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Abstract

 

Myocardial hyperplasia is generally considered to occur only during fetal development. However, recent evidence
suggests that this type of response may also be triggered by cardiac overload after birth. In congenital heart disease,
loading conditions are frequently abnormal, thereby affecting ventricular function. We hypothesized that chronic
right ventricular pressure overload imposed on neonatal hearts initiates a hyperplastic response in the right ven-
tricular myocardium. To test this, young lambs (aged 2–3 weeks) underwent adjustable pulmonary artery banding
to obtain peak right ventricular pressures equal to left ventricular pressures for 8 weeks. Transmural cardiac tissue
samples from the right and left ventricles of five banded and five age-matched control animals were studied. We
found that chronic right ventricular pressure overload resulted in a twofold increase in right-to-left ventricle wall
thickness ratio. Morphometric right ventricular myocardial tissue analysis revealed no changes in tissue composition
between the two groups; nor were right ventricular myocyte dimensions, relative number of binucleated myocytes,
or myocardial DNA concentration significantly different from control values. In chronic pressure overloaded right
ventricular myocardium, significantly (

 

P

 

 

 

<

 

 0.01) more myocyte nuclei were positive for the proliferation marker
proliferating cellular nuclear antigen than in control right ventricular myocardium. Chronic right ventricular pres-
sure overload applied in neonatal sheep hearts results in a significant increase in right ventricular free wall thickness
which is primarily the result of a hyperplastic myocardial response.
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Introduction

 

It is generally believed that the adult cardiac myocyte is a
terminally differentiated cell which has lost its ability of
mitotic division (e.g. hyperplastic growth) (Becker, 1993).
Myocardial hypertrophy is considered to be the mechanism
by which the (adult) heart compensates for an increase in
workload, that is, by increasing the size of existing myocytes.
In contrast, in fetal hearts hyperplastic growth is the pre-
valent means of myocardial growth by which new myocytes
are added to the myocardium (Saiki et al. 1997). Shortly
after birth, when loading conditions of the heart change,
a shift from predominantly hyperplastic growth to hyper-
trophic growth occurs (Clubb et al. 1984; Rakusan, 1984;
Beinlich et al. 1995; Li et al. 1996). The exact timing of this
transition is subject to debate. In patients with congenital
heart disease, however, abnormal cardiac anatomy may

result in a situation in which ventricular loading conditions
may be increased for a prolonged period of time. Accord-
ingly, it may be hypothesized that in these hearts a hyper-
plastic growth pattern may (co)exist for a prolonged period
of time. This hypothesis may be supported by several studies
that have questioned the dogma that after birth, hyper-
trophic growth is the predominant myocardial response to
increased loading conditions (Astorri et al. 1971; Bishop &
Hine, 1975; Oparil et al. 1984; Olivetti et al. 1987, 1988, 1994;
Anversa et al. 1992; Grajek et al. 1993; Sedmera et al. 2003).
In 2-month-old-rats, Olivetti et al. (1988) showed that pulmo-
nary artery banding (PAB) resulted in increased cellular
diameter but also in an increased number of myocytes,
indicative of myocyte hyperplasia. Grajek et al. (1993) studied
103 human hearts with various forms of muscle hypertrophy
and, based on morphometric measurements, found marked
signs of myocyte hyperplasia in all hearts weighing more
than 350 g, irrespective of the aetiology of hypertrophy.

Extended hyperplastic growth is a vital component of
ventricular wall restructuring, and, as such, may have important
influences on overall cardiac pump function in pathological
circumstances such as pressure overload (Anversa & Kajstura,
1998; Gerdes, 2002). Although a reasonable body of research
has been performed on the effects of pressure overload in
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the adult heart, little is known about these effects in the
young heart subject to ventricular overload, particularly in
the presence of congenital heart disease.

