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Gap junctions (GJ) mediate electrical coupling between cardiac myocytes, allowing the spreading of the
electrical wave responsible for synchronized contraction. GJ function can be regulated by modulation of
connexon densities on membranes, connexin (Cx) phosphorylation, trafficking and degradation. Recent
studies have shown that adenosine (A) involves Cx43 turnover in A; receptor-dependent manner, and
dipyridamole increases GJ coupling and amount of Cx43 in endothelial cells. As the abnormalities in G]J
organization and regulation have been described in diseased myocardium, the aim of the present study

g{ﬁgﬁfj@ was to assess the regional expression of molecules involved in G] regulation in a model of left ventricular
Pig model dysfunction (LVD). For this purpose the distribution and quantitative expression of Cx43, its phospho-

Ventricular dysfunction rylated form pS368-Cx43, PKC phosphorylated substrates, RhoA and A receptors, were investigated in
Dipyridamole experimental models of right ventricular-pacing induced LVD, undergoing concomitant dipyridamole
RhoA therapy or placebo, and compared with those obtained in the myocardium from sham-operated minip-
Adenosine receptor igs. Results demonstrate that an altered pattern of factors involved in Cx43-made GJ regulation is present
Protein kinase C in myocardium of a dysfunctioning left ventricle. Furthermore, dipyridamole treatment, which shows a
mild protective role on left ventricular function, seems to act through modulating the expression and

activation of these factors as confirmed by in vitro experiments on cardiomyoblastic cell line H9c2 cells.

© 2015 Published by Elsevier Ltd.

1. Introduction comprises six connexin (Cx) proteins, among which the isotype

Cx43 is the most widely expressed as well as the most represented

Gap junctions (GJs) are clusters of transmembrane channels that
mediate electrical coupling between cardiac myocytes, allowing
the spreading of the electrical wave responsible for synchronized
contraction in the heart [1]. These channels consist of two appos-
ing connexon complexes, which allow the direct diffusion of ions
and small molecules between adjacent cells [2]. Each connexon

Abbreviations: GJ, gap junction; Cx, connexin; PKC, proteine kinase C; PKCps,
phosphorylated PKC substrate; A, adenosine; ARs, adenosine receptor subtypes;
LVD, left ventricular dysfunction; RV, right ventricle; LV, left ventricle; LVEDD,
left ventricle end diastolic diameter; LVESD, left ventricle end systolic diameter;
LVFS, left ventricular fractional shortening; H&E, haematoxylin-eosin; pS368-Cx43,
connexin 43 phosphrylated at serina 368; SEM, standard error of the mean.
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in cardiac myocytes gap junctions [3,4].

G]J functions can be regulated at different levels by a variety
of mechanisms such as modulation of connexon densities on cell
membranes and Cx phosphorylation, which leads to modification
of channel conductance as well as Cx trafficking and degradation
[5]. Protein kinase C (PKC) has been demonstrated to phosphorylate
Cx43 on Ser368 and this state has been shown to induce a reduc-
tion in intercellular communication [6]. RhoA, a member of small
GTPases, known as key regulator of many cell functions [7], regu-
lates the permeability of Cx43-made GJs in cardiac myocytes [8].
A recent in vitro study has shown that adenosine, an important
endogenous physiological modulator of heart function, involves
Cx43 turnover in an A; receptor-dependent manner [9]. Further-
more, it has recently been demonstrated that the antiplatelet
drug dipyridamole increases GJ coupling [10,11] and the amount
of Cx43 [12] in smooth muscle and endothelial cells. Increased
endogenous adenosine accumulation, achieved with chronic oral
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dipyridamole administration, is known to exert anti-inflammatory,
pro-angiogenetic, anti-fibrotic and anti-apoptotic effects, targeting
different adenosine receptors subtypes (ARs) (A1, Aya, Aog and Asz)
and cell populations (cardiomyocytes, endothelial cells, leukocytes,
cardiac fibroblasts). Thus, a cardioprotective role of this drug in
conditions as chronic congestive heart failure has been postulated
[13-15].

