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Laminin, laminin-entactin and extracellular matrix are equally appropriate
adhesive substrates for isolated adult rat cardiomyocyte culture
and experimentation
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ABSTRACT
Although techniques for isolating and culturing adult cardiomyocytes were developed four decades
ago, it still remains a challenge to isolate high yields of healthy viable cardiomyocytes, to maintain
them in culture, and to use them successfully in experiments. This is due to the difficulty in deciding
which adhesive substrate and buffer composition to use. Therefore this study aimed to (1) identify a
robust experimental buffer to sustain survival of cultured adult rat cardiomyocytes (ARCMs) during
control normoxic conditions, and (2) to identify an adhesive substrate that provides optimal cell
adherence, not only during normoxia, but especially during simulated ischemia-reperfusion (SIR)
experiments.
Adhesion and viability of ARCMs were evaluated on laminin, laminin-entactin (LE), and extracellular
matrix (ECM) at concentrations between 25–200 ug/ml, in three different normoxic experimental
buffers and under SIR conditions. Differences in normoxic buffer composition had no effect on the
adherence of ARCMs, but had a significant effect on mitochondrial function and thus cell viability.
HEPES buffered PBS supplemented with 10 mM glucose was not sufficient to sustain cell viability
unless 2 mM pyruvate was added, yet a cocktail of PBS and M199 provided an even greater viability.
Finally, laminin, LE, and ECM retained similar numbers of ARCMs per concentration, but only
provided efficient adhesion at concentrations � 100 ug/ml.
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Introduction

Adult cardiomyocytes (ACMs) have been isolated and
cultured since the 1970s1 and still hold a promising
future for cardiovascular research. Although the use of
isolated ACMs has gained popularity in cardiophysiol-
ogy research, it is still a challenging task to isolate high
numbers of healthy viable cardiomyocytes and retain
them in culture, even for a period of 24 hours. Obstacles
in culture are presented in deciding which medium and
cell adhesive substrates to use in order to promote effi-
cient cell attachment, survival and retention of morphol-
ogy. Medium 199 (M199) is the preferred medium for
culturing ACMs and is commonly supplemented with
creatine, carnitine, and taurine.2,3 However, the investi-
gator is free to add other agents such as HEPES,4 pyru-
vate, insulin,2,4 and the myosin II ATPase inhibitor
blebbistatin5 or N-benzyl-p-toluene sulphonamide.6

Thus, an efficient culture medium is mostly obtained
through trial and error, which was also the case in our
laboratory.

We optimised a medium that sustained adult rat
cardiomyocyte (ARCM) viability during overnight cul-
ture on 10 ug/ml laminin in 96 well plates, but during
SIR experimentation the cells consistently washed off
the culture surfaces, leaving no cells attached for eval-
uation. This showed that the 10 ug/ml laminin mainly
used in the literature might be too low, or that laminin
is not an efficient ACM adhesive substrate, and there-
fore other adhesives should be investigated. A suitable
substrate for cell attachment is critical to avoid
unwanted changes in cell morphology and function.
Various types of adhesive substrates are commercially
available, including gelatins, dis-intergrins, poly-lysine,
vitronectins and extracellular matrix (ECM) compo-
nents (collagens, fibronectins, proteoglycans, entactins
and laminins).

Studies on attachment and survival of ACMs on vari-
ous ECM substrates (laminin, collagens, fibronectin,
ECM gel) have previously been carried out.7–14 Data
from these studies showed that ACMs attach efficiently
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to basement membrane components of laminin and col-
lagen type 4, weakly to fibronectin and do not attach to
interstitial collagens (Type 1 & 3).8 Since then, laminin
has been the most preferred adhesive substrate to culture
ACMs15–19 and is used at low concentration ranges (10–
35 mg/ml). All studies that evaluated adhesive substrates
for ACMs investigated its role in culture, but no studies
evaluated optimal adhesion during experimentation, and
no studies have reported severe cell detachment during
SIR.

The primary aim of the present study was to improve
the numbers of ARCMs retained to 96-well culture surfa-
ces, after applying a SIR protocol with several necessary
cell washes, so that enough cells are available for evalua-
tion. The secondary aim was to identify an experimental
buffer that would sustain ARCM viability under control
normoxic conditions. This was addressed by comparing
the efficiency with which ARCMs adhere to different
concentrations of laminin, ECM and LE, after overnight
culture and SIR.

