samples were obtained.

Quantitative PCR

For qPCR, we micro-dissected the AVN (CN), AM and VM (as
outlined in Figure 1), from ~10 frozen sections (16 pm thick)
(adjacent to those shown in Figure 1), which underwent a rapid
haematoxylin and eosin staining (H&E) protocol [8]. We did not study
other components of the AV conduction axis (e.g., INEs and His
bundle) as there was not enough human material available. Following
extraction of total RNA from the samples and reverse transcription to
produce cDNA, the abundance of cDNAs for a selected cell type-
marker, e.g., Tbx3, ion channels, gap junction channels and Ca%*-
handling proteins were measured using qPCR. The data were analyzed
using the ‘?CT technique’: to correct for variations in the amount of
total RNA in the different samples, the amounts of the different
cDNAs measured were normalized to the abundance of a housekeeper
gene (ribosomal protein 28S, which proved to be more reliable than
GAPDH as shown in our earlier studies [7,8]. Means £ SEM are
shown. Significant differences in the abundance of mRNAs in

different tissues were identified using ANOVA. A more detailed

description of the methods can be found in the supplemental data
(SD).

Immunohistochemistry

Immunohistochemistry was performed as previously described on
the human sinus node and AVN respectively [7,8] using antibodies
listed in Table S4.

Results

Histology of human atrioventricular node

We stained tissue sections obtained from 12 hearts. Figure 1 show
Masson’s trichrome stained tissue sections from one donor heart (left
panel) and one failing heart (right panel), respectively. Figure 1 shows
that in HF the AVN becomes hypoplastic compared to the donor AVN.
Adjacent tissue sections were stained with H&E and were used for
microdissection (Figure S1) for qPCR experiments as mentioned
above and described in more details in the SD.

Figure 1: Histology of human atrioventricular node. Masson’s
trichrome staning through donor AVN (left panel) and failing AVN
(right panel). AVN: Atrioventricular Node; AM: Atrial Muscle;
CFB: Central Fibrous Body; VM: Ventricular Muscle.

qPCR data

Table S1 shows all targets investigated in the compact AVN, AM
and VM. We have investigated other transcripts not listed in Table S1
[8], but we were unable to amplify these transcripts due to limited
amount of human tissue.

Tbx3, vimentin and collagen

Tbx3, a transcription factor expressed in the cardiac conduction
system [8-10], was used to characterize the tissues studied by qPCR.
Tbx3 is highly expressed in the AVN [7]. Figure 2 shows that the
expression of Tbx3 is significantly higher in the AVN of the donor
heart than in the working myocardium. Significant downregulation of
this mRNA is observed in the failing AVN compared to the donor
AVN.
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Vimentin (marker of fibroblasts) and collagen mRNAs are
significantly downregulated in the failing AVN compared to donor
AVN (Figure 2) (compared with Figure S2), and these data therefore
suggest that there is remodelling of extracellular matrix in the failing
AVN.

Navl.5 (cardiac Na™ channel)

The cardiac Na* channel, Nav1.5, is primarily responsible for INa
(responsible for the rapid action potential upstroke in the working
myocardium) [9]. Figure 2 confirms the expected pattern of expression
for Navl.5 mRNA in the donor cardiac tissues; its expression being
lower in the donor AVN compared to donor AM or VM. In the failing
VM and AM there was trend towards downregulation compared to the
donor tissues, whereas in the failing AVN there was trend towards
upregulation of this mRNA (Figure 2).
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Figure 2: qPCR results for Vimentin, Collagen, Tbx3 and Navl.5
mRNA and significance data. Means+SEM (n=6 from donor hearts
and n=6 form failing hearts) shown. Significant differences
(P<0.05) amongst different tissue are represented by letters above
bars. a, VM-D; b, VM-F; ¢, AM-D; d, AM-F; e, AVN-D; f, AVN-F.
AM: Atrial Muscle; AVN: Atrio Ventricular Node; D: Donor; F:
Failing; VM: Ventricular Muscle.

