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Separation of Beating Cardiac Myocytes from
Suspensions of Heart Cells

Thomas G. Pretlow 11, MD, Melvin R. Glick, MS and
William J. Reddy, PhD

Heart cells were obtained in suspension after incubation with collagenase and
hyaluronidase in Saline A. Cardiac myocytes were separated by isopycnic centrifu-
gation in 88.6 to 92.4% purity from other heart cells with different densities, and
by velocity or rate-zonal sedimentation, in 92.8 to 97.4% purity from heart cells
with different diameters. A previously described computer integration of the dif-
ferential sedimentation equation was used to determine the centrifugal force, dura-
tion of centrifugation and gradient design, which would permit the separation
of cardiac myocytes from other heart cells by velocity sedimentation. The myo-
cytes continued to contract rhythmically after being recovered from the density
gradients. Velocity sedimentation was superior to isopycnic sedimentation for the
separation of cardiac myocytes from heart cell suspensions because it gave the
most highly purified myocytes, resulted in recovery of the largest proportion of
myocytes in purified fractions from the gradient and required lower centrifugal
forces for shorter periods of time. The potential significance of the availability
of pure cardiac myocytes is discsused (Am J Pathol 67:215-226, 1972).

BOTH AVIAN AND MAMMALLAN cardiac mvocvtes can be ob-
tained from minced heart muscle following incubation of the heart
muscle with a varietv of proteolytic enzymes and chelating agents.'4
Numerous investigators have reported that these mvocytes contract
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with an intrinsic rhvthmicitv when suspended in appropriate physio-
logic salines, and beat synchronously during extended periods of culti-
vation in vitro.57 DeHaan 8 recentlv employed beating avian cardiac
myocvtes as an exquisitelv sensitive assay for toxic substances in tissue
culture medium. The rhvthmicitv of mvocvtes in vitro would appear to
be a generally useful parameter for the study of the nutritional ade-
quacv of tissue culture medium, response to hormones in vitro, etc.
While manv investigators have not specifically mentioned the compo-
sition of these heart cell suspensions, DeHaan9 noted cells which are
similar to fibroblasts in addition to the mvocytes; and Harary and Far-
levl described their suspensions as containing blood cells, "stellar
cells", mvoblasts, and epithelial cells. This model system could be made
more specific for the study of myocytes if pure myocytes could be cul-
tivated in vitro in the absence of other heart cells. Similarly, the metab-
olism of the cardiac mvocvte could be more specifically studied if pure
cells could be obtained. We now report a method for obtaining highly
purified beating cardiac mvocvtes bv separating the myocytes from
the fibroblasts, endothelial cells, and blood cells which are found to-
gether with myocytes in mvocardium.

Materials and Methods

Suspension of Heart Cells

Heart cells were obtained in suspension using a modification of the method of
Berrv, Friend and Scheuer.4 The heart ventricles were excised from two 150-200
g, male, Sprague-Dawley rats, minced to fragments of approximately 2 mm in
greatest dimension, washed and placed in 1.5 ml of Saline Al containing 0.1%
collagenase and 0.05% hyaluronidase (Sigma Chemical Company, St Louis, Mo
63178). The cardiac muscle fragments were then gently agitated in this disag-
gregation medium at 100 cycles/min for 15 minutes on a Dubnoff Metabolic
Shaker with the water bath at 37 C. The supernatant from this first 15-minute
incubation, containing predominantlv red blood cells, was discarded. The super-
natants from three subsequent incubations under identical conditions were washed
to remove the collagenase and hvaluronidase, combined, resuspended and diluted
to contain 15-25 x 106 heart cells in 7 ml of Saline A and gently layered over the
density gradients.