Materials and Methods

All reagents were obtained from Sigma-Aldrich, unless
specified as otherwise.

Animal Care

Adult male Wistar rats were used in this study. The ani-
mals were kept on a 12 hour day/night cycle at a constant
temperature of 22 8E and 40% humidity. All animals had
free access to food (standard lab chow) and water. This
study conformed to the conditions described in the
“Revised South African National Standard for the care
and use of Animals for Scientific purposes” (South African
Bureau of Standards, SANS 10386, 2008). Animal use was
approved by the Ethical Committee of the Faculty of
Health Sciences, Stellenbosch University. Project number
10GL_LOP1 was assigned to the study.

Isolation of ARCMs

The cardiomyocyte isolation technique was based on a
protocol published by Fischer and colleagues in 199120.
Briefly, adult male Wistar rats (»300 g) were anesthe-
tized by intra-peritoneal injection of 60 mg sodium pen-
tobarbital (Bayer). Hearts were excised and arrested in
ice cold (4 �C) buffer A (6 mM KCl; 1 mM Na2HPO4,
0.2 mM NaH2PO4, 1.4 mM MgSO4, 128 mM NaCl,
10 mM HEPES, 11 mM D-glucose, 2 mM pyruvate and
3 mIU insulin (Humulin R by Lilly), 1% penicillin/strep-
tomycin, pH 7.4) that contained 0.5 mM CaCl2. All buf-
fers thereafter were warmed to 37 �C and gassed with

95% O2 and 5% CO2. The arrested hearts were attached
to a Langendorff apparatus and retrogradely perfused
with calcium free buffer A to wash out blood from the
coronary arteries. After 5 minutes, digestion was started
by perfusion with 50 ml buffer B (buffer A containing
0.5% BSA fatty acid free (Roche), 1.8 mg/ml collagenase
Type II (240 U/mg, Worthington), 0.2 mg/ml protease
XIV and 18.0 mM butanedione monoxim (BDM)).
The first 10 ml of the digestion buffer was discarded,
while the rest was recirculated and perfusion continued
for » 25 minutes until the heart was soft and soapy.
0.1 mM CaCl2 was added at 10 minutes and 20 minutes
of the digestion period.

When heart digestion was complete, the ventricles
were cut off and placed in a petri dish with 15 ml buffer
D (2 parts buffer C (1 £ buffer A containing 0.5% BSA
fatty acid free, 0.5% BSA fraction V, 9.0 mM BDM) and
1 part buffer B) containing 0.3 mM CaCl2. Ventricular
cardiomyocytes were separated by gently moving the tis-
sue back and forth in the buffer with a tweezers until it
was completely dissociated. The cell suspension was then
filtered through a 200 mm nylon filter into a 50 ml coni-
cal tube. The cells were allowed to sediment by gravity
for 10 minutes at room temperature and then spun at
60 £ g for 1 minute. The supernatant containing dead
cells, other cells and debris was removed. Calcium was
re-introduced to the cells in a stepwise manner to a final
concentration of 1.2 mM. The pellet was resuspended in
buffer E1 (buffer C with 0.6 mM CaCl2), followed by
buffer E2 (buffer C with 0.9 mM CaCl2) and lastly buffer
E3 (buffer C with 1.2 mM CaCl2), with each step inter-
spersed by cell sedimentation (7 minutes, 6 minutes and
5 minutes respectively). After calcium re-introduction,
the final pellet of calcium tolerant cardiomyocytes was
resuspended in a modified M199 culture buffer (40%
Hanks’ salt M199 supplemented with 10 mM HEPES,
5 mM creatine, 5 mM carnitine, 5 mM taurine mixed
with 60% buffer C (with 1.2 mM CaCl2, but without
BDM)) with 10 mM blebbistatin.