HCN1, HCN2 and HCN4 (pacemaker channels)

HCNs genes encode for the pacemaker current, If. In small
mammals If is present in the cardiac pacemaker tissues and generally
not in the working myocardium [11]. Figure 3 confirms the expected
distribution of HCNs mRNAs in donor cardiac tissues, with
significantly higher expression in the donor AVN compared to the
donor AM and/or VM. Significant upregulation of HCN1 and HCN4
are found in the failing AVN compared to the donor AVN, whereas a
trend in downregulation of HCN2 found in the failing AVN compared
to the donor AVN (Figure 3).
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Figure 3: qPCR results for HCN1, HCN2, HCN4, Cav1.2, Cavl.3
and Cav3.1 mRNA and significance data. See Figure 2 for details.

Cavl.2, Cavl.3 and Cav3.1 (Ca?' channels)

Two separate Ca2" currents have been recorded from cardiac
myocytes, the L-type (ICa,L) and T-type (ICa,T) [12]. Cavl.2 and
Cav1.3 are responsible for ICa,L and Cav3.1- Cav3.3 are responsible
for ICa,T [9]. Figure 3 confirm expected distribution of Cavl.2 and
Cav1.3 mRNAs across the three regions investigated: Cavl.2 mRNA
expression is greater in the donor VM than in the donor AVN, whereas
Cav1.3 mRNA expression is greater in the donor AVN than in the
donor VM. Downregulation of Cavl.2 mRNA expression is observed
in the failing VM compared to the donor VM (Figure 3). Figure 3 also
confirms expected distribution of Cav3.1 mRNA in donor cardiac
tissues: Cav3.1 mRNA expression is lower in the donor VM and AM
compared to the donor AVN. In the failing AVN there is significant
upregulation compared to the donor AVN (Figure 4). In addition, this
figure illustrates that at the protein level there is higher expression of
HCNI1 and Cav3.1 in the failing AVN compared to the donor AVN.

Kv1.5, ERG, Kir2.1, Kir3.1 and Kir3.4 (K* channels)

There are three delayed rectifier K* currents, the ultra-rapid (IK,ur),
rapid (IK,r) and slow (IK,s). The ion channels responsible for IK,ur,
IK,r and IK,s are Kv1.5, hERG and KvLQT1, respectively. IK,ur is
considered a major repolarizing current in the human atrium [7].
Figure 5 confirms the expected distribution of Kv1.5 mRNA in donor
cardiac tissues: greater expression is evident in the donor AM and
AVN compared to the donor VM. A trend of downregulation of Kv1.5
mRNA is observed in the failing AVN compared to the donor AVN,
whereas a trend to upregulation is seen in the failing AM and VM
compared with controls (donor tissues). IK,r and IK,s, are responsible
for repolarization in the working myocardium in various species
including the human [7]. Figure 5 confirms the expected distribution
of hERG mRNA in donor cardiac tissues: higher expression in the
donor VM compared to the donor AM and AVN. Significant
downregulation occurs in the failing VM compared to the donor VM
(Figure 5). Unfortunately, KvLQT1 mRNA failed to amplify in some
cardiac tissues as well as other K™ channels such as Kv1.4, Kv4.2 and
Kv4.3 responsible for outward K* current, IK, too (Table S1).
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Kir2.1 is responsible for t0068¢ background inward rectifier K*
current (IK,1) [9]. Figure 5 confirms the expected distribution of
Kir2.1 mRNA in donor cardiac tissues: significantly greater
expression is evident in the donor VM compared to the donor AVN. A
trend toward downregulation of this mRNA is observed in the failing
cardiac tissues compared to their donor counterparts (Figure 5).

i

AVN-F

AVN-D| D

Figure 4: Immunolabelling results for HCN1 and Cav3.1 in the
atrioventricular node. Top panels show expression of HCN1 in the
donor AVN (left panel) and stronger expression in the failing AVN
(right panel). Bottoms panels show expression of Cav3.1 in the
donor AVN (left panel) and stronger expression in the failing AVN
(right panel). The images are from patients 6 and 10, see Table 1
for details.