Gradient Centrifugation

Previous reports have presented detailed accounts of the theorv of gradient
centrifugation as applied to mammalian cells,11-15 detailed descriptions of the
technic which we employ14 for the separation of viable mammalian cells in gradi-
ents of Ficoll (polysucrose, average molecular weight 400,000; Pharmacia Fine
Chemicals, Piscataway, NJ) in tissue culture medium and the results of specific
separations which have been carried out in our laboratory;16 20 therefore, we shall
omit a detailed presentation of technic and theory from this report.
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The gradients for isopycnic centrifugation varied linearly- from 4.l1 (wX w) Ficoll
at the sample-gradient interface, 14.9 cm from the center of revolution, to 43.0%
(w w) Ficoll at the gradient-cushion interface, 26 cm from the center of revolu-
tion. Isopvcnic centrifugation was carried out using a centrifugal force of 950 g at
4.0 C for 90 minutes. After isopycnic centrifugation, the gradients were collected
in 3-ml fractions. Refractive indices were measured on all gradient fractions in
order to confirm the linearitv of all densitv gradients. Cell counts were performed
on all gradient fractions using hemocytometer chambers. Slides for microscopic
examination were prepared using the Cytocentrifuge (Shandon Scientific Companv,
Sewicklev, Pa) and stained with WN'right stain (Chroma-Gesellschaft Schmid and
Company, Stuttgart-Unterturkheim, Germany). Differential cell counts were per-
formed, counting 500 cells from each gradient fraction.

Gradients for the separation of cells bv velocity sedimentation were constructed
such that the Ficoll concentration varied linearly from 2.4% (w w) Ficoll at the
sample-gradient interface, 13.7 cm from the center of revolution, to 18.5% (w sv)
Ficoll at the gradient-cushion interface 26.0 cm from the center of revolution. Pre-
liminary velocity sedimentation was carried out at 18.7 g (measured at the sample-
gradient interface 13.7 cm from the center of revolution) for short periods of time.
Each respective type of cell was located on the gradient. The location of each
tvpe of cell, after the described velocity sedimentation, and the densitv of each
tye of cell, as determined experimentally using isopycnic sedimentation, were
substituted in the computer integration of the differential sedimentation equation
in order to calculate effective diameters for each of the modal populations of cells
as described previously.14 The calculated effective diameters and the experimentallv
determined densities were then used in the computer integration of the differential
sedimentation equation in order to ascertain: a) whether or not the described gradi-
ent would permit the purification of cardiac myocvtes and b) a satisfactory speed
and duration of centrifugation for the separation of myocytes from the other heart
cells which were present in the cell suspension. Simulated experiments carried out
in this fashion indicated that centrifugation at 24 g (measured at the sample-
gradient interface 13.7 cm from the center of revolution) for 30 minutes would
result in separation of the mvocytes from the other heart cells; laboratory experi-
ments were carried out using these conditions. After velocity sedimentation, 4-ml
fractions were collected from the gradients; refractive indices were measured, cell
counts were performed, and slides for microscopic examination were prepared as
described above.

Results

Sample Composition

Suspensions of cells, which were obtained using the described pro-
cedure modified after Berry et a14 for the digestion of mxvocardium, con-
tained consistently less than 23% cardiac mvocvtes. Preliminary purifica-
tion of these heart cells could be accomplished bv centrifuging them to
form a pellet at 65 g for 3 minutes and selectively discarding the top
portion of the pellet which was found to be rich in red blood cells. This
preliminarv step resulted in a maximum mvocyte purity of 46T-. Even
after this preliminary purification step was repeated several times, the
cardiac mvocvrtes usually constituted considerably less than 46¶ of the
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heart cells in this suspension. In some experiments, the hearts from
heparinized rats (100 units intraperitoneally 20 minutes before sacri-
flee) were perfused with saline A before being minced and digested
with the described enzymes. Vhile this perfusion step removed many
of the red blood cells, some red blood cells always remained and the
myocytes were never obtained in greater than 46% purity. Berry et al4
described two-thirds of the myocytes examined with the electron micro-
scope as being "morphologically intact." Using only light microscopy,
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TEXr-FIG 1-Separation of rat heart cells by isopycnic sedimentation. In this experi-
ment, 22.8 x 106 cells were separated on a linear, 11.1 cm, 4.1-43.0% w/w Ficoll gradi-
ent. Centrifugation was carried out at 950 g (measured at the sample-gradient inter-
face) at 4.0 C for 90 minutes. In isopycnic sedimentation, cells are separated according
to differences in density. It can be observed that there is an appreciable overlap be-
tween the densities of the various kinds of cells. An arrow marks the sample-gradient
interface on the densitv plot.
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a very small proportion of the cells in our experiments appeared to be
damaged.