The aim of this study was to investigate the cellular and
biochemical myocardial responses to chronic right ventricular
(RV) pressure overload that was given to young lambs by
means of adjustable pulmonary artery banding for a period
of 8 weeks. The hemodynamic effects of this pressure over-
load have been described elsewhere (Leeuwenburgh et al.
2001, 2002). We hypothesized that chronic RV pressure over-
load, applied at a young age in lambs, resulted primarily in a
RV myocardial hyperplastic response rather than in a hyper-
trophic response. The effects of chronic RV pressure overload
were characterized by means of morphometric techniques
of transmural RV and left ventricular (LV) myocardial tissue
samples and individual RV myocytes, as well as biochemical
analysis of myocardial tissue of LV and RV free wall and
interventricular septum (IVS) samples. Immunohistochem-
ical staining for a proliferation marker, proliferating cellular
nuclear antigen (PCNA), was applied to detect a myocardial
hyperplastic response in RV myocardium.

 

Methods

 

Cardiac tissue was obtained from hearts of lambs enrolled
in a hemodynamic study of chronic RV pressure overload
which has been outlined in detail elsewhere (Leeuwenburgh
et al. 2001). Animal treatment followed the guidelines in
the 

 

Guide for the Care and Use of Laboratory Animals

 

(National Institute of Health Publication No. 85–23, revised
1996). The research protocol was approved by the animal
research committee of the Leiden University Medical Center.

In brief, five young lambs (age 2–3 weeks, mean body
mass 6.4 

 

±

 

 1.7 kg) were subjected to progressive pulmonary
artery banding using an inflatable cuff. RV pressure was
increased to systemic (aortic) level by gradual inflation of the
cuff over a 2-week period. As soon as peak systolic RV pressure
averaged peak systolic aortic pressure, this pressure over-
load was maintained for an 8-week period (Leeuwenburgh
et al. 2001). Five age-matched lambs served as controls.

 

Tissue collection

 

After 8 weeks of chronic RV pressure overload (mean
64 

 

±

 

 8 days), transmural tissue blocks of the RV free wall,
LV free wall and IVS were excised from the hearts of five
RV pressure overloaded lambs and five age-matched
control lambs. Each tissue block was cut in two transmural
parts, one of which was immediately snap-frozen in liquid
nitrogen and stored at –80 

 

°

 

C for analysis later on. The other
part was fixed in ethanol–acetic acid (2% v/v) for 24 h and
embedded in paraffin. Sections were cut at 5 

 

μ

 

m in the
transmural plane and stained with Haematoxylin and Eosin
(HE) and a modified Von Gieson staining solution to visu-
alize collagen.

 

Histomorphometry

 

Relative volume fractions of cardiac myocytes, cardiac
myocyte nuclei, collagen, tissue gaps and other structures
(including endothelial cells) were determined using the
principle that the volume fraction of a certain tissue
component equals the number of points of a point grid
coinciding with this structure, divided by the total number
of grid points (Weibel, 1979).

In each section, a distinction was made between epicar-
dial, mid-myocardial and endocardial layers. In each of these
three layers, 12 different fields were measured which were
divided over three consecutive sections (50 

 

μ

 

m apart). Thus,
for each tissue sample, a total of 36 fields were counted.
Within each field, several grids with variable density of points
were used to count the structures mentioned before. The grids
(10 

 

×

 

 10 cm in size) were scaled down in size by a factor of
100 and projected over the field of interest using a side-
viewing arm that was attached to the microscope. The
density of points within each 10 

 

×

 

 10 cm grid was dependent
on the structure to be counted and was based on having
at least 100 hits per structure per layer: 4 

 

×

 

 4 (myocytes),
10 

 

×

 

 10 (collagen and tissue gaps) and 20 

 

×

 

 20 points (myo-
cyte nuclei). Starting arbitrarily in the upper part of each
layer of a section, the section was consecutively moved
down over a fixed distance to count the other three
fields per section. Vascular lumen was not counted as
tissue gap.

 

Cardiomyocyte isolation

 

To determine whether one or more nuclei were present
within a single cardiac myocyte, cardiac myocytes were iso-
lated from paraffin-embedded sections (

 

>

 

 100 

 

μ

 

m thick).
Tissue sections were deparaffinized and rehydrated using
standard histological techniques. During gentle rotation
in a rotary shaker, the tissue was shaken at 37 

 

°

 

C with 5 mL
collagenase solution (450 U mL

 

–1

 

, Worthington, type I) and
some glass beads. After 30 min, the collagenase solution
was replaced by 5 mL of fresh collagenase solution for
another 30 min. Myocytes were harvested by centrifuga-
tion (100 

 

g

 

, 10 min). The supernatant was removed and
the cells were resuspended in phosphate-buffered saline.
In a cytospin centrifuge (120 

 

g

 

, 10 min), the cells were
transferred to a glass slide and stained with HE. Cell
dimensions of 25 individual myocytes per slide and
number of nuclei per myocyte were determined by light
microscopy. Myocyte area was estimated by multiplying
myocyte length by myocyte width.

