
Abstract Using a new technique to isolate rod-shaped
cardiomyocytes from small tissue pieces we were able to
analyse the developmental profile of postnatal cardio-
myocyte growth in the mouse. During the first 4 postna-
tal days the volume of the cardiomyocytes remains rela-
tively constant despite a concomitant increase in heart
weight, indicating growth due to cell division of the car-
diomyocytes, also called hyperplasia. After postnatal day
5 the volume of the cardiomyocytes increases dramati-
cally until postnatal day 14, when the increment of 
the volume curve decreases again. The cardiomyocytes
reach their adult volume at around 3 months of age.
These measurements present the first detailed analysis of
the phase of so-called developmental hypertrophy, i.e.
normal cardiomyocyte growth in the mouse, and provide
an essential base-line for the analysis of growth parame-
ters in mouse models for cardiomyopathies. We used this
method to characterise the growth characteristics of car-
diomyocytes from MLP (muscle LIM protein) knockout
mice, a mouse model for dilated cardiomyopathy. During
the first 2 postnatal weeks there is no significant differ-
ence in the growth parameters between MLP knockout
and wildtype mice. However, in the adult animals car-
diomyocytes from MLP knockout mice are not only
characterised by a more irregular shape, but also by a
high variability in size compared to cardiomyocytes
from wildtype animals. This suggests that the alterations
in ventricular morphology in the MLP heart are not due
to a general elongation of the cardiomyocytes but to
myocyte disarray and ventricular wall thinning caused
by the heterogeneous volume of the cardiomyocyte pop-
ulation.

Keywords Cardiomyocytes · Isolation method · 
Developmental parameters · MLP · Cardiac growth · 
Hypertrophy

Abbreviations DTT dithiothreitol · 
PFA paraformaldehyde · MLP muscle LIM protein · 
PBS phosphate buffered saline · BSA bovine serum 
albumin · PIPES piperazine-N,N’-bis(2-ethanesulfonic
acid) · EGTA ethylene glycol-bis(b-aminoethyl ether)
N,N,N’,N’ tetraacetic acid · 
MES 2–8(N-morpholino)ethanesulfonic acid monohydrate

Introduction

The heart is the first differentiated organ in the develop-
ing embryo. While already performing its function,
namely to pump blood, it continues to grow in order to
meet increased demands on its working output. In the rat
for example, heart weight increases from 33 mg in the
newborn to 134 mg in the adult animal (Li et al. 1996).
This growth can be achieved by two different means: hy-
perplasia, i.e. growth due to cell division of cardiomyo-
cytes or hypertrophy, i.e. growth due to volume increase
of the individual cardiomyocyte. Pioneering studies by
Clubb and Bishop (Clubb and Bishop 1984) have de-
fined three different phases of growth in the rat heart: 
(1) The hyperplastic phase, which lasts until postnatal
day 4 (P4), (2) a transitional phase between P5 and P15
when hyperplasia and hypertrophy would occur concom-
itantly, and (3) the hypertrophic phase from P15 onwards
when growth would be caused solely by addition of
myofibrils. Recently Li and colleagues (Li et al. 1996)
provided data pointing at a rather sharp transition be-
tween hyperplastic and hypertrophic phase in the rat and
claimed that the DNA synthesis that was still observed in
the first 2 postnatal weeks was mainly due to nuclear di-
vision, a common feature of rodent cardiomyocytes,
which are mainly binucleated. During puberty the
growth of the cardiomyocytes is slowed down until it
reaches a plateau in the adult animals. In case of specific
physiological requirements because of exercise or due to
pathological situations like elevated blood pressure a
second phase of hypertrophic growth can set in. The car-
diomyocytes then increase their volume further in an
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adaptive response by adding more myofibrils and
sarcomeres. This process can run out of control and re-
sult in a phenotype that is defined as pathological hyper-
trophy, which will finally lead to heart insufficiency and
death.