For the reasons stated above and since the abnormalities in GJ
organization and regulation have been implied in different myocar-
dial diseases [1,16,17], the aim of the present study was to assess
the regional expression of molecules involved in GJ regulation in
a model of left ventricular dysfunction (LVD). For this purpose,
the distribution and quantitative expression of Cx43, its phospho-
rylated form pS368-Cx43, PKC phosphorylated substrates, RhoA
and ARs, were investigated in animals with LVD induced by high
frequency right ventricular (RV)-pacing. The animals were under
concomitant dipyridamole therapy (DP+) or placebo (DP-); sham
operated minipigs (C-SHAM) were considered as controls. In addi-
tion, the possible dipyridamole signalling transduction pathway
was explored by employing the cardiomyoblastic cell line H9c2.

2. Methods
2.1. Experimental animal protocol

Animal instrumentation and experimental protocols were
approved by the Animal care Committee according to Italian legis-
lation, following the National Institute of Health publication Guide
for Care and Use of Laboratory Animals. The experiments were per-
formed according to the guidelines of the European Communities
Council Directive 2010/63/EU on the use of animals for scientific
purposes.

Twelve minipigs (weight 35-40 kg) were randomly assigned to
one of three experimental groups: (1) C-SHAM (n =4), sham oper-
ated used as controls, (2) DP+ (n=4), left ventricular dysfunction
(LVD) under concomitant dipyridamole therapy (5mg/kg/daily,
Persantin®, Boehringer Ingelheim, Milan, Italy) or (3) DP— (n=4),
LVD under placebo therapy. LVD was induced by pacing at 200 bpm
in the right ventricular (RV) apex according to previously published
protocol [18].

All animals underwent a 2D and M-mode EchoDoppler exami-
nation immediately after single chamber pacemaker implantation
(tp) and after 4-weeks (t4) of RV tachycardic pacing. Then all minip-
igs were sacrificed with an intravenous injection of 10 ml of KCl and
left ventricular (LV) tissue samples were collected according to the
guidelines of the American Heart Association [19] after the follow-
ing sectioning (Fig. 1): from base to the apex, the LV was divided
into 16 segments of which six segments in the basal, six segment in
the mid portions (anteroseptal, inferoseptal, anterior, anterolateral,
inferolateral and inferior walls) and four at the apex (septal, ante-
rior, lateral and inferior walls). In particular, three segments closest
to pacing site (8, 9 and 14) and three segments from the opposite
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Fig. 1. A circumferential polar plot of the 16 segments (the 17 segment-apex is not
considered and is coloured in black) representing the protocol used to group the LV
segments in three regions. The septal, adjacent and lateral regions are respectively
represented by 2, 3, 8, 9, 14 segments (pacing site), 1, 4, 7, 10, 13, 15 segments and
5,6, 11, 12, 16 segments (opposite site).

site (5, 11 and 12) were collected for this study as reported in a
previous published paper [20].

Tissue samples were immediately placed in ice-cold RNAlater
(Qiagen, Germany) or 10% formalin solution (Sigma-Aldrich, St.
Louis, MO, USA) for following molecular and histological analysis,
respectively.

2.2. Echocardiographic examination

Transthoracic echocardiography was performed by one experi-
enced investigator who was blind to underlying treatment using
commercially available General Electric Vivid-e equipment. Two
dimensional and M-mode data were acquired from the parasternal
long and short axis view at the level of papillary muscles and digi-
tally stored for off-line analysis. LV end diastolic diameter (LVEDD),
LV end systolic diameter (LVESD) and derived LV fractional short-
ening (LVFS) were measured in basal conditions (tg) and after 4
weeks (t4) pacing.

