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INTRODUCTION

The heart is one of the most essential organs for life.
Researchers need to understand the mechanisms under-
lying normal cardiovascular function, to be able to de-
sign strategies to enhance cardioprotection and to
ameliorate cardiovascular diseases. The most used ex-
perimental models in cardiac research are the isolated
whole heart and cultured cardiac cells. Currently the
use of cell cultures is taking on increasing relevance due
to the versatility, economy and convenience of the metho-
dology, as compared to whole animal experiments. In
vitro models offer a broad spectrum of biochemical,
physiological, pharmacological and morphological ap-
proaches1. Above all, animals experiments are conducted
under specific conditions (temperature, diet, and a limi-
ted number of tested compounds), and practical and
ethical limitations on animal numbers restrict the possi-
bility of studying combined variables. In contrast, a single
preparation of cells may be dispensed for multiple com-
parative in vitro studies. In particular, preparations of
heart cells isolated from small mammals, rat2–4, mouse5, 6,
hamster7, 8, chick9–12, Guinea pig13, 14, rabbit15, 16 and fe-
line17 allow a large number of experiments, which are
conducted and evaluated quickly at relatively low cost.
At present when many laboratories have to respect their
budgets, the rat model appears one of the most advanta-
geous for research. Rats are readily available, inexpen-
sive, do not require the elaborate housing and care
resources of larger animals and have an extensive scien-
tific bibliography. Furthermore, experimental use of the
rat has been exempted from many of the regulatory
restrictions applied to larger mammals18.

The neonatal rat cardiomyocyte model permits the
study of many of the morphological, biochemical and
electrophysiological characteristics of the heart. This
model is well-established for the study of the transport
and toxicity of drugs2, 19–21. Thanks to these experiments
physicians now know how to estimate the optimum drug
dose with minimum health risks to patients. Cardio-
protective effects of promising therapeutic compounds
were also studied using this model 22, 23.

Cultured neonatal rat cardiomyocytes have been
shown to be useful for analyzing states of oxygen- and
volume-restriction, conditions that are known to stimu-
late anoxia and ischaemia at the cellular level24, 25. Mus-
ters et al.24 provided proof for the usefulness of this
model for ischaemia in their study of morphological
changes caused by volume-restricted anoxia. During
ischaemia-reperfusion of the myocardium, reactive oxy-
gen species (ROS) are generated and may contribute to
the pathophysiology of cellular injury26. For this reason
scientists study the mechanism of ROS-induced injury
and possible ways of protection against ROS on neonatal
rat cardiomyocytes23, 27, 28. Burton29 has shown that three
specific lazaroids, U74006F, U75412E and U74500E,
were able to attenuate oxidative damage and may repre-
sent potential therapeutic agents in the prevention of
ROS-mediated myocardial damage.

Apoptosis is another pathological phenomenon that
has been studied in cultured neonatal rat cardiomyocytes.
Apoptosis occurs concomitantly with necrosis in the
infarcted and reperfused myocardium, in the endstage
failing heart, in postinfarction left ventricular remo-
deling, in diabetes and during the regression of hyper-
trophy30. Tanaka et al.31 demonstrated, with cultured
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cardiomyocytes under hypoxia, that cardiomyocytes die
through apoptosis. The mechanism of apoptosis may
involve the Fas antigen. Shimojo et al.32 have produced
evidence that nitric oxide induces the apoptotic death
of cardiomyocytes via cGMP-dependent pathway. This
model has been further exploited by Miletich et al.33,
who used cultured neonatal rat cardiomyocytes as a tool
for the evaluation of halothane-induced arrythmia. Other
investigators have studied hypertrophy in neonatal cell
cardiomyocytes34, 35. Experiments on cardiomyocytes fa-
cilitate the study of the myocardial cell morphology36–38,
cellular ionic exchange39–41, metabolism42, contractile
activities43, 44 and their mutual connections45–47. The ex-
pression of proteins48–50, regulation of their expres-
sion51, 52, and the effect of drugs on the expression53 were
studied in the neonatal rat cardiomyocytes model.

The discussion below compares cultured neonatal
rat heart cells with cardiomyocytes obtained from adult
rat heart tissue.

NEONATAL vs ADULT RAT CARDIOMYOCYTES

Rat heart cells can be obtained from neonatal rats or
adults. However, a typical rat litter of 10–20 neonatal
pups furnishes sufficient tissue to be less expensive than
an isolation from adult rats. A second advantage of
neonatal cardiomyocytes is the undemanding and easy
procedure for their isolation in contrast to adult car-
diomyocytes, which are very sensitive to the concentra-
tion of Ca2+ in the medium (calcium paradox) (ref.54)
during the whole isolation procedure. Yamashita et al.55

have noted that the phenotype of cultured neonatal
cardiomyocytes is very stable and their contractile pro-
file during hypoxia-reoxygenation is comparable with
that of in situ hearts during ischemia-reperfusion, whe-
reas the phenotype of isolated adult cardiomyocytes is
quite different from that of in situ hearts.