 

Immunohistochemistry

 

To determine the density of proliferating myocytes, two
tissue sections per RV sample were deparaffinized, followed
by blocking endogenous peroxidase activity by incubation
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in 0.3% hydrogen peroxide/methanol solution for 20 min.
Due to the small size of one tissue sample, only one slide
could be made from one of the RV overload samples.
Antigen unmasking was performed by treating the
sections with boiling sodium citrate buffer (0.01 

 

M

 

, pH 6.0)
in a microwave oven at maximal power for 13 min (Norton,
1993). The sections were left at room temperature for 2 h,
followed by incubation overnight with a primary mouse
anti-PCNA antibody (Sigma, Zwijndrecht, The Netherlands,
dilution 1 : 400 000). Next, biotin-labelled rabbit anti-mouse
secondary antibody (DakoCytomation, Glostrup, Denmark,
dilution 1 : 200) was added for 30 min followed by incuba-
tion with peroxidase conjugated to streptavidin (K0377,
DakoCytomation) for 30 min. Sections were treated with
DAB solution (Sigma) and stained with HE.

Of each section, two series of photographs (width 

 

×

 

height 

 

=

 

 0.25 

 

×

 

 0.19 mm) were taken randomly. Using
image analysis software (I

 

MAGE

 

P

 

RO

 

, Media Cybernetics,
Silver Spring, MD, USA), both the number of PCNA-positive
myocyte nuclei as well as the total number of myocyte
nuclei were counted and used to calculate the fraction of
PCNA-positive myocyte nuclei. This analysis was blindly
performed by an external observer.

 

Sample preparation for biochemical analysis

 

From frozen tissue blocks of the LV and RV free wall and
IVS, samples of approximately 25 mg were excised and
homogenized using an Ultra-Turrax® (Janke & Kunkel,
Staufen im Breisgrau, Germany) in 2.5 mL of buffer
solution containing 62.5 m

 

M

 

 Tris-HCl (pH 6.8), 15 m

 

M

 

dithiothreitol, 0.1 m

 

M

 

 PMSF, 0.5 m

 

M

 

 leupeptin, 1% (w/v)
SDS and 15% (v/v) glycerol, and stored at –20 

 

°

 

C until use.

 

Determination of DNA content

 

Per sample, 500 

 

μ

 

L of tissue homogenate was mixed
with 1.0 mL ribonuclease A (25 

 

μ

 

g mL

 

−

 

1

 

, Calbiochem,
Merck Chemicals Ltd, Nottingham, UK), 500 

 

μ

 

L Pronase

(100 

 

μ

 

g mL

 

−

 

1

 

, Roche, Almere, The Netherlands) and 500 

 

μ

 

L
ethidium bromide (25 

 

μ

 

g mL

 

−

 

1

 

, Molecular Probes, Invitrogen,
Breda, The Netherlands). The DNA concentration of the
tissue homogenate was measured using a spectrofluoro-
meter (Perkin-Elmer LS-3, Groningen, The Netherlands)
(excitation wavelength 365 nm, emission wavelength
590 nm) as described elsewhere (Karsten & Wollenberger,
1977). Bovine thymus DNA (Calbiochem) was used as a
standard.

 

Statistical analysis

 

Data in the control and RV overload groups were analyzed
using an unpaired Student 

 

t

 

-test, corrected for multiple
testing by Bonferroni’s post hoc test. The distributions of
myocyte area in both groups were tested for significant
differences using the non-parametric 

 

MANOVA

 

 test (SPSS
version 10, SPSS Inc., Chicago, IL, USA). PCNA-positive dis-
tributions in both groups were tested with a Chi-squared
test. Data are expressed as mean 

 

±

 

 SD. A 

 

P

 

-value 

 

<

 

 0.05
was considered statistically significant.

