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Abstract
Objectives—We sought to define the role of interstitial fibrosis in the proarrhythmic phenotype
of failing ventricular myocardium.

Background—Multiple cellular events that occur during pathological remodeling of the failing
ventricle are implicated in the genesis of ventricular tachycardia (VT), including interstitial
fibrosis. Recent studies suggest that ventricular fibrosis is reversible, and current anti-remodeling
therapies attenuate ventricular fibrosis. However, the role of interstitial fibrosis in the
proarrhythmic phenotype of failing ventricular myocardium is currently not well defined.

Methods—Class II histone deacetylases (HDACs) have been implicated in promoting collagen
biosynthesis. As these enzymes are inhibited by protein kinase D1 (PKD1), we studied mice with
cardiomyocyte-specific transgenic over-expression of a constitutively activemutant of PKD1
(caPKD). caPKD mice were compared with animals in which cardiomyopathy was induced by
severe thoracic aortic banding (sTAB). Hearts were analyzed by echocardiographic and
electrocardiographic means. Interstitial fibrosis was assessed by histology and quantified
biochemically. Ventricular arrhythmias were induced by closed-chest, intracardiac pacing.

Results—Similar degrees of hypertrophic growth, systolic dysfunction and mortality were
observed in the two models. In sTAB mice, robust ventricular fibrosis was readily detected, but
myocardial collagen content was significantly reduced in caPKD mice. As expected, VT was
readily inducible by programmed stimulation in sTAB mice and VT was less inducible in caPKD
mice. Surprisingly, episodes of VT manifested longer cycle lengths and longer duration in caPKD
mice.
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Conclusion—Attenuated ventricular fibrosis is associated with reduced VT inducibility,
increased VT duration, and significantly longer arrhythmia cycle length.
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Introduction
The mammalian heart undergoes profound remodeling when subjected to abnormal stress,
such as that associated with hypertension or myocardial infarction.1 This remodeling process
includes cardiomyocyte hypertrophy, transformation of fibroblasts to myofibroblasts,
extracellular matrix (ECM) deposition, interstitial fibrosis, alteration in cardiac gene
expression, and cell death.2–4 These remodeling processes are associated with adverse
events, including a markedly increased risk of heart failure, ventricular arrhythmias and
sudden cardiac death.5 Excessive cardiac fibrosis contributes to cardiac dysfunction and, in
addition, plays an important role in ventricular arrhythmogenesis.6,7

Genomic DNA within eukaryotic cells is highly compacted with histone and nonhistone
proteins in a dynamic polymer called chromatin. Acetylation of lysine residues in histone
tails by histone acetyltransferases (HATs) stimulates gene expression by facilitating access
of transcription factors to DNA. The stimulatory effect of HATs on gene expression is
countered by histone deacetylases (HDACs), which promote chromatin condensation and
thereby repress transcription.8 HDAC inhibition blunts pressure overload-induced cardiac
hypertrophy with significant reduction in myocardial fibrosis.

9
 Protein kinase D1 (PKD1) is

an HDAC kinase that participates in pathological cardiac remodeling, and inhibits HDAC
activity by promoting the export of class II HDACs from the nucleus to the cytoplasm.10,11

Over-expression of PKD1 in the mouse heart leads to heart failure with minimal cardiac
fibrosis.12 The electrophysiological phenotype of pathological cardiac remodeling with
diminished cardiac fibrosis is currently unknown.

Two independently regulated biological factors contribute to cardiac structural remodeling
and arrhythmogenesis—changes in membrane protein composition and fibrosis. Myocardial
fibrosis, in turn, promotes ventricular arrhythmogenesis through multiple mechanisms.13–16

Recent work suggests that cardiac fibrosis, long held to be irreversible, may regress under
certain conditions.17 Also, several current therapies for heart failure elicit declines in both
fibrosis and sudden cardiac death.4 With the emergence of therapeutic strategies that target
fibrosis, including therapies presently in clinical use (aldosterone antagonists,18–20 ACE
inhibitors,21 statins21) and those in preclinical development (HDAC inhibitors9), we set out
to parse the role of interstitial fibrosis in the proarrhythmic phenotype of the failing
myocardium. To accomplish this, we employed a novel model of heart failure that is
generated by cardiomyocyte-specific over-expression of a constitutively active mutant of
PKD1 (caPKD).12