Isopymic Centrifugation

Isopycnic centrifugation resulted in an incomplete separation of the
modal population of myocytes from the modal population of red blood
cells (Text-figure 1). In repeated experiments, 76.4 to 79.8% of myocytes
were recovered in five 3-ml fractions (Fractions 14 through 18) from the
72-nil gradient. These myocytes varied in density from 1.12 to 1.14
g/ml. Cardiac myocytes were obtained in a maximum purity of 88.6 to
92.4% myocytes in Fraction 18 after isopycnic centrifugation (Text-fig-
ure 1). Five adjacent 3-ml fractions from the gradient (Fractions 10
through 14) contained 90.4 to 92.5% of the erythrocytes recovered from
the gradient. These erythrocytes varied in density from 1.10 to 1.12
g/ml. Erythrocytes were obtained in 76.2 to 83.0% purity in Fraction 12
(Text-figure 1). There are two well-defined modes of myocytes which
are quite different from each other in density. As noted above, the over-
whelming majority of myocytes is found in the mode having a density
of 1.12 to 1.14 g/ml; these myocytes appear to be intact when ex-
amined microscopically. The less dense modal population of myocytes,
which is present at a density of 1.07 through 1.1 g/ml, are fragmented
and considered to have been severely damaged by mincing and enzyme
digestion steps used for disaggregation.

Vekodit Sedimn_taton

After velocity sedimentation at 24 g (measured at the sample-gradi-
ent interface 13.7 cm from the center of revolution) for 30 minutes, the
cardiac myocytes were almost completely separated from other heart
cells (Text-figure 2). As noted previously, the starting sample suspen-
sion of heart cells never contained more than 46% myocytes. In repeated
experiments, 82.8 to 86.2% of the separated cardiac myocytes were re-
covered in Fractions 12 through 22, varying in purity between 92.8 and
97.% myocytes. Both the maxium purity (Figure 1) and the largest
number of myocytes were found in Fraction 15 (±+ 1 gradient fraction).
Since our purpose was to prepare pure myocytes, no effort was made
to separate red blood cells from nucleated cells. This separation has
been demonstrated previously 1' and requires a gradient having a lesser
slope (g/ml/cm), such as the isokinetic 15 gradient. Myocytes were not
present in the fraction that contained erythrocytes and nucleated cell
peak (Figure 2). When gradients were made of Ficoll and Jokldks
modification of minimum essential medium, cardiac myocytes failed to
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TExr-FIG 2-Separation of rat heart cells by rate-zonal or velocity sedimentation. In
this experiment, 24.7 x 106 cells were separated on a linear, 12.3 cm, 2.4-18.5% w/w
Ficoll gradient. Centrifugation was carried out at 24 g (measured at the sample-gradient
interface) at 4.0 C for 30 minutes. Rate-zonal sedimentation results in the separation
of cells prinmarily because of differences in diameter. Cardiac myocytes are both more
highly purified and more widely separated from the other heart cells than was observed
after isopycnic centrifugation.

beat after their entry into the gradients; this cessation of myocyte con-

traction in media containing magnesium or calcium has caused most
investigators to use media such as Saline A 1 which are free of cal-
cium and magnesium. When gradients were made of Ficoll in Saline
A, cardiac myocytes continued to contract rhythmicallv after thev were

separated by density gradient centrifugation.
Velocity sedimentation offers several advantages over isopvcnic sedi-

mentation for the separation of cardiac mvocvtes since: a) the modal
population of myocytes is more widely separated from the other kinds
of cells, b) the myocytes are obtained in higher puritv, c) the cells are
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subjected to much lower centrifugal forces and d) the cells are avail-
able more rapidly for subsequent experiments.

Recovery of Cells

After isopycnic centrifugation, 61.2 to 74.6% of the heart cells layered
over the gradient were recovered in fractions from the gradient. After
velocity or rate-zonal sedimentation, 64.4 to 75.2% of the cells in the
starting sample suspension were recovered from the gradient. As noted
above, the relative proportions of red blood cells and myocytes in the
starting sample suspension varied as a function of the technic used for
disaggregating the myocardium and according to the number of pre-
liminary centrifugations carried out before gradient centrifugation. The
peak heights and the areas under the peaks for each respective cell type
varied as a function of the composition of the starting cell suspension.
There did not appear to be a disproportionate loss of either red blood
cells or cardiac myocytes. The numbers of neutrophils, vessel frag-
ments and other nucleated cells in the starting sample suspension were
too small to permit a rigorous evaluation of the recovery of each of these
kinds of cells. The 24.8 to 38.8% of heart cells, which were present in
the starting sample suspension and not recovered in the fractions from
the gradient, represent a larger loss of cells than can be accounted for
by experimental counting error. Much of this cell loss could have re-
sulted from the wall effect artifact observed in all centrifugations car-
ried out in cylindrical tubes. The wall effect artifact has been discussed
in previous reports.12"4