So far, detailed analysis of cardiac growth parameters
has been performed in rat (Li et al. 1996), pig (Beinlich
et al. 1995), sheep (Smolich et al. 1989), guinea pig
(Campbell et al. 1987), dog (Legato 1979) and chicken
(Li et al. 1997), and several species-specific features
have been noted, with, for example, chicken cardiomyo-
cytes retaining the ability to divide even in the adult
stage similar to amphibian cardiomyocytes (Oberpriller
and Oberpriller 1974; Rumyantsev 1977). However, only
few data are available for the mouse so far. In view of
the fact that more and more mouse models for cardio-
myopathies are being studied, it is important to deter-
mine the base-line of normal cardiac growth in order to
be able to compare potential aberrant growth characteris-
tics of cardiomyocytes from diseased mice with normal
mice. One potential explanation for the lack of data for
the mouse so far is the size of the tissue compared to
larger mammals. Therefore, conventional isolation meth-
ods for cardiomyocytes to measure their volume, like
retrograde perfusion with collagenase using a Langen-
dorff apparatus cannot be used at early postnatal stages
of development. In order to determine the growth param-
eters during postnatal mouse heart development, we de-
veloped a new method that enables us to isolate rod-
shaped cardiomyocytes also at very young stages (from
P0 onwards) while at the same time allowing us to dis-
tinguish between cardiomyocytes from the left and the
right ventricle. The volume of these cardiomyocytes was
measured by computer analysis of data sets obtained by
confocal microscopy. 

Using this method we could determine that the phase
of hypertrophy sets in at around P5 in the mouse, reach-
ing a plateau in early adulthood. We then employed this
technique to analyse the growth parameters of cardio-
myocytes from a mouse model for dilated cardiomyopa-
thy, the MLP knockout mouse (Arber et al. 1997). This
study revealed that while there are no significant differ-
ences between wildtype and MLP knockout cardiomyo-
cytes at early stages of development, cardiomyocytes
from adult MLP knockout mice are characterised by a
higher variability not only in overall shape but also in
size. This provides one potential explanation for the
myocyte disarray that is observed in these diseased
hearts.

Materials and methods

Cardiomyocyte isolation

Mice were killed by cervical dislocation and the hearts were im-
mediately excised. Cardiomyocytes were enzymatically isolated
from mouse (strain C57Bl6; BRL, Füllinsdorf, Switzerland) hearts
of different ages (P0 (postnatal day 0) to P205) using an adapted
procedure originally developed for smooth muscle cells (Draeger

et al. 1989). The left and right ventricular wall was dissected from
isolated hearts, and depending on the size, cut into smaller pieces
on ice in Solution 1 consisting of (in mmol/l) 137 NaCl, 5 KCl, 
4 NaHCO3, 5.5 glucose, 1,1 Na2HPO4x2H2O, 0.4 KH2PO4, 
2 EGTA, 5 MES, 2 MgCl2 and 100 mg/l streptomycin; pH 6.1.
The tissue pieces (approximately 1×3 mm) were tied with cotton
thread onto plastic strips at extended length (see schematic draw-
ing in Fig. 1) and digested in a buffer solution (pH 6.5) consisting
of (in mmol/l) 137 NaCl, 5 KCl, 4 NaHCO3, 5.5 glucose, 10 PIPES,
2.5 CaCl2, 2 MgCl2 and 100 mg/l streptomycin, containing 1 mg/ml
collagenase type II (Worthington Biochemical, N.Y. USA) and 
1 µg/ml verapamil (Knoll AG, Liestal, Switzerland) at 37°C for 
20 min and up to 1.5 h, depending on the age of the mice. After
washing three times on ice with washing solution (i.e. Solution 1
without MgCl2 but containing in addition 0.5 mmol/l DTT), the
pieces were cut off from the strips and placed in 100 µl–500 µl
cold washing solution, depending on the size of the muscle pieces.
Final dissociation of cells was performed by gently triturating the
heart pieces several times through a wide-mouth Pasteur pipette.
The cells were spun on gelatine-coated slides with a cytospin cen-
trifuge (10 s, 500 rpm; Shandon Southern, Pa., USA) and subse-
quently fixed with 3% PFA in PBS for 15 min at room tempera-
ture.