2.3. Histological analysis

The routinely formalin-fixed and paraffin-embedded LV sam-
ples were cut into 8 p-thick sections, which were serially mounted
on glasses. Immediately before use, slides were dewaxed, rehy-
drated and processed for both routine haematoxylin—eosin (H&E)

Table 1

Antibodies used in this study.
Antibody Species Source Dilution

Tissue sections Cultured cells

Anti-Cx43 Mouse monoclonal Santa Cruz Biotechnology, Santa Cruz, CA, USA 1:5000 1:200
Anti-phospho-Cx43 (pS368-Cx43) Rabbit polyclonal Santa Cruz Biotechnology 1:100 1:50
Anti-RhoA Mouse monoclonal ThermoFisher Scientific, Waltham, MA, USA 1:300
Anti-phospho-PKC substrate (PKCps) Rabbit polyclonal Cell Signalling Technology, Beverly, MA, USA 1:600 1:300
Anti-AsaR Mouse polyclonal Novus Biological, Cambridge, UK 1:50
Biotinylated anti-mouse immunoglobulins Goat polyclonal Vector, Burlingame, CA, USA 1:200 1:200
Biotinylated anti-rabbit immunoglobulins Goat polyclonal Vector 1:200 1:200
Alexa Fluor®488 anti-mouse Goat IgG Life Technologies Italia, Monza, Italia 1:250
Alexa Fluor®568 anti-rabbit Donkey IgG Life Technologies Italia 1:250
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Table 2
Primers pairs.

Gene Primers Annealing T° GeneBank

AR 5-ATCAGGTTACTTGGTTCT-3' 57° AY772411
5'-ATCAGGTTACTTGGTTCT-3

AR 5'-GATCAGCCTCCGCCTCAACGGCCA-3' 60° AY772412
5'-TCAGGACACTCCTGCTCTGTCCTG-3'

AR 5'-TGGTGTACTTCAACTTCCTG-3' 60° AY772413
5'-GATCTTGGCGTAGATGGC-3

AsR 5'-GGTGAAGTGCCAGAAGTTGTG-3' 60° AY772414
5'-AGCATAGACGATAGGGTTCATCAT-3’

RhoA 5'-AGCCCTTACGCGGTTAATTT-3' 60° NM_001244437
5'-GTGCAGAGGAGGGCTGTTAG-3

Cx43 5'-TCCTCCTCTTTCTTGTTCAGTTTCTCT-3 59° AY382593
5'-CCTGCAGATCATATTTGTGTCTGTTC-3'

PPIA 5'-CTTGGGCCGCGTCTCCTTCG-3' 60° NM._214353
5-TTGGGAACCGTTTGTGTTGGGGC-3'

TBP 5'-GATGGACGTTCGGTTTAGG-3' 60° DQ178129
5'-AGCAGCACAGTACGAGCAA-3'

YWHAZ 5'-ATGCAACCAACACATCCTATC-3' 60° DQ178130

5'-GCATTATTAGCGTGCTGTCTT-3’

Primer pair used for housekeeping and target genes in real time qPCR experiments.

AjR=adenosine A; receptor, A;aR=adenosine A,x receptor, A;sR=adenosine A, receptor, A;R=adenosine A; receptor, Rho-A=RAS homology family member A,
PPIA = cyclophilin A, TBP = TATA-binding protein, YWHAZ = tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, z polypeptide.

staining and immunohistochemistry. For each cardiac sample, at
least 3 serial sections were examined. Immunoperoxidase reac-
tions were performed as previously described [21], using primary
and secondary antibodies summarized in Table 1, with respec-
tive working dilutions. Sections were counterstained with Harris’
haematoxylin (Fluka, Buchs, Switzerland). Negative controls were
obtained by omitting primary antibody. Specimens were examined
by two independent observers by means of a Leica DMRB light
microscope using a semi-quantitative scale of immunoreactivity,
consisting of no (-), low (+), medium (++) and high (+++) brown
staining. Photomicrographs were taken using a DFC480 digital cam-
era (Leica Microsystem, Cambridge, UK).