 

Results

 

General and cardiac characteristics of both groups studied
are illustrated in Table 1. Due to increased RV pressures in
lambs with RV overload, being as high as LV pressures, the
ratio of RV to LV wall thickness was double that in control
lambs. This was due to an increase in RV free wall thickness
by 109% in the RV overload group, whereas LV wall thick-
ness remained unchanged.

 

(Histo)morphometry

 

Tissue morphometry

 

The relative volume fractions of myocytes, myocyte nuclei,
collagen and tissue gaps are summarized in Table 2. For
the right ventricle, no significant differences between the

Table 1 Group characteristics

Control RV pressure overload P (*)

n 5 5 –
Body weight (kg) 20.4 ± 3.0 16.6 ± 3.7  0.11
RV end-systolic pressure (mmHg) 12 ± 3 64 ± 8 <<<< 0.01
LV end-systolic pressure (mmHg) 78 ± 15 66 ± 13  0.20
RV free wall thickness (mm) 4.5 ± 0.7 9.4 ± 0.6 <<<< 0.01
LV free wall thickness (mm) 10.5 ± 0.7 10.2 ± 1.9  0.85
IVS thickness (mm) 14.0 ± 2.8 12.8 ± 0.84  0.37
RV/LV wall thickness ratio 0.43 ± 0.04 0.94 ± 0.15 <<<< 0.01

Ventricular wall thicknesses were measured post-mortem. 
RV, right ventricular; LV, left ventricular.
Data are expressed as mean ± SD.
*Unpaired Student’s t-test: RV pressure overload vs. control. Bold type indicates a significant difference.
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control group and the RV overload group were observed
between all structures counted, including fibroblasts and
vascular endothelium. These findings indicate that on a
quantitative basis hardly any difference in percent com-
position of myocardial tissue exists between groups with
and without chronic RV pressure overload. Thus chronic
RV pressure overload appears to result in ‘more of the
same’ myocardial tissue.

In the LV, a similar pattern was seen except for signifi-
cant differences of the relative volume fraction of myocyte
nuclei in the mid-myocardial and epicardial layers, being
higher in hearts with RV overload than in control hearts.

 

Cellular morphometry

 

The results of morphometric analysis of individual RV
myocytes in both groups are summarized in Table 3. No
significant differences in average RV myocyte length, width
or area between both groups were found indicating un-
changed average myocyte shape. The distribution of myocyte
size in both populations is comparable, as indicated by the
almost overlapping myocyte area distributions in Fig. 1.

Normal sheep RV myocardium is composed of both
mononucleated as well as binucleated myocytes. A typical
example of both myocyte types is presented in Fig. 2. After
chronic RV pressure overload, the relative numbers of

Table 2 Histomorphometric analysis of right and left ventricular myocardium of hearts from lambs with right ventricular overload and from control 
lambs

RV LV

Control RV overload P (*) Control RV overload P (*)

Endocardial volumes (%)
Myocytes 77.3 ± 6.1 72.2 ± 7.1 0.26 81.3 ± 6.8 77.9 ± 9.4  0.54
Myocyte nuclei 2.0 ± 0.4 2.1 ± 0.5 0.77 1.6 ± 0.3 2.3 ± 0.7  0.06
Collagen 6.4 ± 1.4 7.8 ± 5.5 0.87 4.2 ± 1.8 6.4 ± 1.5  0.57
Tissue gap 13.9 ± 3.2 14.6 ± 8.7 0.60 8.2 ± 4.6 10.3 ± 6.8  0.07
Rest 2.4 ± 4.1 5.4 ± 3.6 0.25 6.4 ± 3.3 5.4 ± 2.9  0.63

Mid-myocardial volumes (%)
Myocytes 81.0 ± 3.2 78.4 ± 7.9 0.51 86.0 ± 3.9 83.5 ± 10.9  0.64
Myocyte nuclei 2.1 ± 0.9 2.0 ± 0.3 0.80 1.7 ± 0.2 2.4 ± 0.4 <<<<    0.05
Collagen 7.4 ± 1.5 8.2 ± 5.3 0.75 4.5 ± 1.8 5.3 ± 2.3  0.46
Tissue gap 7.4 ± 4.2 8.1 ± 2.0 0.75 5.7 ± 2.5 8.2 ± 6.6  0.59
Rest 4.2 ± 4.0 5.3 ± 6.1 0.74 3.7 ± 2.1 3.0 ± 4.1  0.74