For the analysis of cardiomyocytes from a mouse model with
dilated cardiomyopathy, the MLP knockout strain (Arber et al.
1997) and its wildtype strain (OBF E52) were used.

Hearts intended for cryostat sectioning were snap-frozen in
isopentane in liquid nitrogen. Then, 10-µm-thick sections were
generated using a cryostat, collected on gelatine-coated slides and
processed for immunofluorescence as described below.

Immunofluorescence

For the staining with anti-myomesin [monoclonal mouse anti
myomesin clone B4 (Grove et al. 1984), characterised in this labo-
ratory] and with Pico Green to visualise the nuclei (Molecular
Probes from Juro Supply AG, Luzern, Switzerland), the cells were
incubated after fixation with 0.1 mol/l glycine in PBS for 5 min
and afterwards permeabilised with 0.2% Triton X-100 in PBS for
15 min. Unspecific binding sites were blocked by incubation with
5% normal (pre-immune) goat serum (Sigma, Buchs, Switzer-
land), 1% BSA in PBS for 15 min. Primary and secondary anti-
bodies were diluted in blocking solution. The primary antibody in-
cubation was carried out overnight at 4°C and the incubation with
the secondary antibody (Cy3 anti mouse Ig; Jackson Immuno 
Research from Milan, La Roche, Switzerland) and Pico Green, 
respectively was performed for 2.5 h at room temperature. 
After three times washing with 0.002% Triton X-100 in PBS for 
5 min, the specimens were mounted in 0.1 mol/l TRIS-HCl 
(pH 9.5) : glycerol (3:7) including 50 mg/ml n-propyl-gallate as
anti-fading reagent (Messerli et al. 1993a).

Volume measurements and statistical analysis

The imaging system consisted of a Leica inverted microscope 
DM IRB/E, a Leica true confocal scanner TCS NT and a Silicon
Graphics workstation. The data sets from single isolated cells
were recorded from top to bottom of the cell using a Leica 
PL APO 63x/1.4 oil objective and a Z-axis step size of 0.3 µm.
The system was equipped with an argon/krypton mixed gas laser.
Image processing was done on a Silicon Graphics workstation 
using Imaris (Bitplane AG, Zurich, Switzerland), a 3D multi-chan-
nel image processing software specialised for confocal microsco-
py images (Messerli et al. 1993b). The volume was determined on
a Silicon Graphics workstation, using the Depth Analysis program
that is part of the Imaris software package. The mean volume with
the standard deviation (SD) for each data point was obtained using
the statistic functions of the KaleidaGraph program (Synergy Soft-
ware, Pa., USA). At least five cells from two independent isola-
tions were measured for each point.
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Results

A novel technique for the isolation of rod-shaped 
cardiomyocytes from postnatal mouse heart

Conventional isolation of perinatal rodent cardiomyo-
cytes is routinely carried out using two different ap-
proaches. One is bulk digestion of tissue in stirred colla-

genase solution, which usually yields spherical cells that
no longer display the shape of cardiomyocytes as seen in
the tissue (Rothen-Rutishauser et al. 1998). Freshly iso-
lated cells that maintain their original shape can be ob-
tained by retrograde perfusion with collagenase solution
of isolated hearts using a Langendorff apparatus (Li et al.
1996). However, this method is not easily applicable to
smaller-sized hearts and impossible for hearts from new-
born mice. Therefore, we adapted a method originally
used for the isolation of smooth muscle cells (Draeger 
et al. 1989) to digest cardiac tissue also from newborn
mice. Pieces from cardiac muscle tissue are tied at ex-
tended length onto plastic strips (see schematic drawing
in Fig. 1) and processed for digestion as well as the fol-
lowing washing steps in this state. Afterwards the muscle
pieces are cut from the strips and individual cardiomyo-
cytes are released by gentle trituration by pipetting up
and down using a wide-mouthed Pasteur pipette. 
Using this technique we are able to obtain cardiomyo-
cytes that retain their original shape as judged from re-
constructions of serial sectioned cryomaterial of hearts
taken from newborn mice (Fig. 2). This technique is not
only applicable for perinatal stages but also works in later
stages including hearts from adult mice. While allowing
the isolation of apparently undamaged cardiomyocytes, it
is also possible to separate right and left ventricular walls,
thereby facilitating separate analysis of growth parame-
ters of right versus left ventricular cardiomyocytes. Using
this isolation technique, followed by immunofluorescence
staining of the myofibrils as well as the nuclei, we were
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Fig. 1 Schematic drawing of heart muscle pieces (size approxi-
mately 1×3 mm) that were tied at extended length with cotton
thread onto plastic strips.