The ACh-activated K* current, IKACh, is generated by a
heteromultimer of Kir3.1 and Kir3.4 [13]. Figure 5 confirms the
expected distribution of Kir3.1 and Kir3.4 mRNAs in donor cardiac
tissues: significantly lower expression in the donor VM compared to
the donor AVN (significant for Kir3.4). Kir3.1 mRNA is
downregulated in the failing AVN compared to the donor AVN (Figure
5). Kir3.4 mRNA expression is significantly downregulated in the
failing VM and AVN tissues (Figure 5).
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Figure 5: qPCR results for Kv1.5, ERG, Kir2.1, Kir3.1 and Kir3.4
mRNA and significance data. See Figure 2 for details.

Ca?" handling proteins RYR2 and NCX1

Intracellular Ca%" has been suggested to play an important role in
pacemaking in small mammals [14]. Figure 6 shows that the
distribution of the SR Ca?" release channel RYR2, mRNA is higher in
the donor AVN compared to the donor working myocardium; a trend
of downregulation of this mRNA is observed in the failing AVN
compared to donor and a trend for upregulation in the failing AM.
Figure 6 also shows the distribution of the Na*-Ca?" exchanger, NCX1
mRNA expression is relatively consistent across all regions
investigated, but a trend towards higher expression is observed in the
donor VM (Figure S3 in supplementary).

NCX1

A RYR2 B

Relative abundance of mRNA normalised to 285

Figure 6: qPCR results for RYR2, NCX1, Cx40, Cx43 and Cx45
mRNA and significance data. See Figure 2 for details.
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Figure 7 illustrates that at the protein level there is lower expression
of RYR2 in the failing AVN compared to the donor AVN, but no
changes in NCX1 protein. In the failing VM there appear to be
downregulation of RYR2 and NCX1 protein as documented
previously [15].

Connexins Cx40, Cx43 and Cx45

Figure 6 confirms distribution of Cx40, Cx43 and Cx45 mRNAs in
donor cardiac tissues [7]. There is significant upregulation of Cx40
and trend towards upregulation for Cx43 mRNAs but significant
downregulation of Cx45 mRNA in failing AVN compared to the donor
AVN (Figure 6).

Figure 7

Figure 7: Immunolabelling results for RYR2 and NXC1 in the
atrioventricular node and ventricular muscle. A, B, striated pattern
of RYR2 expression in the donor AVN (A) and weaker expression
in the failing AVN (B). C, D, strong striated pattern of RYR2
expression in T-tubules in the donor VM (C) and weaker expression
in the failing VM (D). E, F, NCX1 expression in the membrane of
the donor AVN (E) and failing AVN (F). G, H, NCX1 expression in
the membrane of the donor VM (G) and failing VM (H). The
images are from patients 6 and 10, see Table 1 for details.

Figure 8 further illustrates that there is higher distribution of Cx40
in the failing AVN compared to the donor AVN at the protein level.
This figure also illustrates ECG recordings obtained from one healthy
and one HF patient, and it shows that failing heart has severe
abnormalities in the cardiac conduction system. As can be seen in
Figure 8 in HF ECG there is an evidence of first degree AV block
(prolonged PR interval). There is also evidence of slow ventricular
conduction seen as prolonged QRS interval (Table S2).

AVN-DJife}
Normal

D
Heart failure

Figure 8: Cx40 immunolabelling in the atrioventricular node and
ECG recordings. A, punctuate Cx40 expression in the donor AVN.
B, punctuate Cx40 expression in the failing AVN. C. EGC
recording from a healthy patient. D. ECG recording from HF
patient showing prolongation of PR interval and conduction block
in the left bundle branch. AVN-D, atrioventricular node donor;
AVN-D; atrioventricular node failing. The images are from patients
6 and 10, see Table 1 for details.