Materials and Methods
Animal Care

Adult male C57BL/6 and PKD (B6 background) transgenic mice 8–10 weeks of age were
used in these studies. Mice were bred and housed in cages, and all animal protocols were in
accordance with our institutional animal care guidelines. The institutional animal care
committee approved all animal protocols.
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Severe Thoracic Aortic Banding
Increased pressure in the proximal aorta was induced by means of severe thoracic aortic
banding (sTAB).22 Briefly, male C57BL6 (6–8 weeks old) were anesthetized with ketamine
(100 mg/kg IP) plus xylazine (5 mg/kg IP). The mice were then orally intubated with 20-
gauge tubing and ventilated (Harvard Apparatus Rodent Ventilator, model 687) at 120
breaths per minute (0.1 mL tidal volume). A 3-mm left sided thoracotomy was created at the
second intercostal space. The transverse aortic arch was ligated (7–0 Prolene) between the
innominate and left common carotid arteries with an overlying 28-gauge needle, and then
the needle was removed, leaving a discrete region of stenosis. The chest was closed, and the
left sided pneumothorax was evacuated. Perioperative (24 hours) mortality was <10%.

Histology
Adult mice were anesthetized with Avertin and perfusion fixed transcardially with 4%
paraformaldehyde-PBS. The hearts were harvested and postfixed for 90 minutes at room
temperature, rinsed in diethyl pyrocarbonate-PBS, and paraffin processed. Paraffin sections
(5 µm) were mounted on silanated glass and selected sections were stained by hematoxylin-
eosin or Masson’s trichrome stain according to established protocols.23

Hydroxyproline Assay
Hydroxyproline analysis was carried out based on the method described.24 Briefly, hearts
were harvested from wild type and PKD transgenic animals, the left ventricle was dissected
free, and tissue was lyophilized. Equal amounts of this lyophilized tissue (approximately 25
mg per sample) were suspended in 6 N HCl, and hydrolyzed at 120°C. Samples were
neutralized with 4 N NaOH. Samples and standards (L-hydroxyproline, Sigma) were
incubated for 20 minutes at room temperature with chloramine T, followed by addition of
Ehrlich reagent (3.75 g of p-dimethylaminobenzaldehyde, 15 ml of 1-propanol, 6.5 ml of
perchloric acid (60%) in 25 mL for 20 min at 60°C. Absorbances were read at λ = 558 nm.
Values were calculated from a standard curve generated for each analysis. Results are
expressed as microgram of hydroxyproline per milligram of dried tissue sample.

Echocardiography
Transthoracic echocardiograms were recorded in conscious mice as described.

25,26 In brief,
views were taken in planes which approximated the parasternal short-axis view (chordal
level) and the apical long-axis view in humans. LV internal diameters and wall thicknesses
were measured (at least 3 cardiac cycles) at end-systole and end-diastole. Fractional
shortening was calculated from M-mode images as the left ventricular end-diastolic
dimension (LVEDD) minus the left ventricular end-systolic dimension (LVESD) divided by
LVEDD.

Cellular Electrophysiological Recordings
Mice LV cardiomyocytes were isolated using enzymatic digestion and mechanical
dispersion methods previously described.27 In brief, after retrograde perfusion with Ca2+-
free buffer and following collagenase solution, the LV tissue was separated using a fine
scalpel and scissors. After gentle trituration, cells were plated and studied within 6 hours at
room temperature. Whole cell current clamp experiments (Axopatch 200B, Molecular
Devices) were conducted to measure cardiomyocytes membrane action potentials (AP).
Cells were plated in a chamber that was superfused at 1 to 2 mL/min with standard solution
A containing 140 mM NaCl, 5 mMKCl, 1 mM MgCl2, 1 mM CaCl2, 10 mMHEPES (pH 7.4
with NaOH), and 10 mM glucose (310 mOsm). Only calcium-tolerant, quiescent, and rod-
shaped cells showing clear cross-striations were studied. Recording pipettes were prepared
with resistances of 2–3 MΩ when filled with internal solution containing 135 mM KCl, 10
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mM EGTA, 10 mM HEPES, 5 mM glucose (pH7.2 with KOH; 300 mOsm). Action
potentials were recorded in response to brief (1~2 ms) depolarizing current (1~2 nA)
injections delivered at 1 Hz. All data were filtered at 5kHz and analyzed by pCLAMP 9
software (Molecular Devices).