Fig. 2 Fixed freshly isolated mouse cardiomyocytes of different
ages (P0, P4, P6, P14, P61) labelled with an anti-myomesin anti-
body (in red) and Pico Green (in green) as a nuclear stain (a).
Myomesin is located in the M-band. During the postnatal phase a
morphological change from small spindle-shaped cells (P0, P4) to
large rod-shaped cells occurs. Additionally from P6 onwards most
of the cardiomyocytes contain two nuclei. Cryosections from new-
born (b) and adult (c) heart stained with anti-myomesin antibod-
ies, demonstrating similar shape differences as seen in the freshly
isolated cardiomyocytes. Bar 10 µm



able to analyse the postnatal growth parameters in the
mouse heart by confocal microscopy. Figure  2a shows
single confocal sections from freshly isolated cardiomyo-
cytes from P0, P4, P6, P14 and P61 mice. Cardiomyo-
cytes isolated during the first days after birth are charac-
terised by a spindle-like shape and usually have just one
nucleus. Between P4 and P6, the cells become more elon-
gated, reach more of a rod-like shape and nuclear division
takes place, yielding binucleated cardiomyocytes that are
typical for the rodent ventricle. At P14, the rod-like shape
is even more pronounced and sarcomeres have been add-
ed mainly in the longitudinal direction. By P61 cardio-
myocytes have also increased their girth and display their
mature morphology, being completely filled with myofi-
brils and possessing two nuclei. The shape of the freshly
isolated cardiomyocytes closely resembles the differences
in shape of the cardiomyocytes in tissue at newborn and
adult stages, respectively (Fig. 2b, c), excluding potential
preparation artifacts.

Determination of cardiomyocyte growth parameters 
during postnatal development

Data sets from confocal stacks obtained from cardio-
myocytes of different developmental stages isolated by
the method described above were used to measure the
volume as well as analysing growth parameters such as
length and width of the cardiomyocytes and the number
of sarcomeres using a specialised software, Imaris 
(Bitplane AG Zurich, Switzerland). A detailed listing of
these postnatal growth parameters of the murine heart is
given in Table 1. Because our new method allows a sep-
arate isolation of cardiomyocytes from the left and the
right ventricles, we were able to compare the growth pa-
rameters of cardiomyocytes from the two chambers. The
general profile of volume increase is quite similar, as de-
picted in Fig. 3a, with a phase of constant cell volume
from birth until P4 and a steep increase in the volume in
the 10 following days. Interestingly, although the volume
seems to increase in a comparable manner in cardiomyo-
cytes from the left and the right ventricle, a difference in
the way how this is achieved was observed. When length
to width ratios are compared between LV and RV cardio-
myocytes during the first postnatal month it is apparent
that while after P5 RV cardiomyocytes increase in length
first and grow by lateral addition of myofibrils only after
P12, LV show exactly the opposite growth pattern at that
time, with first increasing their girth and growing in
length only from P12 onwards (Fig. 3b). In the adult ani-
mal LV cardiomyocytes are longer compared to RV car-
diomyocytes, which in their turn show increased widths,
resulting in similar volumes for both types of cardio-
myocytes. At the moment it is completely unclear how
this different growth behaviour is regulated but it is like-
ly that it reflects the different demands on the right and
left ventricular chambers during development.

A comparison between the developmental profile of
the cardiomyocyte volume increase with the heart weight
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is depicted in Fig. 3c. Within the first 4 postnatal days
the heart weight increases while the volume of the car-
diomyocytes remains constant, indicating that growth
still occurs mainly due to hyperplasia during the first
postnatal days also in the mouse. At P4 the period of hy-
pertrophic growth sets in with a steep rise in cardiomyo-
cyte volume that lasts until about P14, when the incre-
ment declines to reach a plateau at about P61. The
curves for the volume and the heart weight overlap ex-
actly after P4, suggesting that from then onwards gain in
heart mass is only due to increase in cardiomyocyte vol-
ume, the phase of so-called developmental hypertrophy.