Counting of ARCMs on a haemocytometer
and seeding in culture plates

The cardiomyocytes were counted on a haemocytometer
and viability determined by rod shape morphology.
Before counting the cells, the ARCMs were thoroughly
mixed by inversion to form a homogeneous cell mixture,
but not shaken to avoid froth. A cell aliquot was loaded
onto a haemocytometer until the chamber was filled, but
not overfilled, to avoid overestimation of cell numbers.
Normal healthy ACMs are rod-shaped and therefore
they do not disperse as easily in liquid as round or spin-
dle shaped cells. Consequently ACMs do sometimes
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distribute unevenly on a haemocytometer, and therefore
it was imperative to confirm equal distribution of ACMs
across the haemocytometer before counting the cells.
Whenever cells were unevenly distributed, the haemocy-
tometer was cleaned and a new cell aliquot loaded for
counting. The number of viable rod shaped cells were
counted in each of the four quadrants (each containing
16 squares) of the haemocytometer, summed together
and divided by four to get the average viable cells. The
same was done for the dead round cells to get the average
number of dead cells. Each quadrant holds a volume of
0.1 ul and therefore the cell numbers per quadrant were
multiplied by 10000 to provide cell numbers per ml. The
percentage cell viability was determined by dividing the
average number of live cells by the total number of cells
(live plus dead), and multiplied by 100. Only when cell
viability was � 70% were the cardiomyocytes seeded into
black clear bottom 96-well plates (Corning) that were
pre-coated with cell adhesives, followed by overnight cul-
ture at 5% CO2 and 37 8E. Given that more cells were to
be lost with SIR than normoxia, seeding density was
2500 cells/100 ml/well for normoxic experimental condi-
tions and 5000 cells/100 ml/well for SIR conditions.

Coating of culture plates with LE, laminin and ECM

Black, clear bottom 96-well tissue culture plates (Corn-
ing) were coated with either LE (BD Biosciences), lami-
nin, or ECM gel at a concentration range of 25–200 mg/
ml. Each adhesive substrate was diluted in PBS (6 mM
KCl, 1 mM Na2HPO4, 0.2 mM, NaH2PO4.H20, 1.4 mM
MgSO4.7H20, 128 mM NaCl, 1.2 mM Ca2+, 10 mM
HEPES, pH 7.4) to obtain the required final concentra-
tions (25, 50, 75, 100, 125, 150, 175 and 200 mg/ml), and
5 ml was placed in the middle of each well. The coated
plates were incubated overnight at 5% CO2 and 37 8E,
washed twice with PBS buffer and air dried in a laminar
flow hood prior to seeding of the cardiomyocytes.

Effect of different experimental buffers on ARCM
attachment and mitochondrial viability when
adhered to laminin, LE and ECM

After overnight culture, the cardiomyocytes were washed
and stained with one of three experimental buffers, (1)
PBS with 11 mM D-glucose (PBS-G), (2) PBS with
11 mM D-glucose and 2 mM pyruvate (PBS-GP), or (3)
modified M199 wash buffer (MMWB) (40% Hanks’ salt
M199 supplemented with 10 mM HEPES, 5 mM crea-
tine, 5 mM carnitine, 5 mM taurine mixed with 60%
buffer A (with 1.2 mM CaCl2, without insulin). All the
buffers used were warmed to 37 8C, all incubations were
done at 37 8C in a 5% CO2 incubator, and the number of

washes or buffer changes was equal between normoxic
control and the SIR protocol used. Briefly, the cultured
cardiomyocytes were washed three times with 100 ml/
well buffer so that each wash was followed by a 10 min-
ute incubation period. Thereafter two consecutive
washes were applied without incubation, followed by 10
minutes staining with 10 mg/ml JC-1 (5, 5¢, 6, 6¢-tetra-
chloro-1, 1’, 3’, 3’- tetraethylbenzimidazolocarbocyanine
iodide) at 37 8C. The stain was removed, the cells washed
twice and then incubated for 30 minutes for the stain to
reach equilibrium. The number of washes or buffer
changes were similar to the SIR protocol, except that the
simulated ischemia (60 minutes) and reperfusion (15
minutes) duration was not mimicked. Fluorescence
images of cardiomyocytes were captured on a Nikon
fluorescent microscope at a 10 x objective, using a filter
that allows excitation at 490 nm and emissions of
590 nm (green JC-1 monomers) and 530 nm (red JC-1
aggregates). The average red fluorescence (R) and green
fluorescence (G) intensity was measured per cell per
image, and used to quantify the average cell viability
according to the equation R � G, which is abbreviated as
R/G. The R/G fluorescence ratio is high per cell in a via-
ble cell population, but low in a dead cell population.
Indeed, viable cells accumulate many red JC-1 aggregates
in mitochondria and therefore display a high intensity of
red fluorescence, while emitting a poor green fluores-
cence intensity. In contrast, dead cells accumulate many
green JC-1 aggregates in the cytosol and no or few red
JC-1 aggregates in the mitochondria.