PREPARATION OF NEONATAL RAT
CARDIOMYOCYTES

Many protocols, describing isolation and cultivation
of neonatal rat cardiomyocytes have been published in
the past forty years. All are modifications of the method
originally described by Harary and Farley in 196343 and
use the same rationale. Briefly, hearts from neonatal
rats are rapidly excised and washed to remove blood
and debris. Then whole hearts or only the ventricles are
carefully minced and dissociated into single cells by
proteolytic enzymes during repeated digestions with
gentle stirring. The obtained cells are suspended in
growth medium, which contains serum for deactivation
of proteolytic enzymes. The cells are counted and ad-
justed to a desirable concentration. The cardiomyocytes
are seeded on plastic plates and maintained in an incu-
bator under defined atmosphere. Modifications on the

method described by Harary and Farley are described
below.

Animals. Sprague-Dawley39, 44, Wistar4, 51, 56 and Wister-
Kyoto rats48, 57 can be used for isolation of neonatal
cardiomyocytes. The isolation is the most successful
when the rats are 1–5-days old. Cardiomyocytes will
adhere to the cultivation plate, and initiate rhythmical
contraction. Moreover these cardiomyocytes are more
resistant to cellular disintegration than cardiomyocytes
obtained from older rats, that also appear to be less
active and lose contraction ability quickly. Quality of
the cardiomyocyte preparation, as evidenced by an in-
crease of cell debris and a loss of cell viability, decreases
as the age of the neonatal rat increases3. Typically, new-
born rats are sacrificed by decapitation2, 36, 58, 59 although
head concussion44 and ether anaesthesia48 are also used.

Enzyme digestion. Two enzymes, trypsin4, 36, 60 and
collagenase31, 48, 51, 52, 61, 62, are generally used to dissociate
cut pieces of heart tissue (1–2 mm3) into single cells.
The concentration of trypsin, the most commonly em-
ployed enzyme, ranges from 0.05–0.25%. Collagenase is
used at lower concentrations, typically 0.05–0.1%. Some
protocols call for the use of a combination of the pro-
teolytic enzymes, such as trypsin and collagenase2, 53 or
collagenase and pancreatin25, 49, 51.

After incubation of the minced heart with enzyme-
containing solution the free cell-enriched solution is
mixed with serum to stop enzyme proteolytic activity
and centrifuged. The sediment of cells is resuspended in
serum and cell suspensions from the digestions are kept
in an incubator with a defined atmosphere. The pieces
of tissue are incubated again with a fresh solution-con-
taining enzyme.

Mark et al.56 reported that trypsinization, if repeated
for short periods of incubation, gives a higher propor-
tion of undamaged muscle cells than does a single diges-
tion for a longer time. Five to eight incubations with
trypsin (10–20 min each) appears to be most suitable
treatment for isolation of cardiac cells that retain their
original properties. Removal of the cell suspension af-
ter the first4, 56 or the first three36, 58 enzyme exposures,
which removes dead and damaged cells, debris, and
blood cells, also contributes to the higher yield of viable
cardiac cells and the quality of the primary culture.
Orita et al.22 published a preparation of cardiac cells, in
which he used only one enzyme digestion (60 min) to
isolate cardiac cells. This method is not much used.

Incubation of minced heart with enzyme solution is
usually carried out at 37 °C (ref.36, 41, 44, 60). However,
some authors digest at 30 °C (ref.4), 36 °C (ref.42) and
24 °C (ref.63). The effect of temperature on the isolation
of neonatal cardiomyocytes has not been evaluated yet,
to our knowledge.

Medium. During isolation and cultivation of rat
neonatal cardiomyocytes three kinds of solutions –
(i) Wash solution, (ii) Enzyme solution, (iii) Growth
(culture, plating) medium are employed.
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Hank’s balanced salt solution (Ca2+ and Mg2+-free)
(ref.2, 44), phosphate-buffered saline (PBS) with Ca2+ 48

or Ca2+ and Mg2+-free60, saline solutions24, 36, 38, 58, 63, Ty-
rode balanced salt solution (Ca2+ and Mg2+-free) (ref.56),
HEPES-buffered salt solution (Ca2+ free) (ref.45), Eag-
le’s MEM with Earle’s balanced salt solution21, 33, 63 have
been used as wash solutions. The wash solution rinses
erythrocytes and tissue debris away from the minced
tissue in the first step of the isolation procedure.