When the increase in heart weight is compared with
the body weight at the same time it is apparent that in or-
der to meet the increasing demands, the heart has to
grow much more in relation to the body weight. To show
that this is not due to differences in food intake, tibia
length was analysed as a more reliable marker at the
same time, resulting in a curve that is almost overlapping
with the body weight (Fig.  3c).

These results show that this novel isolation method and
the subsequent analysis in the confocal microscope after
immunostaining could provide the parameters of postnatal
cardiomyocyte growth in the mouse. The main phase of
volume increase starts after P4, similar to data observed in
the rat (Li et al. 1996). Although the overall volume in-
crease is similar between cardiomyocytes from the left
and the right ventricles, there are differences in the first 2
postnatal weeks in the way how this is achieved by either
lateral or longitudinal addition of sarcomeres.

Growth characteristics of cardiomyocytes from MLP
knockout mice

Numerous mouse models for cardiomyopathies have been
created in recent years either by genetic methods 
or by induction of stenosis by operation techniques 
(Geisterfer-Lowrance et al. 1996; Arber et al. 1997; 
Patten et al. 1998; Sussman et al. 1998; Yang et al. 1998;
Muthuchamy et al. 1999; Ding et al. 2000), reviewed, e.g.
in (Izumo and Shioi 1998; Dalloz et al. 2001). With the
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Fig. 3 Volume of freshly isolated cardiomyocytes from mouse
heart (a). Around postnatal day 4, myocyte volume progressively
increases and after 2–3 weeks the rate of increase is again re-
duced. Each point is the mean of at least 14 cardiomyocytes. The
curves represent the average of two independent data set measure-
ments for left and right ventricles. Relative ratio of length to width
growth of freshly isolated mouse cardiomyocytes (b). The chang-
ing slope of the line indicates alternating growth in length and
width during different phases. Length is the calculated product of
numbers of sarcomeres using an average sarcomere length in heart
of 2 µm. See Table 1 for mean values ± SD. LV left ventricle
(square), RV right ventricle (circle). Comparison of volume of
freshly isolated cardiomyocytes (filled square), body weight (open
square), heart weight (circle) and tibia length (triangle) during de-
velopment (c). Body weight and tibia length are continuously in-
creasing. The volume and the heart weight curve behave similar
except between P0 and P4. The difference in the early postnatal
days may be due to still-ongoing cell division



availability of the data for wildtype mice as discussed
here, it is now possible to compare eventual altered
growth characteristics in these diseased mice. In a first at-
tempt we analysed the growth characteristics of cardio-
myocytes obtained from MLP knockout mice, a mouse
model for dilated cardiomyopathy. Freshly isolated car-
diomyocytes from adult MLP knockout mice are charac-
terised by their more irregular shape with myofibrils not
running strictly in parallel as in the wildtype (Fig. 4b) but
at slightly oblique angles to each other (Arber et al. 1997;
Fig. 4a). The representative selection of cardiomyocytes
from MLP knockout versus wildtype mice indicated also
another typical feature, namely a high variability in size
in cardiomyocytes isolated from MLP knockout mice
whereas wildtype cardiomyocytes show only little varia-
tion in their volume. These morphological observations
are substantiated by volume analysis of confocal data
stacks, where cardiomyocytes obtained from adult wild-
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Fig. 4 Fixed freshly isolated adult mouse cardiomyocytes from
(a) MLP knock-out mice and (b) wt mice stained with an anti-
myomesin antibody. Myomesin is located in the M-band. Individ-
ual MLP cardiomyocytes show a high degree of heterogeneity in
their morphology and size compared to the wt cells. Cell volume
of freshly isolated cardiomyocytes from MLP knock-out mice
compared with wt mice (c). Bar 10 µm