2.4. Molecular analysis

Total RNA was extracted by acid guanidinium thiocyanate-
phenol-chloroform method from tissue samples obtained from LV
tissue with the Rneasy Midi kit (Qiagen S.p.A, Milano, Italy) as pre-
viously described [20,22-27].

Purity of total RNA was determined as 260nm/280nm
absorbance ratio with expected values between 1.8 and 2.1 by the
Biophotometer reading (Eppendorf, Italy). Moreover, to check the
integrity of 18 and 28 S ribosomal RNAs all samples underwent gel
electrophoresis. A known amount of total rat RNA (Ambion) was
used as marker. The RNA samples were stored at —80 °C for use in
gene expression studies.

Following DNAse treatment, first strand cDNA was synthesized
with iScript cDNA Synthesis kit (Bio-rad, Hercules, CA, USA) using
about 1 pg of total RNA as template. Reverse transcriptase reaction
sequence consisted of incubation at 25°C for 5 min, followed by
three different cycles at 42 °C for 30 min and 45-48°C for 10 min,
in order to better separate the strands. The reverse transcriptase
enzyme was inactivated by heating at 85°C for 5min. The cDNA
samples obtained were placed on ice and stored at 4°C until fur-
ther use. Real-Time PCR reactions were performed in duplicate
in the Bio-Rad C1000 TM thermal cycler (CFX-96 Real-Time PCR
detection systems, Bio-Rad Laboratories Inc., Hercules, CA, USA)
as previously described [28]. For monitoring cDNA amplification
a third-generation fluorophore, EvaGreen, was used (SsoFAST Eva-
Green Supermix, Bio-Rad). PCR was performed in a volume of 20 jv1
per reaction, including 0.2 uM of each primer (Sigma-Aldrich, St.
Louis, MO, USA) samples, reagent and sterile H,O. Amplification
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Fig. 2. 2D echocardiographic examination carried out immediately after pace-
maker implantation (tp) and after 4-weeks (t4) showed LV dysfunction both in DP—
and DP+ samples, although DP+ group exhibited a lower LV enlargement respect to
DP- group. Each column represents the LVEDD, LVESD and LVFS mean 4+ SEM (n=4).
*p<0.01, *p<0.001.
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Cross sections

Longitudinal sections

Fig. 3. Optical microscopy analyses in the H&E stained left ventricle sections showed a normal morphology and no differences between the three groups. Arrows indicate

intercalated disks. Scale bars represent 50 m.

protocol started with 98 °C for 30 s followed by 40 cycles at 95 p.C
for 5s and 60 °C for 30s.

Primer pairs were designed with Primer Express Version 2.0
(Applied Biosystems) and details are given in Table 2. Specificity of
each primer pair, i.e. the absence of artefacts, multiple PCR products
or primer-dimers, and PCR yield was checked by melting analysis.

2.5. Cell culture and experimental protocol

In studies designed to decipher the role of the studied molecules
on signalling transduction cascade triggered by dipyridamole we
used a rat cardiomyoblast cell line H9¢2. The cell line, purchased
from the American Tissue Culture Collection (Manasas, VA,USA),
was maintained at 37°C in a humidified atmosphere contain-
ing 5% CO, in Dulbecco’s modified Eagle’s Medium (DMEM;
Sigma-Aldrich, Schnelldorf, Germany) with 10% foetal bovine
serum (FBS; Sigma-Aldrich) and antibiotics (25U/ml penicillin
and 25U/ml streptomycin, Sigma-Aldrich). For pharmacological
experiments, repeated three times, cells were grown on slides and
starved for 24 h in DMEM containing 1% FBS and then treated as fol-
lows. Dipyridamole at 50 .M was added to cells for 90 min or 24 h
[12]. Moreover, cells were pre-treated or not with the A;sR antago-
nist 8-(3-chlorostyryl)-caffeine (CSC, Sigma-Aldrich) at 10 wM for
30min [29]. Control samples were obtained incubating cells in 1%
FBS/DMEM without both dipyridamole and CSC or with CSC only.