ARCMs attachment and mitochondrial viability
after SIR

After overnight culture, the cells were washed three times
as described above, but only with MMWB. Simulated
ischemia was induced for 1 hour with modified M199
ischemic buffer (40% Hanks’ salt M199 mixed with 60%
PBS (with 1.2 mM CaCl2, without HEPES), pH 6.4, sup-
plemented with 5 mM 2-deoxy-D-glucose and 5 mM
sodium dithionite). Thereafter the cells were gently
washed twice, followed by 15 minutes incubation (reper-
fusion). The cells were then stained with 10 mg/ml JC-1
for 10 minutes, washed twice and incubated for 30
minutes before capturing fluorescence images as
described above.

Parameters measured and statistical analysis

The cardiomyocyte length was determined from a single
line drawn along the length of each cardiomyocyte found
in a 100x magnified field view (1244 mm x 933 mm),
using ImageJ. The same line was used to measure the
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average red (R) and green (G) fluorescence intensity per
ARCM, which was used to calculated the ratio of R/G as
a measure of mtMPD, and thus viability. The total num-
ber of cells attached per treatment was also recorded for
each field view, as an indication of cardiomyocyte adher-
ence. All values are expressed as the mean § standard
error of the mean (SEM). GraphPad Prism 6 was used to
compare results, using either one-way or two-way analy-
sis of variance (ANOVA) with Sidak post hoc test
applied. Probability values of less than 0.05 (p < 0.05)
were considered significantly different.

Results

Effects of experimental buffers on cardiomyocyte
attachment and mitochondrial viability

Based on the literature, PBS supplemented with glucose
is normally the buffer used to perform experiments on
either freshly isolated or cultured ACMs. Since the buffer
used to perform experiments plays a vital role in cell sur-
vival, we compared the effects of different buffers, PBS-G
(PBS + glucose), PBS-GP (PBS +glucose + pyruvate) and
MMWB (Modified M199 wash buffer) on cell attach-
ment and mitochondrial viability. These buffers were
evaluated on ARCMs cultured on a range of concentra-
tions (25–200 ug/ml) of laminin, ECM and LE, followed
by assessment of mitochondrial viability with JC-1 and
cell attachment.

As shown in Fig. 1, mitochondrial viability (R/G) was
higher with MMWB compared to PBS-G and PBS-GP
on laminin (Fig. 1a), LE (Fig. 1b) and ECM (Fig. 1c). On
laminin, mitochondrial viability was significant lower
with PBS-G compared to MMWB at 25 ug/ml (0.53 §

0.14 vs 1.67 § 0.38, p < 0.01), 50 ug/ml (0.57 § 0.16 vs
1.58 § 0.11, p < 0.01), 75 ug/ml (0.37 § 0.15 vs 1.56 §
0.08, p < 0.001), 100 ug/ml (0.48 § 0.20 vs 1.72 § 0.16,
p < 0.001), 125 ug/ml (0.55 § 0.17 vs 1.68 § 0.15, p <

0.01), 150 ug/ml (0.47 § 0.17 vs 1.25 § 0.17, p < 0.05)
and 175 ug/ml (0.41 § 0.15 vs 1.48 § 0.28, p < 0.01).
Significant differences were also observed between PBS-
GP and MMWB, but only at 75 ug/ml (0.77 § 0.24 vs
1.56 § 0.08, p < 0.05), 100 ug/ml (0.72 § 0.26 vs 1.72 §
0.16, p < 0.01), 125 ug/ml (0.73 § 0.26 vs 1.68 § 0.15,
p < 0.05) and 175 ug/ml (0.56 § 0.20 vs 1.48 § 0.28,
p < 0.05). Fluorescent images of the ARCMs can be
viewed in the supplementary document.