type mice have an average volume of 25083 µm3 with a
SD of ± 4147 (16.5%), while cardiomyocytes from MLP
knockout mice display volumes ranging from 12523 µm3

to 68452 µm3, yielding an average size of 28420 µm3 but
a SD of ± 14866 (52.3%). By staining for an intracellular
intercalated disk protein, beta-catenin, it was verified that
the measured cardiomyocytes were indeed individual car-
diomyocytes and not a pair of partially digested cardio-
myocytes (data not shown). This high variability in vol-
ume becomes only apparent in the adult MLP knockout
mice. When volumes from newborn cardiomyocytes are
compared, cardiomyocytes from MLP knockout mice are
smaller than those from WT, with an average value of
1222 µm3 versus 1662 µm3 for the wildtype; however, the
values at P7 and P14 are rather similar, with the cardio-
myocytes from the MLP knockout mice being slightly
larger than wildtype cardiomyocytes, but showing a com-
parable SD. Therefore the high variability in size is only
a characteristic feature of cardiomyocytes from adult
MLP knockout mice. This is similar to the alterations ob-
served at the intercalated disk in the MLP knockout
mouse which also become only apparent in adult animals
(Ehler et. al. 2001). The high variation in cardiomyocyte
volume in the adult suggests that the hypertrophic re-
sponse is deregulated in this kind of cardiomyopathic
mice at later developmental stages. Together with the fi-
brosis that was observed and the more irregular shape re-
sulting in a higher number of cell – cell contacts, the
large differences in cardiomyocyte size might well result
in the heart insufficiency and reduced output that is ob-
served in MLP knockout mice.

Discussion

The results presented here are the first detailed analysis
of postnatal cellular growth parameters in the murine



heart. With our novel isolation method we were not only
able to isolate cardiomyocytes from newborn mice that
have an overall shape that is comparable to that in situ as
judged by the analysis of serial frozen sections, but also
to obtain separate data sets for cardiomyocytes from the
left and the right ventricles. Comparison of the obtained
growth curves with data obtained from postnatal rat heart
shows that the growth parameters are very similar (Li 
et al. 1996). Also in the rat an abrupt change from hyper-
plastic to hypertrophic growth takes place at around post-
natal day 3 (Li et al. 1996). After that a dramatic increase
in volume was observed, accompanied by binucleation in
the first postnatal week (Li et al. 1996). Analysis of post-
natal division of cardiac cells in mice by Bromo-deoxy-
uridine (BrdU) labelling revealed a drastic decrease in 
incorporation after the first postnatal week as well
(Machida et al. 1997). In agreement with Li et al. for the
rat we found no evidence for cell division also in the
adult mouse heart (Li et al. 1996). In 20-day-old mice
less than 1% BrdU-positive cells could be identified in
the heart; however their identity as true cardiomyocytes
remains to be shown (Machida et al. 1997). This com-
plete cessation of cardiomyocyte proliferation activity is
in contrast to chicken, where division could also be ob-
served in adult cardiomyocytes (Li et al. 1997).

So far no detailed analysis of postnatal mouse cardio-
myocyte volumes has been published. However, when
we compare the sizes we determined with our isolation
method with values that were published for single devel-
opmental stages, they are within a similar range. For ex-
ample, from desmin knockout mice, which show features
of dilated cardiomyopathy (Milner et al. 2000), cardio-
myocytes were isolated that had an average length of
142.6 µm compared with wildtype of 139.7 µm with a di-
ameter of 29.7 and 29.9 µm, respectively, which com-
pares well with the length of 128.0 (LV) and 85.2 (RV)
µm and the width of 28.7 (LV) and 35.8 (RV) µm that we
observe in our measurements. Similarly, measurements
from a mouse strain that is transgenic for a truncated car-
diac troponin T and serves as a model for familial hyper-
trophic cardiomyopathy (Tardiff et al. 1998), gave values
of a length of 134.5 µm for the non transgenic compared
to 114.3 µm for the transgenic strain with a width of 30.6
and 26.7 µm, respectively. A possible cause for the short-
er length of our cardiomyocytes is their partial contrac-
tion during the paraformaldehyde fixation; however,
since this would then lead to an increased thickness it
has no effect on the volume measurements. The results
obtained in mice are remarkably similar to different mea-
surements performed on cardiomyocytes from humans
suffering from several diseases (reviewed in Poole-
Wilson 1995), where lengths were observed that range
from 36 µm to 197 µm with an average length ranging
around 110 µm. The high variability is probably due to
different isolation techniques, different fixation protocols
as well as different methods of volume determination.
Based on our observations that the values that we calcu-
late roughly for the cardiomyocytes from reconstituted
frozen sections of heart are rather similar in the adult as