The reactions were stopped fixing cells in 1% formalin/PBS for
10min at 4°C. The possible modifications in Cx43, pS368-Cx43,
PKCps and A,5R expression were evaluated by immunoperoxi-
dase reactions performed as described in previous 2.3 paragraph
with minor changes. Cx43 and pS368-Cx43 were also analyzed
by confocal laser scanning microscopy (TC SSP8 Leica Microsys-
tems, Mannheim, Germany) using a 488-nm and 561-nm excitation
wavelength lasers. Immunofluorescence reactions were performed
using primary antibody and fluorescent secondary antibody at dilu-
tions indicated in Table 1.

2.6. Statistical analysis

For normalization of mRNA expression several reference
genes were tested and GeNorm software was used to estab-
lish the most stably expressed gene in this experimental
setting, as described by Vandesompele et al. [30]. The geo-
metric mean of the three most stably expressed genes was
used for normalization of mRNA expression (TBP, YWHAZ, PPIA)
(Table 2).

The relative quantification was performed by AACt method
using BioRad’s CFX96 manager software. Differences between more
than two independent groups were analyzed by Fisher’s test after
ANOVA. The results are expressed as mean + SEM and p-value was
considered significant when <0.05.
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Cx43

p368-Cx43

Fig. 4. Immunostaining of LV sections showed appreciable amount of Cx43 in (A) C-SHAM (+++) and a lower Cx43 expression both in (B) DP— (+/++) and (C) DP+ (++) groups.
Conversely, p368-Cx43 was more expressed in (E) DP— (+/++) than in (D) DP+ and (F) C-SHAM (+) samples. At higher magnification, it could be noted that Cx43 and its
phosphorylated form were localized at level of intercalated disks (blow-up of squares). Scale bars represent 50 pwm.

3. Results
3.1. Invivo cardiac 2D echocardiographic examination

As shown in Fig. 2, LVEDD increased from 36+2.5 to
43+ 1.3 mm (p=0.009) in DP— minipigs when ty and t4 pacing
data were compared. In DP+ LVEDD did not increase signifi-
cantly (from 40+1.6 to 43+ 1.2mm). In DP— LVESD increased
from 23 £ 1.9 to 34+ 1.3 mm (p<0.0001) and in DP+ from 244+ 1.2
to 33+1.3mm (p=0.0003). Accordingly, LVFS decreased from
37%+1.1 to 20%+2.5 (p<0.0001) in DP— and from 40%+1.7 to
23%4+1.6 (p<0.0001) in DP+. No changes were observed in the
C-SHAM group for all the considered parameters (LVEDD from

34+1.8t033+10.6 mm, LVESD from 20 &+ 1.5t0 20 + 1.1 mm; LVFS:
from 43% +2.8 to 41%+2.8).

3.2. Histological and molecular analysis of pig LV samples

Left ventricular cardiac tissue from 3 experimental group sam-
ples showed a normal morphology as observed on H&E stained
sections. The working contractile myocytes revealed in all sections
no differences in size and myofibril array (Fig. 3).

Immunohistological analysis showed that all antigens under
study were expressed in the 3 groups as a brown reaction unde-
tected in negative controls. No differences in immunoreactivity for
all antigens were found between the 6 regions collected from LV
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Fig. 5. mRNA expression of (A) Cx43 and (B) RhoA in C-Sham (white bar), DP— (grey
bar) and DP+ (black bar) LV minipigs.

of each minipig for all antigens. Moreover, no differences in mRNA
amount could be reported between these regions. Despite these
findings, significant abnormalities concerning the expression of the
investigated molecules were found in the LVD samples.