Electrophysiological Studies
Mice were sedated by intraperitoneal administration of pentobarbital (0.050 mg/g).
Transvenous electrophysiological studies were performed according to procedures
previously described.28 Following tracheal intubation, mice were mechanically ventilated
using a mouse ventilator (Harvard Apparatus Model 687). The right jugular vein was
exposed, and a 1.1 F octapolar EP catheter (Millar EPR-800) was inserted transvenously into
the right jugular vein and advanced to the right atrium or right ventricle using electrogram
tracings for guidance. The EP catheter included 8 electrodes with 1.0 mm electrode spacing,
and the distal electrode pair was used to stimulate while recording from all other electrodes.

A standard 6-lead surface ECG was recorded during pacing using needle electrodes attached
to each limb of the mouse. Standard pacing protocols, including programmed electrical
stimulation, were used to determine electrophysiological parameters. Ventricular extra-
stimulation was performed to measure ventricular refractory periods and attempt to induce
ventricular arrhythmias. Single extrastimuli were introduced after a drive train of 8 beats,
and the S1-S2 interval was decremented in 5 msec steps until refractory. With the S1–S2
interval 10 msec above refractoriness, double extrastimuli were then introduced,
decrementing the S2–S3 interval by 5 msec until refractory. Next triple extrastimuli were
introduced in a similar fashion decrementing the S3–S4 interval by 5 msec until refractory.
Each stimulus train was repeated twice, and the EP study was continued until either VT was
induced or all stimuli were completed. VT in this study is defined as at least 4 wide QRS
beats after the last paced beat occurring at a rate faster than 600 bpm. If VT was induced, the
stimuli were repeated twice to demonstrate reproducibility. This same pacing protocol was
performed in all animals. The operator remained blinded to genotype during the
performance of and interpretation of studies.

Statistical Analysis
Wild type B6 and transgenic caPKD mice were compared to gender- and age-matched
control mice. Standard cardiac conduction times were compared, with data presented as the
mean ± standard deviation. Statistical analyses included use of the 2-tailed Student’s t-test
for continuous variables and Fisher exact test for categorical variables. Differences in mean
values were reported as significant if the P value was <0.05.

Results
caPKD and sTAB Models of Cardiomyopthy Have Similar Levels of Cardiac Dysfunction

We first evaluated the models for the extent of cardiomyopathy that develops in sTAB
hearts 3 weeks after surgery as compared with 8 weeks of transgene activation in the case of
caPKD over-expressing mice. caPKD and sTAB mice manifested similar degrees of cardiac
dilation and dysfunction with comparable decreases in left ventricular fractional shortening
and increased systolic dimensions (Fig. 1A–C). In addition, both of these models exhibited
increases in heart weight to body weight ratio, which were comparable and significantly
greater than their wild type, unoperated counterparts (Fig. 1D). Resting baseline EKGs
under sedated conditions were also compared between the two models. Apart from a modest
increase in PR interval in caPKD hearts, no significant differences were seen between the 2
models of cardiomyopathy (Fig. 1E).
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caPKD and sTAB Models of Cardiomyopthy Have Similar Cellular Electrophysiological
Properties

Since sTAB and caPKD mice have similar levels of dilated cardiomyopathy, we pursued
cellular electrophysiological evaluation of the 2 models. Apart from a modest increase in
ventricular effective refractory period in caPKD heart (47.92 ± 11.4 msec in caPKD and
35.83 ± 7.36 msec, P < 0.05) other electrocardiographic and in vivo electrophysiological
parameters were equivalent in the 2 models of heart failure (Supporting Table S1).

To further investigate the electrophysiological substrate in caPKD and sTAB animals, we
recorded myocyte action potentials. Consistent with surface electrocardiographic findings,
the action potential duration was prolonged in both caPKD and sTAB mice as compared
with wild type mice (Fig. 2A). Action potential duration at 30% repolarization (APD 30)
and action potential duration at 90% repolarization (APD 90) were similar in the two models
of dilated cardiomyopathy, and significantly increased as compared with wild type mice
(Fig. 2B).

Diminished Myocardial Fibrosis in caPKD Over-Expression Induced Cardiomyopathy
After establishing that the 2 experimental models manifested similar degrees of dilated
cardiomyopathy with comparable electrocardiographic and cellular electrophysiological
changes, we assessed the left ventricles for fibrosis. Initial descriptions of caPKD over-
expressing mice suggested diminished fibrosis.12 To pursue this further, we performed a
comprehensive analysis of the amount of fibrosis in each model. Histological analysis of
sTAB and caPKD hearts, using trichrome staining, showed that while sTAB animals
manifested significant fibrosis, minimal fibrosis was seen in caPKD hearts (Fig. 3A). Wild
type and sham-operated animals did not manifest significant myocardial fibrosis under
baseline conditions. Hearts from WT, caPKD and sTAB animals were then assessed
biochemically for collagen content using a hydroxyproline assay. This quantitative assay
confirmed our histological findings and showed that caPKD hearts have significantly less
fibrosis despite similar degrees of heart failure (Fig. 3B).