Epicardial volumes (%)
Myocytes 73.3 ± 8.6 68.8 ± 10.8 0.48 82.3 ± 5.9 75.9 ± 8.7  0.21
Myocyte nuclei 1.9 ± 0.3 1.7 ± 0.2 0.20 1.7 ± 0.3 2.3 ± 0.6  0.05
Collagen 12.3 ± 2.8 14.5 ± 5.7 0.70 6.7 ± 2.4 8.3 ± 4.9  0.38
Tissue gap 9.9 ± 5.1 11.3 ± 5.7 0.45 6.5 ± 2.1 8.5 ± 4.3  0.53
Rest 4.5 ± 4.4 5.5 ± 4.7 0.74 4.6 ± 3.4 7.4 ± 3.3  0.23

The relative volume fractions of myocytes, myocyte nuclei, amount of collagen and tissue gaps in the LV and RV of the control group (left 
column) and RV pressure overload group (right column) are given. ‘Rest’ represents all structures other than those mentioned above (e.g. 
vasculature and fibroblasts). A distinction between epicardial, mid-myocardial and endocardial layers was based on different myocyte 
fiber orientation. 
*Unpaired Student’s t-test: RV overload vs. control. Bold type indicates a significant difference.

Table 3 Proportion of right ventricular (RV) myocyte binucleation and myocyte dimensions measured in individual myocytes which were obtained from 
hearts of lambs subjected to chronic RV overload and from hearts of control lambs

% Binucleation Length Width Area

Control hearts (n = 5) 59 ± 9 67.5 ± 9.1 11.6 ± 1.1 787 ± 162
RV overload hearts (n = 5) 47 ± 13 69.0 ± 8.1 12.1 ± 0.4 851 ± 117
P* 0.12 0.78 0.38 0.49

RV myocyte dimensions (length, width) are given in μm. RV myocyte area is estimated by multiplying RV myocyte length and width and 
is given in μm2. 
*Unpaired Student’s t-test: RV overload vs. control.
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mono- and binucleated myocytes did not differ signifi-
cantly from those of the control group (Table 3).

Immunohistochemistry

Cardiac myocyte proliferation

A total of 21 slides were made, including a positive control
(human tonsil) and a negative control (normal RV sheep
myocardium without primary antibody). Figure 3 shows a

typical example of a slide from each group after PCNA
staining. From these slides, 252 photographs were taken
randomly, 138 from the control group and 114 from the RV
overload group. PCNA-positive myocyte nuclei were observed
in both the control group (14.5% of photographs analyzed)
and in the RV overload group (21.9% of photographs ana-
lyzed) although the frequency of PCNA-positive myocyte
nuclei per photograph was rather low in all myocardial
samples analyzed (maximal values up to 0.016 and 0.033 in
the control group and RV overload group, respectively).
Figure 4 shows the distribution of the fraction of PCNA-
positive myocyte nuclei per photograph in both groups. A
significant rightward shift of the distribution curve occurs
after chronic RV pressure overload, indicating a higher
degree of myocyte proliferation in this group (P = 0.01).

Cardiac DNA concentration
Table 4 illustrates the average myocardial DNA concentra-
tion in each tissue sample (μg DNA mg−1 tissue). No signi-
ficant differences were found between the two groups
with regard to myocardial DNA concentration in the RV
free wall, LV free wall or IVS.

Discussion

The results of this study show that RV free wall thickness
is increased by 109% after chronic RV pressure overload,
applied to neonatal sheep hearts. No significant changes
were found for myocardial tissue composition expressed

Fig. 1 Cumulative percentage of RV myocytes as a function of myocyte 
size. The black line represents the control group whereas the grey line 
represents the RV overload group. Chronic RV pressure overload does 
not result in a shift of the curve, which indicates that myocyte size is not 
affected by increased afterload.