3.3. (Cx43 expression

A remarkable amount of Cx43 immunostaining (+++) was
detected in control samples where Cx43 appeared localized to
intercalated disks (Fig. 4A). In DP— and DP+ samples the Cx43 pos-
itivity was still distributed to intercalated disks but it was heavily
reduced in DP— (+/++) or slightly reduced in DP+ (++/+++) (Fig. 4B
and C). The expression of Cx43 mRNA, determined by Real Time
PCR, was reduced only in the DP— samples, which showed signifi-
cant differences when compared to the C-SHAM and DP+ samples
(Fig. 5A).

Cx43 phosphorylated at S368 (pS368-Cx43) was detected by
immunohistochemistry and localized at the intercalate disks in all
samples at low level (+) in the control and DP+ samples (Fig. 4D and
F) and at higher level (++) in DP— samples (Fig. 4E). The expression
of pS368-Cx43 matched with total Cx43 expression in DP— group
while it was lower than total Cx43 in DP+ groups and much lower
in C-SHAM groups.

3.4. RhoA, PKCps and ARs expression

With regard to RhoA, a strong immunolabelling (+++, Fig. 6) was
detected in all samples at the level of contractile myocytes, vessel
smooth muscle cells and endothelial cells, and no differences
were observed between the groups both in protein and mRNA

expression (Fig. 5B). However, at higher magnification myocytes
of control and DP+ samples showed a RhoA immunopositivity
mostly localized in the cytoplasm while those of DP— samples
presented RhoA reactivity distributed especially at plasma mem-
brane level (Fig. 6B, arrows). Interestingly, the cellular localization
of RhoA corresponds to its metabolic state: cytoplasmic or plasma
membrane staining corresponding to inactivated GDP-bound or
activated GTP-bound RhoA, respectively [31-33].

The activity of PKC was indirectly studied through the levels of
phosphorylated PKC substrates (PKCps). A weak PKCps immunos-
taining (+) was detected in all samples at the level of intercalated
disks. On the other hand, while only few intercalated disks were
reactive in control and DP+ samples (Fig. 7A-C), a more substantial
number was positive in DP— ones (Fig. 7B).

As far as adenosine receptors, A1R, AgR and AsR mRNA
expression resulted significantly reduced in DP— and DP+ samples
when compared with C-SHAM, while A;5R resulted significantly
increased in DP+ with respect to C-SHAM and DP- samples (Fig. 8).

3.5. Dipyridamole treatment and AR inhibition in H9c2 cells

The treatment of H9c2 cells with 50 .M dipyridamole enhanced
Cx43 expression both after 90 min (++) (Fig. 9A, B, D and E) and
24 h (+++), as compared to control cells (+). In particular, as showed
by 3D confocal images, in control cells the light immunopositiv-
ity was focused in the cytoplasm region around nucleus, while in
DP treated cells marked immunopositivity extended to periferic
cytoplasm and membrane (Fig. 9D and E). On the contrary, the
expression of Cx43 phosphorylated at S368 decreased after dipyri-
damole treatment: appreciable immunoreaction (++) was localized
both at nuclear and at plasma membrane level in control cells while
little immunoreactivity (+) was observed in DP treated cells (Fig. 9D
and E)

The activity of PKC, documented by the expression of PKC phos-
phorylated substrates, was clearly decreased after both 90 min (++)
(Fig. 10A and B) and 24 h (++) of dipyridamole incubation respect to
controls (+++). A aR immunopositivity resulted increased after 24 h
dipyridamole treatment (++) (Fig. 10D and E) but not after 90 min
respect to controls (+). The pre-treatment with CSC, a selective A;pR
receptor antagonist, prevented the changes on Cx43, pS368-Cx43,
PKCps and A,5R expression induced by dipirydamole. In fact, as
observed in the representative images of Fig. 9C and F and Fig. 10C
and F the immunopositivity of H9c2 cells pre-treated with CSC
resembled those of controls. Control cells whether incubated in
1% FBS/DMEM without dipyridamole and CSC or treated with CSC
alone showed the same immunopositivity (data not shown).