The wash solutions are the basis for the enzyme
solutions, to which specific proteolytic enzymes have
been added for dissociation of cardiac tissue into single
cells. Some authors add antibiotics36, 38, 58, 63, serum (10%)
(ref.21), glucose2 and Dnase (0.002%) (ref.63) to these
solutions, as well. A cell pellet is obtained and sus-
pended in growth medium, in which cells are also subse-
quently cultured. This may be consist of individual
medium Ham F10 (ref.24, 27, 36, 58), Ham’s-F12 (ref.2),
Dulbecco’s modified Eagle’s medium (DMEM) (ref.48),
Minimum Essential medium (MEM) (ref.42, 44, 60), M199
(ref.41), MCDB 107 (ref.64), Liebowitz’s M3 medium65, 66,
PC-1 tissue culture medium50, 52 or the combination of
mediums DMEM and Ham’s F-12 (ref.51, 53), DMEM
and M199 (ref.37, 45, 52), Hank’s salts and M199 (ref.63).

The growth medium contains 4–20% of serum, which
is the essential part of the growth medium. We have
found the following serums reported in the literature:
horse serum (HS) (ref.53, 61), fetal calf serum (FCS)
(ref.49), new-born calf serum51, calf serum44, 60. The mix-
tures of HS with FCS (ref.2, 24, 37, 39, 45) are the most
popular.

We notice some authors have used medium or main-
tenance medium that can differ from growth medium in
the percentage of serum37, 51 or composition2, 67. Growth
medium is replaced by maintenance medium during the
first day or after 1–2 days2, 37, 51. The growth or mainte-
nance medium is renewed every day23, 50 or every two
days68. Experiments are usually performed after 3–8
days in culture2, 37, 66.

Antibiotics, which protect cultured cardiomyocytes
from contamination (gram-negative and gram-positive
bacteria), are the next important components of growth
medium. The combination of penicillin (100–400 U/ml
medium) and streptomycin (100–200 µg/ml medium) is
frequently used.

Elimination of non-muscle cells. Cells isolated from
neonatal rat heart contain a mixture of muscle and
mesenchymal cells. Mesenchymal cells divide more
rapidly than the muscle cells and pervade all the free
substrate surface, but do not overgrow the cardio-
myocytes56, 60. The elimination of non-muscle cells is
based on the different characteristics of muscle and
non-muscle cells, such as speed of attachment to the
plate surface, density of cells and proliferation rate.
Blondel at al.60 have published a simple method for
increasing the proportion of muscle cells based on the
faster rate of attachment to the plate surface of mesen-
chymal cells, as compared to muscle cells. This tech-

nique of the pre-plating step, when the cell suspension
is plated in a flask for 1–3 hours for attachment of non-
muscle cells, is the most popular method for elimination
of non-muscle cells2, 39, 48, 51. Cell cultures prepared with
this technique contain about 97–99% of cardiomyo-
cytes49. The following methods are based on reducing
the growth of non-muscle cells by inhibitors of prolife-
ration, such as cytosine-β-D-arabinofuranoside
(10 µg/mL medium) (ref.31, 38, 62) and 5-bromo-2’-deoxy-
uridine (100 µM) (ref.48, 51, 53). Mediums supplemented
with these compounds have been used for seeding and
maintenance of cardiomyocytes. Cell cultures that grow
without these proliferation inhibitors showed 40–65%
increase in the number of fibroblasts from day 1 to day 5
(ref.62). The method Percoll gradient45, 46, 69 is the third
technique for separation of mixed cell population. Since
this technique is more complicated and takes more time,
it is not very popular. The cell suspension is layered
onto a Percoll density gradient (density, 1.059/1.082)
and centrifuged at low speed. The cell fraction migra-
ting at density layers of 1.062 and 1.082 on a Percoll
gradient is enriched for cardiomyocytes. This fraction is
removed carefully and washed in medium or wash solu-
tion. Using this technique the cells reach confluence
after approximately 72 hours25. The percentage of bea-
ting cardiomyocytes exceeds 95% after 3 days in cul-
ture, because the Percoll separation removes about 91%
of the fibroblasts with only a 26% loss of myocytes62.
Some authors use combination of these methods to
increase percentage of beating cardiomyocytes24, 62, 63.