well as in the newborn animals (data not shown) we do
not think that our isolation technique selects just for a
subset of cardiomyocytes. Also the fact that the values
that we obtain in our measurements are comparable with
the values published previously and obtained by other
isolation techniques such as Langendorff perfusion sug-
gest that we get an overview over the whole spectrum of
ventricular cardiomyocytes.

In addition to the possibility of isolating undamaged
cells in their original shape even from newborn mouse
hearts, our technique offers several additional advanta-
ges. First, it allows the separation of left and right ven-
tricular wall, and would even allow a separate analysis
of septal cardiomyocytes, which we did not perform in
this contribution. Secondly, using this technique cardio-
myocytes can also be isolated from rather small tissue
samples and after some adaptation even an isolation
from material obtained by biopsies could be envisaged.
This is especially important since previous studies have
indicated that the overall shape of cardiomyocytes is al-
tered in the diseased heart (Arber et al. 1997; Ehler et al.
2001). Thirdly, in contrast to an isolation method pro-
posed by Gerdes’ group, where rod-shaped cardiomyo-
cytes are isolated by KOH digestion from formalin-fixed
material (Tamura et al. 1998) immunostaining is possi-
ble, so that a qualitative analysis of the protein expres-
sion profile of the isolated cardiomyocytes can be per-
formed, including the staining for intercalated disk pro-
teins to ensure true separation of individual cardiomyo-
cytes or the staining for marker proteins for, e.g. hyper-
trophy.

Investigating a mouse model for dilated cardiomyopa-
thy, the MLP knockout mice with this isolation method,
we observed that MLP knockout cardiomyocytes have a
much more irregular growth pattern than the heart cells
of wildtype mice, which is also reflected in the not well
aligned myofibrils. The results on the heterogeneity of
volumes in the adult MLP knockout mice suggest that
during the development of the phenotype of dilated car-
diomyopathy a deregulation of control of cellular growth
happens in these mice. So far the exact pathways that
control a hypertrophic response are unclear and a scenar-
io of a complex combinatorial action of several signal-
ling pathways is the most likely (Hefti et al. 1997). It
will be important to find out which of these pathways is
not fully functional in the MLP knockout mouse, thus re-
sulting in this high variation of volumes that is observed.
This variation in cellular size is probably one of the rea-
sons for myocyte disarray and the increased number of
contacts that are observed (Ehler et. al. 2001). It has
been suggested previously that the ventricular wall thin-
ning that is observed in dilated cardiomyopathy might 
be either caused by myocyte lengthening (Gerdes and
Capasso 1995) or by side to side slippage of cells within
the wall (Beltrami et al. 1995). Our results together with
the observations made by others (Schaper et al. 1995) in-
dicate that possibly also a wide range of cardiomyocyte
size and the resulting misalignment can contribute to the
changes in wall thickness. The fact that differences in
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cardiomyocyte size are only apparent in the adult and not
during the first 2 postnatal weeks of development is rem-
iniscent of the alterations that have been observed in in-
tercalated disk composition in the MLP knockout mice,
which also only become prominent in the adult stage
(Ehler et. al. 2001).

In summary, the data reported here provide an impor-
tant basis for the analysis and comparison of growth pa-
rameters in different mouse models for cardiomyopathy.
Additionally the sharp transition of hyperplastic to hyper-
trophic growth that is also seen in the mouse heart would
allow the identification of factors that distinguish these
two stages by comparison of the two mRNA/protein
pools by subtractive hybridisation or analysis of 2D-gel
protein patterns, respectively.
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