Discussion

The present study is the first to investigate changes in ion channels,
Ca?* handling proteins and connexins at mRNA and protein levels in
the site of normal regulation of the AV conduction, the AVN, in human
failing versus non-failing hearts. The results obtained indicate that
changes in expression occur in a number of the genes encoding and
proteins underlying key ion channels, Ca?" handling proteins and
connexins in this region. Our data also show that there is hypoplasia in
failing AVN as well as remodelling of extracellular matrix evident
from downregulation of vimentin and collagen. Table S3 shows P
values for transcripts investigated and Table S4 summarizes mRNA
expression in all regions investigated. The failing ventricle (compared
to the donor ventricle) has downregulation for Navl.5, Cavl.2, hERG
(significant), Kir3.1, Kir3.4 (significant), vimentin (significant),
Kir2.1, NCX1, Cx43 and Cx45 and upregulation for collagen, HCN4,
Cavl.3, Cav3.1 and Kv1.5. In the failing atrium there is upregulation
for Navl.5, HCN2, Cav3.l, Kvl.5, RYR2, Cx40 (significant),
collagen (significant) and vimentin and downregulation for HCN4
(significant), hERG, Kir2.1, Kir3.4 (significant), NCX1 and Cx43. In
the failing AVN there is significant downregulation for vimentin,
collagen, Tbx3, HCN1, HCN4, Kir3.1, Kir3.4 and Cx45; there is also
trend toward downregulation for HCN2, Kv1.5, Kir2.1 and RYR2. In
the failing AVN there are significant upregulation for Cav3.1 and
Cx40; and trend in upregulation for Nav1.5 and Cx43. The protein
data on the AVN for HCN1, Cav3.1 and Cx40 support qPCR data.
These changes may contribute to the prolonged AV conduction time
observed in HF patients and could explain the prolonged PR intervals
that can occur in HF patients shown in Figure 8.
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Extracellular matrix (ECM) remodelling

The ECM is important in determining myocardial contractility,
compliance and conductivity and is altered in many ways in failing
hearts. Fibroblasts are the most abundant cells in the heart,
synthesizing and regulating ECM components, the foremost of which
is collagen. Vimentin is expressed in fibroblasts and proves a useful
marker in measuring fibroblast abundance. In HF, trends in collagen
abundance differ widely across studies and experimental models.
Diffuse fibrosis of the myocardium is typically described in
hypertrophic and pressure overload disease models, resulting in
impaired systolic and diastolic function [16,17]. Collagen also reduces
conductivity, predisposing to tissue to arrhythmias [18]. In our study
both vimentin and collagen were downregulated in the failing AVN,
suggesting that its conductivity is altered. Downregulation of collaged
has been observed in HF sheep heart [19] and the sinus node of old
rats [20].

Tbx3, ion channels, connexins, Ca?* handling remodelling

Tbx3 has been identified as being primarily responsible for nodal
tissue development. In the early sinus node and AVN, it represses
transcription of Cx40 and Cx43 (high-conductance connexins) and
Navl.5 (responsible for the fast inward depolarizing Na* current), as
well as other atrial myocyte markers [21,22]. Hoogars et al.,
demonstrated that Tbx3 deficiency resulted in Cx40, Cx43 and Nav1.5
being expressed in the nodal tissue, and forced expression of Tbx3 in
atrial tissue resulted in ectopic functional pacemaker tissue [22]. In
our study Tbx3 was significantly downregulated in the failing AVN
and perhaps its downregulation can explain the changes we observed
in Cx40, Cx43 and Navl.5 expression, i.e., upregulation in the failing
AVN.

In our study we investigated sodium channel Navl.5, gene name
SCNS5A. [7] showed that in in the human heart the distribution of
Navl.5 was high in the VM and AM compared to the AVN [7]; this
distribution was confirmed by our results from donor samples. Borlak
and Thum, reported a decrease in Navl.5 in the VM from failing
human hearts from ischaemic or dilated cardiomyopathy conditions
[23]. Our results confirmed decreased Nav1.5 expression in the VM
and thus agree with the results of [23]. Navl.5 expression in the
failing AVN was found to be slightly increased, perhaps due to
downregulation of its suppressor Tbx3.