Fig. 2 Typical examples of isolated right ventricular mononucleated (A) and binucleated (B) myocytes, representative for both groups. Myocyte 
dimensions and proportion of binucleation were not significantly different between the two groups (Table 3).
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as volume percentages, individual myocyte dimensions, the
degree of myocyte nucleation or myocardial DNA content
between groups with and without chronic RV pressure
overload. A significant increase, however, was found for

the number of PCNA-positive myocyte nuclei in the RV
overload group (P = 0.01).

RV wall thickness may theoretically be increased by two
mechanisms. Either new myocytes are added (hyperplastic
growth) or existing cells are increased in size without the
formation of new myocytes (hypertrophic growth). In
addition, experimental studies have shown that both mech-
anisms may coexist. For example, Sedmera & colleagues
(2003) have shown that left ventricular pressure loading
by aortic constriction in rats may trigger both a hyperplastic
and a hypertrophic response later on. However, myocardial
analysis, if both mechanisms are present at the same time,
is difficult in terms of methodology, as will be discussed
below.

For many years the dogma was that hyperplastic growth
occurred during fetal development only. Shortly after
birth, when cardiac myocytes are terminally differenti-
ated, a complete transition from a hyperplastic to a hyper-
trophic growth pattern is thought to occur (Rakusan,
1984). Recently, the concept of the heart being a termi-
nally differentiated organ as it excludes any turnover of
myocytes has been questioned (Nadal-Ginard et al. 2003).
Under certain circumstances in the adult heart, myocytes
are able to re-activate their cell cycle, which initiates a
secondary hyperplastic growth response (Clubb et al.

Fig. 4 Relative cumulative percentage of the fraction of PCNA-positive 
myocytes determined in 138 photographs of right ventricular 
myocardium in the control group (black line) and in 114 photographs of 
right ventricular myocardium in the RV overload group (grey line). Note 
that chronic RV pressure overload resulted in a significant rightward shift 
of the curve, indicating an increase in PCNA expression in this group.

Table 4 Myocardial DNA concentrations determined in right ventricular (RV), left ventricular (LV) and interventricular septum (IVS) myocardium from 
hearts of lambs with right ventricular overload and from hearts of control lambs

RV samples 
(μg DNA mg−1 tissue)

LV samples 
(μg DNA mg−1 tissue)

IVS samples 
(μg DNA mg−1 tissue)

Control hearts (n = 5) 3.72 ± 0.62 3.76 ± 0.55 3.13 ± 0.22
RV overload hearts (n = 4) 3.44 ± 0.51 3.27 ± 0.23 3.36 ± 0.39
P* 0.50 0.14 0.31

*Unpaired Student’s t-test: RV overload vs. control.

Fig. 3 Examples of right ventricular myocardium from control (A) and RV pressure overloaded (B) hearts stained for the presence of PCNA-positive 
nuclei. Image dimensions are 0.25 × 0.19 mm (width, height). Arrows indicate PCNA-positive nuclei.
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1986; Poolman et al. 1999; Pasumarthi & Field, 2002). For
instance, increased hemodynamic load due to exposure to
carbon monoxide in fetal rats has been shown to result in
cardiomegaly because of increased myocyte hyperplasia.
This hyperplastic response is sustained throughout the
early neonatal period (Clubb et al. 1986). In mice lacking
a specific cyclin-dependent kinase inhibitor (p27kip1), pro-
longed proliferation of cardiac myocytes and perturbation
of myocyte hypertrophy was found (Poolman et al. 1999).

