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I. Introduction

A. Heart cells in vitro.
Techniques for culturing heart cells in vitro 

have until recent years been limited to inflexible 
experiments utilizing plasma clots, serum, and tissue 
extracts on heart tissue obtained from embryonic 
sources. Carrel (1912; 1914) and other early investi
gators, notably Ebeling (1913* 1922), reported observa
tions from a strain of chick heart fibroblasts main
tained for 34 years before it was terminated. Although 
these pioneer workers were primarily concerned with 
the long-term maintenance of a variety of primary 
cultures, and for a time overlooked the heart*s amazing 
capacity to beat, Carrel (1912) did make one interesting 
observation. Initial plasma clot cultures contained 
cells which displayed beating for the first three days. 
If the culture was allowed to grow further, beating 
stopped. Subsequent removal of the peripheral cells, 
leaving a central cell mass, resulted in resumption of 
spontaneous contractions. Apparently, intercellular 
relationships within the entire population have some 
effect on the heart's intrinsic capacity to beat, a 
consideration which was recently reemphasized by Eagle 
(I965) for a variety of other cell types.
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Burrows (1911), using similar plasma clot tech
niques, observed contractions in heart cells which con
tinued for several days. He also made the interesting 
notation that these cells readily adapt themselves to 
available substrates through their own activity. Other 
investigators (Lewis, 1926; Paff, 1935) observed this 
same beating phenomenon, as well as (then unexplanable) 
cellular migrations. Fischer (1924) looked further 
into these cellular migrations and demonstrated that 
it was possible to create a physiological union between 
two separate heart fragments by a -cellular anasthomosis,« 
which would cause both fragments to display synchronized 
pulsations.

Although most early tissue culture work was per
formed on tissue from embryonic chick, Lake (I916) 
grew heart tissue from 7 -8 day old rabbit embryos on 
human plasma, and observed that not all cells were 
fibroblastic, since some were beating. He also noted 
that after 3-4 days in culture, the older tissue became 
surrounded by newer cells, which were circular and 
vacuolated. He claimed that the reason for the appear
ance of vacuoles was due to the accumulation of metabolic 
products.

For several reasons, these early culture techniques 
did not readily lend themselves to thorough and unham-
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pered observations. First, the techniques themselves 
were laborious and required the skilled hand of a 
practiced technician. Second, in the case of heart tis
sue, whole organs or pieces of tissue had to be used, 
a fact which prevented studies on populations of cells. 
Third, only small volume cultures could be prepared 
and, thus, large numbers of replicate populations 
could not be maintained.

A departure from the classic blood clot, or hanging 
drop, technique was successfully performed by Gray and 
Powell (1952), using perforated cellophane discs in 
Carrel flasks. Whole hearts from 72—hour chick embryos 
were maintained alive and contracting for over 90 days. 
Surprizingly, no change was made in the culture medium 
during the entire experiment.

More recently, Cavanaugh (1955 a,b) has observed 
beating heart cells and, by using a technique of 
tryptic dissociation, has provided a means for studying 
heart cell populations. The only limitation in her 
experimental method was the use of a "sealed" environ
ment which prevented long-term investigations, she 
did, however, note that a statistical analysis of the 
cells indicated a heterogeneous population. To demon
strate this point, Cavanaugh isolated cells from the 
ventricle and the atrium, and compared the average rate



of beating per second for the two separate cell pop
ulations. The difference in the two rates had a signi
ficance of P <  0.0005 by the Student "t" Test.

Within the past five or six years new techniques 
have developed which allow the culturing of large 
amounts of heart tissue for prolonged periods of time 
on a variety of liquid media (Rumery et al., 1961;
Smith and Berndt, 1964; Gordon and Wilde, 1965).

Harary and Farley (i960 a,b) have isolated single 
beating heart cells by a mild trypsinization of minced 
heart tissue excised from neonatal and early postnatal 
rats. This enzyme dissociates the heart muscle in such 
a way that cultures can be made of single cells without 
apparent cellular damage. Following trypsinization, 
cells were cultured in a modified Puck's medium.
Harary observed that upon subsequent growth, the random 
pulsations of these cells displayed an increasing 
degree of synchronization. These cells ultimately 
developed into a dense coordinate network. After 10 
days this network apparently lost its ability to con
tract, and only by prolonged and deliberate isolation 
of single cells was he able to maintain pulsations, 
never succeeding beyond 40 days.