Discussion

The described technic for the purification of cardiac myocytes would
appear to have considerable significance in several areas of investiga-
tion. Pure cultures of cardiac myocytes have not been obtained by the
currently available technics for dissociating and culturing heart cells.
Mark et a! 21 emphasize the changing proportions of endothelioid and
muscle cells observed during the growth of heart cells in culture, and
warn about interpreting enzyme or respiratory metabolic changes when
such heterogeneous and changing cell populations are cultured together.
The method reported here not only permits the inoculation of purified
myocytes in culture, but allows immediate separation of millions of
adult, differentiated heart muscle cells for metabolic and physiologic
studies. One of our laboratories (Wm R and MG) has recently found
that certain enzyme activities formerly attributed to heart muscle are,
in fact, present in previously studied myocardium primarily because
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the cardiac myocytes were adulterated with incompletely removed red
blood cells.

Clark 22 measured glucose utilization in dissociated heart cells under
various experimental conditions. Schreiber et a 23 reported specific al-
terations in protein synthesis in the "overloaded" heart. Both the me-
tabolism of cardiac myocytes under normal circumstances and the re-
sponse of the cardiac myocyte to pathogenic stimulation could be more
specifically elucidated using preparations free of other kinds of cells.
Purified cardiac myocytes should proved particularly useful in the study
of nutritional requirements of the heart cell. Gerchenson, Harary and
Mead24 reported that cultured heart cells require an exogenous supply
of linoleic and palmitic acids for optimal growth and mitochondrial in-
tegrity. While, by definition, whole animals must be able to synthesize
all nonessential amino acids, certain adult cells are not able to synthe-
size all of the required nonessential amino acids; for example, normal
human bone marrow is not capable of synthesizing adequate amounts
of seine and asparagine.25 The availability of pure cardiac myocytes
permits the investigator to study the nutritional requirements of this
single cell type in vitro while excluding the possibility that other kinds
of cells in the culture are altering the experimental conditions by ex-
porting nutrients for use by the cardiac myocytes. Halle and Wollen-
berger " recently described a defined medium without macromolecules
for the culture of avian myocytes. Cultures of pure, mammalian cardiac
myocytes would be particularly suited to the development of a defined
medium for mammalian cells. The intrinsic rhythmicity of the cardiac
myocyte provides a very sensitive assay of the cell's milieu which is not
available in work with other kinds of cells.
DeHaan8 recently detected a toxic substance readily eluted from

disposable intravenous administration sets, that had been used to per-
fuse cultured chick heart cells. The toxicity of the medium delivered
through these sets was detected before cell death occurred by a de-
crease in the fraction of cells actually beating. Other investigators 2728
studied the response of heart cells to drugs and other toxic substances.
The information derived from this kind of study could be much more
specific if the studies were carred out using only cardiac myocytes.

References

1. Vahouny GV, Wei R, Starkweather R, Davis C: Preparation of beating
heart cells from adult rats. Science 167:1616-1618, 1970

2. Bloom S: Spontaneous rhythmic contraction of separated heart muscle cells.
Science 167:1727-1729, 1970



Vol. 67, No. 2 BEATING CARDIAC MYOCYTES 223
May 1972

3. Hilfer SR, Brown JMf: Collagenase. Exptl Cell Res 65:246-249, 1971
4. Ben-v MN, Friend DS, Scheuer J: Morphology- and metabolism of intact

muscle cells isolated from adult rat heart. Circ Res 26:679-687, 1970
,. Halbert SP, Bruderer R, Lin TM: In vitro organization of dissociated rat

cardiac cells into beating three-dimensional structures. J Exp NMed 133:677-
695, 1971

6. WN7ildenthal K: Long-term maintenance of spontaneously beating mouse hearts
in organ culture. J Applied Physiol 30:13-157, 1971

7. Cavanaugh MW: Pulsation, migration and division in dissociated chick em-
bryo heart cells in vitro. J Exptl Zool 128:573-589, 1955

8. DeHaan RL: Toxicitv of tissue culture media exposed to poly-vinyl chloride
plastic. Nature 231:85-86, 197 1

9. DeHaan RL: Regulation of spontaneous activity and grow%th of embryonic
chick heart cells in tissue culture. Develop Biol 16:216-249, 1967