Electrical coupling of cardiac cells via connexins is one of the most
important factors determining conduction velocity. Cx43 is the most
abundant connexin in the heart and produces strong electrical
coupling, allowing uniform contraction through rapid impulse
transmission. In the nodal tissue there is weak electrical coupling,
which allows nodal cells to maintain a less negative resting potential
than the surrounding myocardium; without this insulation from the
hyperpolarising influence of surrounding working myocardium,
pacemaking would be suppressed [24,25]. This weak coupling is
achieved through the presence of fewer and smaller gap junctions,
absence of Cx43, and higher expression of the low-conductance
isoform Cx45 [25]. Cx40 (a high conductance isoform) is expressed in
atrial myocardium and in the His-Purkinje system [7]. Connexins play
an important role in altered electrophysiology during cardiomyopathy
[26]. For example, Cx43 downregulation in working myocardium is
associated with HF and arrhythmias [26,27] and such downregulation
was observed in our study. Complex alterations in Cx40 expression
across the heart have been linked to HF, particularly to bradycardia

and atrial fibrillation [28,29]. In our study upregulation of Cx40 and
Cx43 and downregulation of Cx45 was seen in the failing AVN,
coupled with the downregulation of Tbx3 and collagen, and
upregulation of Navl.5 mentioned above could further reinforce our
thinking that there is altered function of the AVN in HF. There results
further reinforce the idea that there is altered function of the AVN in
HEF. Perhaps in the failing heart, the AVN cells adapt a phenotype that
is more similar to the working myocardium due to altered level of
transcription factors that pattern the conduction system, i.e. Tbx3.

Pacemaker channels

The pacemaker channels investigated were HCN1, HCN2 and
HCN4, which contribute to diastolic depolarization of the pacemaker
action potential. Work by Greener et al., on the human AVN showed
highest expression of HCN4, followed by HCN2 and then HCN1 in
the AVN; in the AM and VM there was little expression of HCN1 and
HCN4 [7] this distribution was largely confirmed by our results from
donor samples. Significant upregulation of HCN1 was observed in the
failing AVN, and there was trend toward downregulation of HCN2 and
significant downregulation of HCN4. Upregulation of HCN1 could
lead to increased pacemaking role of the failing AVN to attempt to
stimulate and improved more rhythmical contraction in the ventricles.
In the failing atrium there is slight upregulation of HCN1 and HCN2,
but significant downregulation of HCN4. In the failing ventricle there
was slight upregulation of HCN4, which agrees with study by [23].

Calcium channels

mRNA of both L-type (Cavl.2 and Cavl.3) and T-type calcium
channels (Cav3.1) were investigated. Cavl.2 expression in donor
tissue agrees with the results of [7,30]: expression appears higher in
the AM and VM then in the conduction tissue. The results from
Cavl.3 mRNA expression are consistent with Greener et al., findings:
low VM expression and high in the AVN [7].

Borlak and Thum, reported a decrease in Cavl.2 in failing
ventricle; our findings also show a decrease. Downregulation of L-
type Ca2" channels in HF has been well documented [31]. It is known
that downregulation of L-type of Ca?* channels contributes to atrial
fibrillation by decreasing the ERP and slowing of conduction [31,32].

Cavl.3 has been shown to have a role in pacemaking [33], and
Cavl.3-/- mice have been found to display a prolonged PR interval
[34]. This explains the abundant expression of Cavl.3 in the donor
AVN and correlates well with the role of T-type Ca2" current [35]. In
the failing AVN our data show that there is no change in Cavl.3
expression.

Our results showed significant upregulation of Cav3.1 in the failing
AVN and this upregulation would, as with HCN1, imply an increased
ectopic pacemaking role for the AVN in HF because ICa, T may be
important in maintaining speed of diastolic depolarization in
pacemaking [36].

Potassium channels

The K+ channels investigated were the delayed rectifier channels
Kv1.5, hERG and the inwardly rectifying channels Kir2.1, Kir3.1 and
Kir3.4.