4. Discussion

Cx43, a predominant connexin in the heart, abundant in ven-
tricular cardiomyocytes, forms GJs that facilitate electrical cell-cell
coupling and hemichannels that represent a pathway for the
exchange of ions and metabolites between cytoplasm and the
extracellular milieu [3, 4 and 34]. Abnormalities in the Cx43 expres-
sion, localization and phosphorylation status were found in the
setting of myocardial ischaemia and atrial-ventricular arrhythmias
[1,17].

In the current study, the expression of Cx43 and some of its
regulatory molecules were evaluated in the LV myocardium of
minipigs with pacing-induced LVD, with or without concomitant
dipyridamole therapy, as well as in the LV of healthy sham operated
minipigs.

The model of LVD induced by RV pacing is well known in experi-
mental animal models. Pacing at the right ventricular apex reduces
LV function more than pacing at the high ventricular septum or at
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RhoA

Fig. 6. Strong RhoA immunolabelling (+++) was detected in all LV samples in myocytes, smooth muscle cells (asterisk) and endothelial cells (arrowhead) of (A) C-SHAM, (B)
DP- and (C) DP+, without differences between the groups. However, higher magnification showed RhoA mainly distributed at membrane level in DP— samples (B, arrows in
blow-up of square) compared with C-SHAM and DP+ samples where RhoA was mainly localized at cytoplasm level ((A, C), blow-up of squares). Scale bars represent 50 m.

LV sites, likely due to the combination of the effects of dyssynchrony
(due to RV apical pacing) and tachycardia, without potential inter-
ference on LV myocardium due to the electrocatheter positioning
[35]. Interestingly, in this model, we did not found regional dif-
ferences in morphology and expression of studied molecules, as
demonstrated by the similar results obtained by histological and
molecular analysis in the segments from both close to the pacing
site and those from opposite site of each LV. These results could
be possibly explained by the lack of myocardial damage observed,
on the contrary, when the electrocatheter is positioned in the LV
myocardium. In fact, in this case regional LV differences in adeno-
sine receptor expression have been reported [23].

Echocardiographic examination at ty and t4 on minipigs from
the 3 groups clearly demonstrated LV dysfunction. In fact, DP— and
DP+ groups showed an increase of LVEDD and LVESD with a conse-
quent reduction of LVFS. Dipyridamole therapy seemed to partially
preserve myocardial function since LV dilatation was less evident
and a marginally better LVFS percentage was also reported in DP+
as compared to DP— animals.

In this model, no evident histo-morphological alterations were
induced, as observed in H&E sections, while clear differences
in the expression/activation of Cx43 and its partner molecules
among the three groups of minipigs were evidenced with the
immunohistochemical and molecular biology analysis. In fact, Cx43
expression, both at protein and mRNA level, was more reduced after
4 weeks of pacing in DP— LV samples when compared with C-SHAM

samples. As Cx43 has a relatively short half-life, in the order of
1-2h[36], it could be hypothesized that both synthesis and degra-
dation of this protein are among the major mechanisms involved
in gap junction regulation. Moreover, Cx43 phosphorylation on
Ser368, mediated by PKC, leads to a decrease in G] communica-
tion [6], probably by increased internalization and degradation
through lysosomal and/or proteasomal pathway [37]. It is to note
that in our DP— group the expression of pS368-Cx43 matched
with total Cx43 expression. Therefore, in our DP— samples, the
reduced Cx43 protein expression could be due to both decreased
Cx43 synthesis, as demonstrated by a reduced Cx43 mRNA, and
increased Cx43 PKC-induced phosphorylation, as suggested by the
increase of both p368Cx43 and PKC phosphorylated substrates
expression. Based on the role traditionally ascribed to GJs, the
dramatic reduction of Cx43 expression found in DP— samples
could be related to impaired junctional communications among
adjacent cardiomyocytes leading to a reduction of electrical con-
duction. On the other hand, Cx43 reduction could also correspond
to a loss of Cx43 hemichannels with consequent cardioprotec-
tive effect. In fact, emerging evidence has suggested that the
block of unapposed/nonjunctional hemichannels residing in the
zone surrounding the GJ area, could confer cardioprotection by
preventing ionic imbalance, cell swelling and loss of metabo-
lites [34]. Furthermore, when considering the increased activation
of RhoA in DP- samples, as demonstrated by its high content
at level of plasma membrane, this pathway could enhance the
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processes of cell-to-cell solute diffusion, without interfering with