On ECM, similar trends were observed where R/G fluo-
rescence was significantly higher; up to double or triple the
R/G fluorescence for cells washed with MMWB compared
to PBS-G at 25–175 ug/ml (25 ug/ml: 1.46 § 0.17 vs 0.61
§ 0.15, p < 0.01, 175 ug/ml: 1.60 § 0.10 vs 0.35 § 0.10,
p < 0.0001). Between MMWB and PBS-GP, mitochon-
drial viability of cells in MMWB was approximately dou-
ble that of cells in PBS-GP at 75 ug/ml (1.64 § 0.11 vs
0.78 § 0.22, p < 0.05) and 100–150 ug/ml (125 ug/ml:
1.79 § 0.12 vs 0.98 § 0.24, p < 0.05). On LE, mitochon-
drial viability was also higher with MMWB compared to
PBS-G at 25–175 ug/ml (25 ug/ml: 1.59 § 0.21 vs 0.65 §
0.12, p < 0.01 and at 175 ug/ml: 1.31 § 0.03 vs 0.35 §
0.11, p < 0.01), and for MMWB compared to PBS-GP at
75 ug/ml (1.20§ 0.22 vs 0.64§ 0.22), and 125–200 ug/ml
(125 ug/ml: 1.58§ 0.09 vs 0.78§ 0.19, p< 0.05).

Interestingly, there were no significant differences in
the numbers of cardiomyocytes attached to laminin
(Fig. 1d), LE (Fig. 1e) and ECM (Fig. 1f) per field view,
when washed with PBS-G, PBS-GP and MMWB.

Figure 1. Effect of different experimental buffers (PBS-G, PBS-GP and MMWB) on the total number of cells attached per field view, as
well as mitochondrial viability, under normoxic conditions. Mitochondrial membrane potential expressed as R/G fluorescence of ARCMs
on (A) Laminin, (B) LE, and (C) ECM in. Total numbers of cells attached to laminin (D), LE (E) and ECM (F). Data are expressed as mean §
SEM (N = 6).
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ARCMs attachment at different concentration
in normoxia versus SIR

In primary cultures of adult cardiomyocytes, the type of
adhesive substrates used and their concentrations, are
essential factors for efficient cell attachment, retention of
morphology and promotion of cell survival. Laminin is
commonly used in the literature at a concentration of 10
ug/ml, but at that concentration ARCMs washed off the
plastic and glass culture surfaces used, during SIR in our

laboratory. This made it impossible to accurately assess
cell damage since very few cells remained attached for
evaluation. Therefore laminin, ECM and LE were tested
at concentrations of 25 ug/ml to 200 ug/ml under nor-
moxia and SIR, for cardiomyocyte adhesion (Fig. 2) and
cell injury (Fig. 3 & 4).

As shown in Fig. 2, under normoxia, cell numbers
attached per field view increased in a concentration
dependent manner for all adhesives, with the lowest cell

Figure 2. Total number of adherent ARCMs per field view at dif-
ferent concentrations of laminin, LE and ECM, during normoxia
and after SIR. Data are expressed as mean § SEM (N = 8).

Figure 3. R/G fluorescence as an indicator of mitochondrial via-
bility of ARCMs on laminin, LE and ECM, under normoxia versus
SIR. Data are expressed as mean § SEM (N = 8).
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numbers at 25 ug/ml (laminin: 20 § 6, LE: 17 § 4, ECM:
16 § 5), and the highest at 200 ug/ml (laminin: 102 § 7,
LE: 77 § 11, ECM: 74 § 8). There were no differences
amongst the adhesives between 25–150 ug/ml when
compared per concentration. However more cells
adhered to laminin (84 § 10) than to LE (54 § 7,
p < 0.05) at 175 ug/ml, and at 200 ug/ml to laminin

(102 §7) compared to ECM (74 § 8, p < 0.05). Com-
parison of concentrations within the same adhesive
showed there were no differences between lower concen-
trations of laminin (25–100 ug/ml), LE (25–150 ug/ml)
and ECM (25–75 ug/ml), while cell adherence increased
significantly at higher concentrations. Indeed, at 25 ug/
ml laminin, total cells were significantly less (20 § 6)
than at 125 ug/ml (58 § 9, p < 0.05), 150 ug/ml (67 § 4,
p < 0.001), 175 ug/ml (84 § 10, p < 0.0001) and 200 ug/
ml (102 §7, p < 0.0001). When laminin concentration
increased to 50 ug/ml (38 § 7), 75 ug/ml (41 § 9) and
100 ug/ml (49 § 8), significant differences were only
observed against 175 ug/ml (p < 0.01, and p < 0.05 ver-
sus 100 ug/ml) and 200 ug/ml (p < 0.0001). Differences
became even smaller with higher laminin concentrations,
where 200 ug/ml only showed a difference against 125
ug/ml (p < 0.01) and 150 ug/ml (p < 0.05). On LE, cells
cultured at 25 ug/ml (18 § 4) were significantly lower
compared to cells on 175 ug/ml (54 § 7, p < 0.05) and
200 ug/ml (77 § 11, p < 0.0001). In contrast cells on LE
at 50 ug/ml (33 § 7, p < 0.01), 75 ug/ml (35 § 5, p <