Our results agree with the findings of [7,30] concerning of Kv1.5
expression in donor tissue. Kv1.5 is responsible for the ultra-rapid
delayed rectifier K* current. In our study, Kv1.5 was upregulated in
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failing VM and AM, but downregulated in the failing AVN in contrast
to that seen by Borlak and Thum in the failing ventricle.

hERG expression also largely agrees with [7,30]; its expression
being highest in the donor VM. hERG is responsible for the rapid
delayed rectifier current. Choy et al., reported decreased ventricular
hERG expression in HF, which agrees with the results from our study
[37]. hERG downregulation may contribute to a prolonged action
potential and QT interval which is a hallmark of HF [38]. In addition,
Kv1.5 and hERG remodeling in AM and VM (up- and downregulation
respectively) could lead to myocardial arrhythmias.

Inwardly-rectifying K* current (IK, 1) (formed by Kir2.1-2.3) is
present in working myocytes, maintaining resting membrane potential
[8]. Kir2.1 has by far the greatest contribution to IK, 1 [39]. In our
study we observed downregulation of Kir2.1 in our failing samples
compared to donor samples. Downregulation has been observed
previously in human HF tissue, which could lead to arrhythmias
[23-30].

Our results showed minimal expression of Kir3.1 in the donor VM
agreeing with the findings of [30]. Our findings in the donor AVN for
Kir3.1 and Kir3.4 were highest of the three regions as previously
observed [7]. Both channels showed significant downregulation in the
AVN in HF. Expression of Kir3.4 was also significantly
downregulated in the diseased working myocardium. Correspondingly,
[23] report a decrease in the right ventricle. Kir3.1 and Kir3.4 are
inwardly rectifying channels activated by ACh that form IK,ACh. The
activation of these channels produces an important rate-modulating
effect: as K+ enters via the ACh-activated channels EK decreases,
making the cell less likely to depolarize [13]. Therefore
downregulation of these channels will make the cells of the AVN in
HF more likely to depolarize.

Ca2-+-handling proteins

The Ca?"-handling proteins investigated were RYR2 and NCXI.
No change was observed in the failing VM. Borlak and Thum,
reported a decrease of RYR2 expression in the failing VM while [40]
observed non-significant downregulation in the failing VM. RYR2
dysfunction in cardiac failure is well documented [40]
hyperphosphorylation of RYR2 appears to be the reason the channels
remain open longer [41], releasing more Ca" which in excess is
known to be arrthythmogenic [41]. In the failing AVN, trend towards
downregulation was observed. Perhaps this downregulation of RYR2
in the AVN represents an attempt to prevent excess Ca2" release by
these channels and thereby prevent arrhythmias.

Our results for NCX1 demonstrate high expression in the donor
VM. NCX1 was found to show trend to downregulation in the VM in
HF, consistent with the findings of [23]. However, other studies have
shown upregulation of both NCX1 mRNA and protein [42,43]. NCX1
is responsible for extrusion of Ca" out of the cell, in exchange for Na
*. However, when excess [Na*] occurs, NCX1 can work in reverse
mode, extruding Na® in exchange for Ca2" [42]. NCX1 is involved in
generation of delayed after depolarization leading to arrhythmias,
ventricular downregulation of NCX1 may, therefore, be a protective
effect against arrhythmogenesis.

Conclusion and Study Limitation

The present study is the first to investigate changes in ion channels,
Ca2* handling proteins and connexins at mRNA and protein levels in

the AVN, in human failing versus non-failing hearts. The important
findings of the present study are: 1) in our study both vimentin and
collagen were downregulated, whereas Cx40 and Cx43 expression
were upregulated in the failing AVN, suggesting that its conductivity
is altered; 2) upregulation of HCN1 and Cav3.1 in the failing AVN
imply an increased pacemaking role for the AVN in HF; 3)
downregulation of Kir3.1 and Kir3.4 in the AVN in HF suggest that
the cells of the failing AVN are more likely to depolarise. These
changes may contribute to the changes in the AV conduction observed
in HF patients.

We did not study other components of the AV conduction axis (e.g.,
INEs and His bundle), as there was not enough human material
available. For qPCR we were unable to amplify some transcripts (not
listed in Table S1) due to limited amount of human tissue available.
We were also, for the same reason, not able to carry on more
immunohistochemical experiments. Finally, we did not have access to
any medical records of these patients and we were no able to perform
any functional experiments on the hearts.
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