PKD Over-Expressing Mice Have Less Inducible Ventricular Arrhythmias
To assess in vivo effects of altered fibrosis in the setting of dilated cardiomyopathy, we
performed EP studies with and without isoproterenol infusion. Consistent with a prior
report,29 we were not able to induce ventricular arrhythmias in wild type C57BL/6 mice
despite aggressive pacing protocols with or without isoproterenol. In contrast, ventricular
arrhythmias were readily induced by programmed stimulation in both sTAB and caPKD
mice (Fig. 4A). Quantitative evaluation revealed that ventricular tachycardia was
significantly less readily induced in caPKD mice as compared with sTAB animals (Fig. 4B).

Electrophysiological Characteristics of Induced Ventricular Arrhythmias Differ Between
caPKD Mice and sTAB Mice

Next, we analyzed the characteristics and duration of inducible arrhythmias in the 2 animal
models. The average duration of induced ventricular tachycardias was markedly longer in
caPKD mice compared with the sTAB model of dilated cardiomyopathy (mean duration of
induced VT in caPKD mice was 1833 ± 723 msec vs. 373 ± 200 msec in sTAB mice, P <
0.05) (Fig. 5A and Supporting Table S1). In addition the cycle length of VT was
significantly longer in caPKD mice compared with sTAB animals (mean cycle length of VT
in caPKD mice was 58 ± 4 msec vs. 49 ± 1 msec in sTAB mice, P < 0.05) (Fig. 5B and
Supporting Table S1).
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Discussion
Cardiac fibrosis is a hallmark of structural remodeling in response to a variety of stressors
and central to arrhythmogenesis in the pathologically remodeled heart. The major findings
we describe here are (a) caPKD over-expression leads to dilated cardiomyopathy with
diminished fibrosis despite similar levels of cardiomyopathy as induced by pressure
overload; (b) ventricular tachycardia inducibility is significantly decreased in a model of
dilated cardiomyopathy with limited myocardial scar; (c) ventricular arrhythmias have
prolonged duration and decreased rate in cardiomyopathy with reduced fibrosis. Together,
these results suggest a previously unknown electrophysiological phenotype of dilated
cardiomyopathy in the setting of diminished fibrosis.

Fibrosis is a hallmark feature of the pathologically remodeled ventricle, contributing to both
diastolic and systolic contractile dysfunction and arrhythmogenesis.4,13 A variety of sources
contribute to the fibroblast population within the heart in response to stress, including
resident cardiac fibroblasts, cells of bone marrow origin, and fibroblasts that originate from
cardiac endothelial cells (endothelia-mesenchymal transition).17 In response to myocardial
stress, these fibroblasts differentiate into myofibroblasts, and transforming growth factor-β1
(TGFβ), amolecule prominently activated by stress, facilitates this process along with
stimulating collagen secretion.30 The resulting collagenous septa and ventricular
myofibroblasts both have been shown conclusively to facilitate the arrhythmic phenotype of
the remodeled myocardium.14–16 Therefore, it is not surprising that recent investigations
have targeted the fibrotic scar of the heart to manipulate the structure and arrhythmic
phenotype of the remodeled heart.31–33

It is well established that increased amounts of fibrotic tissue in the heart are strongly
correlated with an increased incidence of atrial and ventricular tachyarrhythmias and sudden
cardiac death.21,34 Current therapies that reduce the amount of fibrosis, as a component of
their mechanism have been shown already to diminish sudden cardiac death rates.35 Our
findings suggest that at least in part, a reduction in VT induction and alteration of VT
phenotype could account for the observed reduction in sudden cardiac death rates. However,
although our findings are highly suggestive they do not establish a cause and effect
relationship and further work needs to be done prior to making that conclusion clearly.
While the 2 models we have used in this study, caPKD and sTAB, differ significantly in the
amount of fibrosis, other potential differences might contribute to these findings. One such
difference is the effect of PKD1 on L type voltage gated calcium channel that has been
recently described.36 It is possible that this association might lead to functional changes that
could account for some of the observed findings a lack of significant differences in cellular
action potentials might argue against it.