0.01), 100 ug/ml (43 § 5, p< 0.05) and 125 ug/ml (43 §
7, p < 0.05) were lower than 200 ug/ml (77 § 11). When
ECM was used, total cells from 100–200 ug/ml (51 § 7
to 74 § 8) were significantly higher than 25 ug/ml (16 §
5), while at 50 ug/ml (33 § 7) and 75 ug/ml (40 § 8) sig-
nificant differences were only observed against 200 ug/
ml (74 § 8).

When cardiomyocytes were subjected to SIR
(Fig. 2), ECM retained significantly higher numbers
of cells (73 § 10, p < 0.05) compared to laminin
(48 § 3) at 200 ug/ml, but for all other concentra-
tions all adhesives retained similar cell numbers.
Differences were observed between high and low con-
centrations within the same adhesives only for LE
and ECM, but not for laminin. On LE, significant
differences were observed only between 25 ug/ml
(16 § 5) and 200 ug/ml (49 § 6, p < 0.05), while on
ECM significant differences were observed for 25 ug/
ml (20 § 5) versus 150 ug/ml (55 § 11, p < 0.05),
175 ug/ml (53 § 5, p < 0.05) and 200 ug/ml (73 §
10, p < 0.0001). At 50 ug/ml (36 § 11, p < 0.05)
and 75 ug/ml (37 § 10, p < 0.05) significant differ-
ences were only observed when these concentrations
were compared with 200 ug/ml (73 § 10).

The total number of cells were also compared for the
same adhesive under normoxia and SIR conditions
(Fig. 2). Significant differences were observed at higher
concentrations from 125 ug/ml to 200 ug/ml and
not at lower concentrations (25–100 ug/ml). As shown
in Fig. 2a, on laminin, total cell numbers were
significantly reduced with SIR compared to normoxia
at 125 ug/ml (p < 0.05, 33 § 4 vs. 59 § 9), 150 ug/ml

Figure 4. Average length in microns (um) of cardiomyocytes cul-
tured on laminin, ECM and LE at 25–200ug/ml, under normoxia
and after SIR. Data are expressed as mean § SEM (N = 8).
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(p < 0.01, 36 § 3 vs. 67 § 4), 175 ug/ml (p < 0.001,
45 § 4 vs. 84 § 10) and 200 ug/ml (p < 0.0001, 48 §
3 vs. 102 § 7). When LE was used as an adhesive sub-
strate (Fig. 2b), total cell numbers attached at 200 ug/ml
were significantly reduced from normoxia (77 § 11) to
SIR (49 § 6). There were no differences between the
numbers of cells attached on ECM between concentra-
tions under during SIR, or between conditions of nor-
moxia and SIR for a given concentration (Fig. 2c).

mtMPD as an indicator of cell viability in
cardiomyocytes subjected to normoxia and SIR

Adult cardiomyocytes were assessed for viability using
JC-1 (Fig. 3), a dye that emits a green fluorescence in the
cytosol and red fluorescence in the mitochondria of
healthy cells, as dye is taken up by mitochondria due to
the presence of a mtMPD. Therefore a loss in mtMPD
will be reported by JC-1 as a loss in red fluorescence and
a gain in green, and serves as an early indicator of apo-
ptosis. Under normoxia, there was no significant differ-
ence observed in R/G ratio between laminin, LE or ECM
at any of the concentrations used.