the cellular redistribution of junctional plaques or the Cx43 phos-
phorylation pattern [8]. Therefore, RhoA could be involved in a
compensatory action restoring junctional communications among
cardiomyocytes. High PKC activation observed in these samples
could activate RhoA pathway as reported in foetal cerebral arteries
but not in adult [38]. Alternative RhoA rules cannot be excluded
since, even though in the contest of myocardium, the role of
RhoA/ROCK pathway is less well understood than its role in the
vasculature, there is growing evidence that it plays an important
pathophysiological role in cardiovascular diseases, likely through
the effects on cytoskeleton organization, cell growth and develop-
ment, and transcriptional regulation [39].

With regard to the molecular effect of dipyridamole, we found
that LV cardiomyocytes of LVD minipigs responded to 4-weeks
dipyridamole treatment by increasing Cx43 mRNA and protein
expression with concomitant reducing of p368Cx43 expression
and PKC activation as compared with DP— samples. These results
were rather similar to that of control samples suggesting that
dipyridamole tends to restore a molecular pattern of control. As
dipyridamole enhanced adenosine function by the inhibition of
nucleoside transporters [40], we suppose that it could modulate
Cx43 expression via adenosine/A;4 receptor pathway. In fact, when
we investigated ARs expression we found an increase of A;,R mRNA
only in DP+ with respect to DP— samples and control. Interestingly
we demonstrated that dipyridamole enhanced Aj;sR expression
also in the H9c2 cell line, valuable in vitro model to heart stud-
ies [41], and that AR activation is a prerequisite for the effects
of dipyridamole. In fact, the pretreatment with the CSC antagonist
of AyaR on H9c2 abolished the effects of dipyridamole on Cx43,
p368Cx43, PKCps and AyaR expression. The involvement of ARs in
the turnover of Cx43 has been recently demonstrated in vitro in a
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cellular model of cardiac hypertrophy induced by isoproterenol. In
particular, the authors suggested that adenosine/A{R pathway was
involved in the PKC-induced decreased level of Cx43 [9]. On the
contrary, we found that in DP— and DP+ samples AR, AgR, AsR
were down-expressed with respect to controls. These ARs results

L
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are not totally in agreement with our previous studies [22-24]
showing generally an up-regulation of ARs in different pig mod-
els of heart failure. The ARs down-regulation could be ascribed to
a desensitization caused by higher adenosine concentration [42]
but this mechanism deserves further exploitations. However, the

DP

Lphecs

Fig. 10. Effect of dipyridamole and CSC on the expression of PKCps and A4R. Representative examples of immunoperossidase performed on H9c2 of control (A, D), treated

with DP for 90 min (B) or 24 h (E) and with DP+CSC (C, F). Scale bars represent 50 pm.
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different modality of LV dysfunction performed in this study might
account for this discrepancy.

In conclusion, despite the small number of animal studied, this
preliminary study shows that an altered expression of Cx43 and
changes in its regulatory factors are present in the setting of LVD in
minipigs model. Moreover, for the first time, it shows that dipyri-
damole influences Cx43 expression and its regulation at level of
contractile cardiomyocytes likely through AR/PKC pathway. The
characterization of the signal transduction pathways involved in
Cx43 expression in myocardium could represent a potential tool
for a better comprehension of the mechanisms underlying LVD in
absence of coronary or valvular disease.
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