In addition, we have demonstrated that arrhythmias in a fibrosis-deficient model of
cardiomyopathy propagate for longer durations as compared to those in a pressure-overload
model of cardiomyopathy. We have also shown that induced ventricular arrhythmias
manifest longer cycle lengths (diminished rate) in these hearts. This is a surprising and
potentially important finding as new antifibrotic therapies are developed, especially in light
of growing evidence for the significant impact that fibrosis has on induction and propagation
of conduction.37 Indeed, our findings support a complex role that myocardial scar plays in
ventricular arrhythmogenesis. Whereas our results suggest that fibrotic scar is
arrhythmogenic, it conceivably may also play a “protective” role in limiting propagation of
ventricular arrhythmias. In recent years, significant progress has been made in developing
therapeutic strategies designed to abort tachyarrhythmias as they develop.38 However, many
questions remain before envisioning disease-based therapy that targets the proarrhythmic
phenotype itself. Given the recently established role of fibrosis, cardiac fibrosis has emerged
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as a potential target for anti arrhythmic therapies. In fact, several antifibrotic therapies are
either in clinical use presently or in preclinical development.35,39 Likely these therapies will
lead to altered fibrosis levels in the failing heart and thereby modify the electrical properties
of hypertrophied or failing hearts. As these antifibrotic therapies are emerging, their impact
on the arrhythmic substrate of the myocardium is critical to understand. In summary, our
findings indicate that use of antifibrotic therapies without a clear knowledge and
understanding of their impact on fibrosis might convert one electrical abnormality to
another.

Limitations
The 2 animal models of cardiomyopathy that we evaluated, caPKD and sTAB, are similar in
structure, function, and cellular electrophysiological parameters but differ in the amount of
myocardial fibrosis. However, we have not ruled out differences in individual channel
expression and ion currents that might exist though similarities in cellular recordings would
suggest that even if such differences exist, they do not contribute significantly to the overall
action potential.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Representative histological heart sections from WT, caPKD, and sTAB-operated
animals showed similar degrees of cardiac enlargement and dilation in sTAB-operated and
caPKD transgenic animals. Echocardiographic assessment based on M-mode images
showed significantly depressed left ventricular function in both the sTAB and caPKD mice
(B) and comparable increases in the left ventricular systolic diameters (C). Assessment of
heart mass revealed comparable increases in heart weight to body weight ratio in sTAB and
caPKD mice (D). PR interval was slightly prolonged in caPKD mice as compared with WT
and sTAB animals, and QRS interval was shorter in WT animals as compared with sTAB
and caPKD animals. There were no significant differences between the groups in various
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other electrocardiographic intervals, under resting sedated conditions (E). Vertical bars
represent S.E.M. * denotes P < 0.05. Bar of measure equals 2 mm.
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Figure 2.
(A) Representative action potentials recorded from LV myocytes in WT, CaPKD, and sTAB
mice. (B) Summary of the resting and active membrane properties of LV myocytes in WT,
CaPKD, and sTAB mice. * denotes P < 0.05, compared with WT.
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Figure 3.
(A) Representative Masson’s trichrome-stained histological heart sections from WT, Sham-
operated, sTAB-operated, and caPKD transgenic animals. Histologically, caPKD hearts had
diminished fibrosis as compared with sTAB hearts, whereas Wild type and Sham-operated
animals showed no evidence of collagen deposition in the heart. (B) Quantification of
collagen, using hydroxyproline assay, showed decreased amounts of collagen in caPKD
hearts as compared with sTAB animals. Vertical bars represent S.E.M. * denotes P < 0.05.
Bar of measure equals 200 µm.
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Figure 4.
(A) Shown is a representative image of induced ventricular tachycardia in sTAB and caPKD
hearts. Electrophysiological evaluation, including comprehensive programmed electrical
stimulation with and without isoproterenol, revealed significantly less amount of induced
ventricular arrhythmias in caPKD mice as compared with sTAB animals (B). * denotes P <
0.05. Bar of measure equals 200 milliseconds.
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Figure 5.
(A) The duration of induced ventricular tachycardia was significantly longer in caPKD mice
as compared with sTAB animals. (B) Cycle length analysis of induced arrhythmias revealed
that ventricular tachycardia was slower in caPKD mice as compared with sTAB animals.
Vertical bars represent SEM. * denotes P < 0.05.
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