When cells were subjected to SIR, significant differen-
ces were only observed between low concentrations of
laminin (25–75 ug/ml) and high concentrations (175–
200 ug/ml). At 25 ug/ml laminin, R/G was significant
less (0.19 § 0.03) compared to 175 ug/ml (0.40 § 0.04, p
< 0.05) and 200 ug/ml (0.42 § 0.05, p < 0.01). When
the concentration was increased to 50–75 ug/ml, R/G
was significantly lower at 50 ug/ml (0.21 § 0.04) and 75
ug/ml (0.19 § 0.03) compared to 175 ug/ml (0.40 §
0.04, p < 0.05) and 200 ug/ml (0.42 § 0.05, p < 0.01)
respectively.

On L/E, cell viability was significantly lower at 25 ug/
ml (0.26 § 0.07, p < 0.01), 50 ug/ml (0.22 § 0.03, p <

0.001), 75 ug/ml (0.21 § 0.03, p < 0.001), 100 ug/ml
(0.20 § 0.03, p < 0.001), 125 ug/ml (0.26 § 0.04, p <

0.01) and 150 ug/ml (0.27 § 0.04, p < 0.05) compared to
200 ug/ml (0.49 § 0.06). Similarly, R/G was significantly
lower on ECM at 50 ug/ml (0.16 § 0.02, p < 0.001), 75
ug/ml (0.15 § 0.02, p < 0.001), 100 ug/ml (0.21 § 0.03,
p < 0.05) and 125 ug/ml (0.23§ 0.04, p < 0.05) com-
pared to 200 ug/ml (0.43 § 0.08). When cell viability
was compared per adhesive in normoxia and SIR, R/G
fluorescence was significantly higher in normoxic condi-
tions compared to SIR for all adhesives.

Cell length as indicator of cardiomyocyte
contracture

Cell length is an important indicator of ACM injury,
reporting on whether the cells are normal, contracted

or hypercontracted. This is especially essential in studies
of SIR where contracture/hypercontracture is indicative
of a stiff heart wall that results in poor heart function.
Fig. 4 shows the average cell length of cardiomyocytes
on laminin, LE and ECM at 25–200 ug/ml under nor-
moxia and after SIR. There was no significant difference
between any concentrations of laminin, ECM and LE
under normoxia), or with SIR. When cell length was
compared within the same adhesive under normoxia
and SIR (Fig. 4a-c), contracture was consistently
induced with SIR, indicated by the significant reduction
in cell length.

Discussion

This study aimed to establish conditions for optimal
adherence of ARCMs to plastic 96 well microplates
under conditions of normoxia and SIR. Adhesion and
viability of ARCMs were evaluated on laminin, LE and
ECM respectively, at concentrations that ranged between
25–200 ug/ml, and with increments of 25 ug/ml.

Effect of experimental buffer and adhesive substrate
on ARCM adhesion

Adhesive substrates and buffer composition are consid-
ered essential for adherence and survival of cardiomyo-
cytes in culture.3,4 Therefore comparisons between
laminin, LE and ECM were made in three different
experimental buffers to identify a robust buffer for nor-
moxic conditions (Fig 1), before evaluation under SIR
conditions. HEPES buffered PBS supplemented with
metabolic substances are commonly used as control
experimental buffers for cardiomyocytes.21–23 Hence the
evaluated buffers consisted of a modified PBS supple-
mented with 10 mM HEPES, 1.2 mM Ca2+ and either:
(1) 11 mM glucose (PBS-G), (2) 11 mM glucose and
2 mM pyruvate (PBS-GP), or (3) modified M199
(MMWB). The MMWB buffer contained a final concen-
tration of 8.8 mM glucose, 3.2 mM Pyruvate, 3 mM crea-
tine, 3 mM carnitine and 3 mM taurine, in addition to
the amino acids and vitamins that are part of the M199
media composition.