Several authors have emphasized that the evaluation of
the adaptive myocardial responses to increased loading
conditions is severely hampered by methodological diffi-
culties (Olivetti et al. 1994; Nadal-Ginard et al. 2003). Many
of the parameters used are not exclusively representative
for either hypertrophy or hyperplasia. For example, pro-
liferating cellular nuclear antigen (PCNA) is a 36-kD nuclear
protein which is expressed specifically in cell nuclei during
the S-phase of the cell cycle, immediately before DNA
synthesis (Marino et al. 1991). As such it is considered to
be a marker of cellular proliferation (Matturri et al. 2002;
Nadal-Ginard et al. 2003). The downside of using this
protein as a marker, however, is that it merely indicates
DNA synthesis, irrespective of whether the synthesis is
followed by cellular division (as occurs in hyperplasia)
or not. Therefore, expression of PCNA by itself cannot be
used to distinguish between myocardial hypertrophy and
myocardial hyperplasia. Furthermore, in the event of a
hypertrophic response, enlargement of existing myocytes
would result in an increased volume fraction of myocytes
and, via simple ‘dilution’, in a decreased volume fraction
of myocyte nuclei and in a decreased DNA content per
gram of tissue (van der Laarse et al. 1989). However, this
can only be true if the number of nuclei per myocyte and
the degree of nuclear ploidy remain constant (van der
Laarse et al. 1989). Several studies have shown that in case
of hypertrophic myocardial growth, an increase in nuclear
size is observed which is found to be directly related to
the formation of polyploid nuclei and an increase in DNA
content (Vliegen et al. 1990; Capasso et al. 1992). Making
a judgment based on isolated calculations of the number
of myocyte nuclei may yield false conclusions: a constant
density of myocyte nuclei may indicate a hyperplastic
response (‘more of the same tissue’) but it may also be
the result of a combination of ‘dilution’ due to myocyte
enlargement (hypertrophy) in combination with the occur-
rence of karyokinesis without cytokinesis (binucleation),
as has been shown to occur in a hypertrophic response
(Anversa & Kajstura, 1998; Clubb & Bishop, 1984). There-
fore it has been stated that, so far, the quantitative deter-
mination of myocyte nuclei, combined with the evaluation
of the distribution of nuclei in myocytes, appears to be the
only approach available for the documentation of myocyte
cellular hyperplasia in the myocardium (Anversa et al. 1990).

When we refer to our own measurements, the rightward
shift of the curve in Fig. 4 signifies myocyte DNA synthesis

in the pressure overloaded RV myocardium. In combination
with our other results of unchanged DNA concentration
(expressed per mg of myocardial tissue), unchanged
degree of binucleation, and unchanged tissue composition
(no substantial myocardial scar formation as has previously
been shown to occur in pressure overload hypertrophy;
Doering et al. 1988; Thiedemann et al. 1983; Vliegen et al.
1991), we can conclude that the DNA synthesis is the result
of a hyperplastic instead of a hypertrophic reaction.

With regard to the left ventricle, significant increases
in myocyte nuclear density were also found in two of the
three layers of left ventricular myocardium (see Table 2).
Although this was an unexpected finding, similar findings
have been reported in the literature. Sedmera and col-
leagues studied the responses of neonatal rat left ventricle
to pressure overload, induced by aortic constriction
(Sedmera et al. 2003). Apart from significant increases in
LV mass and myocyte width, a mild but significant increase
was found in RV wall mass and RV myocyte width in the
group characterized by severe cardiomegaly 21 days after
aortic constriction. With regard to the present study, it
might be hypothesized that the increased RV pressure, by
means of direct ventricular interaction via the inter-
ventricular septum, triggers a nuclear proliferative response
in LV myocytes. In addition, non-uniformity of myocyte pro-
liferation throughout the ventricular wall has been reported
to occur in both mammals as well as in birds: from outside
to inside a decreasing gradient of DNA synthesis has been
reported to occur in the ventricular wall (Jeter et al. 1971;
Sedmera et al. 2002). This finding might provide an expla-
nation as to why the epicardial and mid-myocardial layers
of the left ventricle show a significant increase in myocyte
nuclear proliferation only.

One of the few papers that has studied the effects of RV
pressure overload on sheep myocardium is the study by
Barbera et al. (2000). They created a model in which fetal
hearts were subjected to an increase in RV pressure for a
period of 10 days, obtained by pulmonary artery constric-
tion. Based on cytomorphometric data they calculated
that RV pressure overload had resulted in a 50% increase
in myocyte number in RV myocardium. In addition, a sig-
nificant increase in RV myocyte length was found, whereas
myocyte width remained constant. Myocyte volume,
expressed as a percent of total tissue volume, significantly
increased from 75.5 ± 1.3% in the control group to 81.8 ±
4.6% in the RV overload group (P < 0.05). Based on volu-
metric calculations using a cylindrical model, they found a
36% increase in myocyte volume. This finding led them to
conclude that besides a hyperplastic response, the fetal
myocytes showed a hypertrophic response as well.