Seeding. After counting cells, the cell suspension is
adjusted to a concentration range of 1 × 104 – 2.5 × 105

cell/cm2. Cells can be plated on disks pretreated with
collagen (Types I62, 69 and III69), fibronectin37, 64, lami-
nin45, 69, gelatin70 or on Primaria (Falcon Plastics)24, 36, 58

– and pronectin (Promega)53-coated culture plates.
Within the first day the cells attach to the surface of the
flask and spread out. A confluent monolayer of sponta-
neously beating pure myocytes forms within 2–3 days.
Vanwinkle et al.69 have published a very interesting pro-
cedure for cultivation of rat cardiomyocytes on a natu-
rally occurring complete extracellular matrix, cardiogel,
which is synthesized by cardiac fibroblasts. It contains
laminin, fibronectin, Type I and III collagen, and pro-
teoglycans, that contribute extensively to the interstitial
extracellular matrix in the heart. Cardiogel-supported
cardiomyocytes adhere more rapidly after plating, ex-
hibit spontaneous contractility earlier, undergo cyto-
skeletal and myofibrillar differentiation earlier and grow
larger than their counterparts69. The same cardiogel
feature was noticed by Bick46, who published a study
comparing the properties of laminin and fibronectin
with cardiogel. Laminin appeared to be the least suit-
able matrix for the culture of neonatal cardiac myocytes,
but has been widely used46. Although cardiogel is the
most suitable matrix, its time arduousness limits its cur-
rent use.

Neonatal rat cardiomyocytes – a model for the study of morphological, biochemical
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Incubation atmosphere. At the end of isolation, cardio-
myocytes plated in tissue culture dishes are usually cul-
tured at 37 °C under an atmosphere of CO2 (1–10%)
and air or O2 (90–99%) (ref.2, 3, 38, 48, 53). Courtois27, who
incubated cardiomyocytes at 37 °C in a humidified at-
mosphere containing 5% CO2, 19% O2 and 76% N2, is
an exception.

OPTIMIZED PREPARATION OF NEONATAL
RAT CARDIOMYOCYTES

We describe below a standard protocol for the isola-
tion and maintenance of cardiomyocytes obtained from
neonatal rat heart that conveniently, routinely and re-
peatedly yields high quality cardiomyocyte cultures in
our laboratory.

Whole hearts are isolated from 2- to 5-day old rats
and minced in a balanced salt solution containing 20 mM
HEPES, 120 mM NaCl, 1 mM NaH2PO4, 5.5 mM glu-
cose, 5.4 mM KCl, 0.8 mM MgSO4 (pH 7.3–7.4). The
myocardial cells are dispersed by the addition of a ba-
lanced salt solution containing trypsin (0.2%) and then
stirred at 37 °C in a water bath for 20 min. The enzymatic
solution with free cells is removed and discarded. The
pieces of tissue are incubated again with fresh solution
containing trypsin (0.2%) for 20 min at 37 °C. The
supernatant is collected and centrifuged at 1200 rpm for
10 min. The obtained pellet of cells is resuspended in
2 ml newborn calf serum. The cell suspension is kept at
37 °C in an incubator under an atmosphere of 95% air
and 5% CO2. The digestion step is repeated five times.
The cell suspensions from each digestion are combined
and centrifuged at 1200 rpm for 10 min. The pellet of
cells is resuspended in medium containing DMEM and
M199 (4:1) supplemented with horse serum (10%), fe-
tal calf serum (5%), penicillin (100 U/ml) and strepto-
mycin (100 mg/ml). The cells are plated for 1.5–2 h to
allow the differential attachment of non-myocardial cells.
The non-adhesive cells (cardiomyocytes) are transferred
into a centrifugation tube, washed and centrifuged at
1200 rpm for 10 min. After counting the myocyte-enriched
suspension is transferred to collagen I-coated culture
dishes at density of 5×104 cells per cm2. The viability of
cells (85–90%) is determined by exclusion of trypan
blue dye. The cells are incubated in 95% air and 5%
CO2 at 37 °C. The medium is removed after 72 h and
replaced by a medium containing DMEM and M199
(4:1) with penicillin (100 U/ml) and streptomycin
(100 mg/ml). The cultured cardiomyocytes are allowed
to reach confluence before being used experimentally.
Using this technique the percentage of beating myocar-
dial cells exceeds 85% after 3 d in culture in each
experiment. Fig. 1 shows the development of cardio-
myocytes cultures during 3 days and the toxic effect of
anthracycline antibiotic, doxorubicin, on a 3-day-old
culture.
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Fig. 1. Selected microphotographs of the developmental stages of cultured neonatal rat cardiac myocytes and toxic effect of doxorubicin
(400×). Cells were isolated from 3-day-old neonatal rats and cultured on collagen-coated multiwell plate dishes in growth medium, see
text. Panels A, B, and C represent cardiomyocytes incubated for 24 h; 48 h and 72 h, respectively. These cells (panel C) were beating
spontaneously and synchronic at 145–170 beats/min. Panel C is simultaneously a control for panel D. Panel D represents myocytes
incubated with 100 µM doxorubicin for 8 h, myocytes were arrhythmically beating 70–90 beats/min. The cell monolayer was not
continued and the small vacuoles were found in cardiomyocytes cytoplasm.
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