All three experimental buffers resulted in similar
numbers of adherent ARCMs for all adhesive substrates,
per concentration tested (Fig. 1 d-f). The adherent cell
numbers increased as adhesive substrate concentration
increased, regardless of the type of adhesive substrate
used. Thus adhesion of ARCMs was independent of
buffer composition, but dependent on the concentration
of adhesive substrate. In contrast, buffer composition
had a significant effect on mitochondrial function and
thus cell viability, while substrate concentration had no
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effect (Fig. 1 a-c). Indeed, mitochondrial function of
ARCMs was by far superior with MMWB compared to
PBS-G and PBS-GP, where PBS-G provided the poorest
viability. PBS-G and PBS-GP each contained 11 mM
glucose, which is commonly sufficient to sustain ex-vivo
heart pump function, yet could not sustain survival of
non-beating ARCMs here (Fig. 1 a-c). Only with the
addition of 2 mM pyruvate, was it possible for PBS-GP
to improve mitochondrial function above PBS-G. This
finding suggests that insufficient amounts of pyruvate
was possibly produced from glucose by glycolysis in
PBS-G, which was compensated for by the 2 mM pyru-
vate in PBS-GP. It is possible that pyruvate concentra-
tions higher than 2 mM are necessary, given that
MMWB was the most robust buffer and contained
3.2 mM pyruvate. Yet, MMWB also contained various
other factors such as vitamins, amino acids, creatine,
carnitine and taurine, of which any compound/s could
have caused the marked improvement in mitochondrial
function. It is noteworthy that MMWB contained
8.8 mM glucose, which is less than that in PBS-G and
PBS-GP, again indicating that a high glucose concentra-
tion was not as important for survival as pyruvate sup-
plementation. The rate of glycolysis depends on the
workload of the heart24,25 and thus it is reasonable to
expect non-beating cardiomyocytes to have an
extremely low glycolytic rate. This could explain why
survival of ARCM was low with high glucose, but
improved with pyruvate supplementation. MMWB
proved to be the most robust experimental buffer and
was therefore used for normoxic control conditions
during SIR experiments in Figs. 2–4.

Effect of adhesive substrate on ARCM adhesion after
SIR

The adhesion of ARCMs to laminin, LE and ECM were
compared under SIR conditions to find a suitable adhe-
sive substrate and concentration that would retain high
enough cell numbers after SIR for analysis. The results
indicate that laminin, ECM and LE retained similar
numbers of ARCMs per adhesive substrate concentra-
tion, which increased as concentration increased, under
normoxic and SIR conditions (Fig. 2). For all the adhe-
sive substrates, concentrations lower than 100 mg/ml
retained fewer cells than concentrations above 100 mg/
ml. At least 30–40 ARCMs were retained per field view
at 100x magnification, on 100 ug/ml of laminin, LE and
ECM, which are enough cells for reliable analysis where
test conditions are repeated at least in triplicate. These
findings show that adhesive concentration is essential for
cardiomyocyte adhesion, and that LE and ECM perform
as well as laminin.

In contrast, the type of adhesive substrate and concen-
tration had no effect on cell length and mitochondrial
function during normoxia or SIR. Indeed, comparison of
the adhesive substrates per treatment condition (nor-
moxia or SIR) showed that all three adhesive substrates
provided similar mitochondrial viability and cell length
regardless of the concentrations used (Fig. 3). Further-
more, SIR injury was successfully induced on each adhe-
sive substrate as seen by the severe reduction in
mitochondrial function and cell length. Thus, in spite of
SIR injury, sufficiently high numbers of ARCMs still
remained attached to the 96 well microplates, when
adhesion substrates were 100 ug/ml or above.

Limitations of the study

It is difficult to say which components in the MMWB
were responsible for the dramatic improvement in mito-
chondrial function above that of PBS-G and PBS-GP.
Pyruvate concentrations higher than 2 mM should also
have been tested in the PBS-GP buffer to determine
whether it could provide a similar or greater degree of
viability than MMWB. However, this was beyond the
scope of this study, since the aim was not to investigate
which individual components are essential for ARCM
survival during experimentation, but rather to find a
robust experimental buffer for use as control in SIR
experiments.

Conclusion

This is the first time that low (< 100 ug/ml) laminin con-
centrations are shown to provide insufficient adhesion to
ARCMs during SIR conditions in 96 well microplates,
yet laminin is routinely used in the literature at 5–20 ug/
ml. Only high concentrations (� 100 ug/ml) of laminin,
LE and ECM, respectively retained sufficient numbers of
adherent ARCMs after SIR. LE and ECM performed as
well as laminin with regards to adherence and survival of
ARCMs, and can thus serve as cheaper alternatives. Fur-
thermore, HEPES buffered PBS supplemented with
11 mM glucose is not sufficient to sustain cell viability of
ARCMs during normoxia. Instead pyruvate in excess of
2 mM must be present in normoxic experimental buffer,
although even greater viability can be attained by using a
cocktail of PBS and M199.
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