When analyzing our own data, no significant increases
in tissue composition or individual myocyte dimensions
were found. This discrepancy with regard to the results
of Barbera et al. (2000) may be related to the fact that
the timing of pressure overload differs between that
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study and ours. Estimations of myocyte volumes in our
study, based on the cylindrical model as described above
(Barbera et al. 2000), results in average myocyte volumes
of 71 300 μm3 in the control group and 79 300 μm3 in the
pressure overload group. Taken together, as compared to
the control group, chronic RV pressure overload resulted
in an increase in myocyte volume by approximately 11%.
As this increase in volume is not unexpected in a neonatal
phase of the heart, this (hypertrophic) cellular enlargement
does not account for the enormous increase in wall thick-
ness (i.e. 109%). Furthermore, if it is hypothesized that a
pure hypertrophic response had occurred, the volume%
of myocytes (see Table 2) should have increased and the
volume% of myocyte nuclei should have decreased
(dilution) as the degree of binucleation did not signifi-
cantly differ between both groups (Table 3). Therefore,
although a contributing effect of myocardial hypertrophy
cannot be excluded completely, the vast majority of the
increase in RV wall thickness is due to a hyperplastic response.

The last known confounding factor in the analysis of
myocardial responses to ventricular overload is the occur-
rence of myocardial cell death (Kajstura et al. 1995; Narula
et al. 1996; Olivetti et al. 1997). This may occur via either
myocyte necrosis or apoptosis. The former reaction is
associated with an inflammatory reaction, fibroblast
activation, vessel proliferation and, ultimately, scar forma-
tion (Nadal-Ginard et al. 2003). This type of cell death is
not likely to have occurred in our study as this would have
led to different morphometric results (see Table 2). Myo-
cyte apoptosis, on the other hand, does not result in tissue
fibrosis; dying myocytes are removed by neighboring cells
in the absence of an inflammatory reaction (MacLellan &
Schneider, 1997). Apoptotic cells may either be replaced
by new myocytes or neighboring myocytes may take their
place by means of hypertrophy. In the latter case, this would
have resulted in a group of larger myocytes and thus in a
rightward shift of the curve presented in Fig. 1. In the case
of replacement, the occurrence of apoptosis would even
have underestimated the degree of myocyte hyperplasia.

Another possibility for the occurrence of RV myocyte
hyperplasia after chronic RV pressure overload that should
be considered is suggested by the study of Kajstura & col-
leagues (1995). They have shown that cardiac apoptosis
occurs postnatally only and that the frequency of apoptosis
is higher in the RV than in the LV and interventricular
septum (Kajstura et al. 1995). This finding is ascribed to RV
unloading that occurs shortly after birth due to expansion
of the pulmonary vascular bed. In their study, it has been
suggested that this pressure unloading may enhance
apoptosis in the RV. This mechanism would explain the
normal difference between RV and LV wall thickness.
Conversely, it may be hypothesized that in the setting of
increased RV afterload, the frequency of apoptosis is
decreased. Although it is unlikely that an increase in RV
wall thickness of 109% is solely due to a decrease in

apoptosis in the setting of increased RV afterload, a
contribution to the observed hyperplastic response in
our study cannot be excluded on the basis of our results.

After 8 weeks of chronic RV pressure overload and
independently of the increase in RV wall thickness, right
ventricular contractile function has been found to be
significantly increased (Leeuwenburgh et al. 2001). Despite
this increase, global pump function was found to be
decreased, which has been related to an increase in RV
diastolic stiffness (Leeuwenburgh et al. 2002). The hyper-
plastic myocardial response as presented in the current
study may be hypothesized to provide, through the
process of ventricular thickening, an explanation for this
increase in diastolic stiffness.

Conclusions

The results of our study indicate that chronic RV pressure
overload applied at a young age in sheep is accompanied
by a considerable increase in RV wall thickness. Both the
morphometric composition of overloaded RV myocardium
as well as the myocardial DNA concentration are unchanged.
In addition, the proportion of myocyte multi-nucleation
is not significantly different from that of normal myo-
cardium, although significantly more myocyte nuclei were
found to be PCNA-positive. These findings indicate that
the neonatal lamb heart primarily responds to increased
workload by means of myocyte hyperplasia. In newborn
patients with congenital heart disease, this type of adap-
tive response might affect ventricular function by means
of myocardial remodelling.
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