10. Harary I, Farlev B: In vitro studies on single beating rat heart cells. I.
Growth and organization. Exptl Cell Res 29:451-465, 1963

11. Pretlow TG, Boone CWV: Centrifugation of mammalian cells on gradients:
a newv rotor. Science 161:911-913, 1968

12. Boone CWN7, Harell GS, Bond HE: The resolution of mixtures of viable
mammalian cells into homogeneous fractions by zonal centrifugation. J Cell
Biol 36:369-378, 1968

13. Pretlow TG, Boone CW, Shrager RI, WNeiss GH: Rate-zonal centrifugation
in a Ficoll gradient. Anal Biochem 29:230-237, 1969

14. Pretlow TG, Boone CWN7: Separation of mammalian cells using programmed
gradient sedimentation. Exp Molec Path 11:139-152, 1969

15. Pretlow TG: Estimation of experimental conditions that permit cell separa-
tions by velocitv sedimentation on isokinetic gradients of Ficoll in tissue
culture medium. Anal Biochem 41:248-255, 1971

16. Abeloff 'MD, Mangi RJ, Pretlow TG, Mardinev MR: Isolation of human
leukemic blasts from peripheral blood b- density gradient centrifugation.
J Lab Clin Med 75:703-710, 1970

17. Pretlow TG, Boone CWV: Separation of malignant cells from transplantable
rodent tumors. Exp Molec Pathol 12:249-256, 1970

18. Pretlow TG, Cassadv I'M: Separation of mast cells in successive stages of
differentiation using programmed gradient sedimentation. Am J Pathol 61:
323-340, 1970

19. Pretlow TG, Pushparaj N: A new method for separating peritoneal lvmpho-
cytes from macrophages. Immunology 22:87-91, 1972

20. Pretlow, TG, Pichichero ME, Hyams L: Separation of lyamphocytes and
macrophages from suspensions of guinea pig peritonitis exudate cells using
programmed gradient sedimentation. Am J Pathol 63:255-272, 1971

21. Mark GE, Hacknev JD, Strasser FF: Morphology and contractile behavior
of cultured heart cells and their response to various oxygen concentrations,
Factors Influencing Myocardial Contractility. Edited by RD Tranz, F Kavaler,
J Roberts. New York, Academic Press, Inc, 1967, pp 301-315



224 PRETLOW, GLICK, REDDY American Journal
of Pathology

22. Clark CM, Jr: Carbohydrate metabolism in the isolated fetal rat heart. Am
J Physiol 220:583-588, 1971

23. Schreiber SS, Murray 0, Evans CD, Gueyikian I, Rothschild MIA: Myosin,
myoglobin, and collagen synthesis in acute cardiac overload. Am J Phvsiol
219:481-486, 1970

24. Gerschenson LE, Harary I, Mlead JF: Studies in vitro on single beating rat-
heart cells. X. The effect of linoleic and palmiitic acids on beating and
mitochondrial phosphorylation. Biochim Biophys Acta 131:50-58, 1967

25. Regan JD: Seine requirement in leukemic and normal blood cells. Science
163:1452-1453, 1969

26. Halle W, Wollenberger K.: Differentiation and behavior of isolated embry-
onic and neonatal heart cells in chemically defined medium. Am J Cardiol
25:292-299, 1970

27. McCarl RL, Margossian SS: Restoration of beating and enzymatic response
of cultured rat heart cells to cortisol acetate. Arch Biochem Biophys 130:321-
325, 1969

28. Seraydarian MW, Sato E, Harary I: In vitro studies of beating heart cells
in culture. XIII. The effect of 1-fluoro-2,4-dinitrobenzene. Arch. Biochem
Biophys 138:233-238, 1970

Acknowledgments
We wish to thank Mrs. Linda Hamilton and Miss Rebecca McDaniel for their expert

technical assistance.

[Illustrations follow]



I
Fig 1-Fraction 15 from the rate-zonal separation of rat heart cells. This fraction
contains purified cardiac myocytes (Wright stain, x 100).
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Fig 2-Fraction 4 from the rate-zonal separation of heart cells. This fraction con-

tains the modal population of erythrocytes as well as nucleated cells and damaged
cells. Red blood cells were not resolved from nucleated cells because of the very
steep (g/ml/cm) gradient which was found to be optimal for the separation of

cardiac myocytes from other cells (Wright stain, X 100).
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