In later studies Harary and Farley (1963 a,b) 
attempted to type certain cells. Observations have
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shown that there are apparently two separate cell types 
with each cell population. Those cells which have an 
intrinsic capability to beat without outside stimula
tion have been termed "leading” cells, and it is postu
lated that these individuals correspond to the Purkinje 
cells of the intact heart. The second member of the 
population will not beat unless it comes in direct con
tact with a "leading" cell, and it is thought that this 
quiescent group is one and the same with myocardial 
cells.

By modifying the techniques of Cavanaugh, Smith 
and Bemdt (1964) have been able to grow embryonic chick 
heart cells on a liquid medium following treatment with 
bacterial collagenase; and in light of this and other 
recently developed methods, a few investigators have 
begun to examine some of the physiological properties 
of single beating heart cells with more extensive ex
periments. Harary and his associates (Harary et al., 
1964; Fujimoto and Harary, 1964; Kuramitsu and Harary, 
1964) have made a thorough study of enzymatic changes 
within heart cell populations, and have demonstrated a 
shift from fat to carbohydrate matabolism. Circadian 
rhythmicity in heart cells has been observed and recorded 
visually for beating (Tharp and Folk, 1965) and also
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electrically (Lunell et al., 1961). The electrophys
iology of cultured heart cells has been shown to be 
very similar to that of the intact heart (Sperelakls 
and Lehmkuhl, 1964), and these studies suggest the 
possibility of a unique cell-to-cell relationship 
with respect to conductivity.

W* <£ - r:*i Vi V 5 x, V •' > i ' "v Li ill f  f •

B. Catecholamine synthesis and metabolism.
For many years the assay of catecholamines was 

confined to a few carefully defined biological methods 
Which were limited because of their relative lack of 
sensitivity and specificity (Gaddum, 1959). With 
the entrance of biochemists into the field of 
catecholamines, more precise chemical and physical 
methods of assay were developed.

The first of these chemical assays which utilized 
an alumina column initially was introduced by Shaw 
(1938). However, more precise methods were needed and, 
thus, came the development of fluorescence procedures 
(Udenfriend, 1959).

Lund (1949 a,b) observed that upon the addition 
of a strong base, adrenaline solutions gave off a 
transitory yellow-green fluorescence caused by the 
oxidative formation of an adrenochrome. Further oxida
tion beyond 2 or 3 minutes resulted in fade out of
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fluorescence. Upon closer examination of this phenome
non, Lund saw that the adrenochrome formed was fairly 
resistent to further oxidation in a neutral or weak 
acid solution, and that the fluorescent end product, 
adrenolutine, was easily oxldizable irrespective of 
the acidity of the solution. Lund, therefore, suggested 
that an increase in the sensitivity of such a chemical 
conversion could be accomplished by a few simple 
modifications in procedure. First, adrenaline would 
be better oxidized to adrenochrome in a weak acid 
solution. Second, the subsequent formation of adreno
lutine would be enhanced by the addition of an alkali. 
Finally, in order to facilitate a more efficient measure
ment of fluorescence, Lund suggested the addition of 
ascorbic acid to the fluorescing solution to remove 
excess' oxygen.

Lund used Mn02 as his oxidizing agent, but later 
investigations showed that iodine was a more efficient 
agent and results were consequently more reproducible 
(Udenfriend and Wyngaarden, 1956). Udenfriend and 
Wyngaarden also noted that at a pH of 5 both epinephrine 
and norepinephrine fluoresced identically, but at a 
pH of 3 epinephrine fluoresced twenty times more than 
norepinephrine. Thus, a distinction could easily be 
made between at least two catecholamines by a simple
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change in the acidity of the fluorescing solution.
Shore and Olin (1958), by applying these obser

vations (Lund, 19^9 a,b; Udenfriend and Wyngaarden, 
1956), were able to develop the procedure used in this 
investigation (see Materials and Methods). They noted 
that in rabbit heart the major constituent of the 
catecholamine extract was norepinephrine.

Within the last 10 years considerable attention 
has been given to the synthesis and metabolism of 
catecholamines. Early studies considered the role of 
monoamine oxidases in the metabolism of catechoamines 
(Zeller, 1959). Zeller defines monoamine oxidases as 
enzymes which replace the amino group of a substrate 
with a carbonyl group. Axelrod (1959) has presented 
data which outline the fate of metanephrine, the major 
metabolite of epinephrine. By applying a monoamine 
oxidase inhibitor (iproniazid)1 to his experimental 
animals, he observed that deamination was markedly 
reduced. Axelrod, therefore, concluded that the impor
tance of monoamine oxidase lay in its deamination of 
metanephrine, and that the principle pathway of epi
nephrine metabolism in rat and man was through its
1 A discussion of monoamine oxidase inhibitors may be found in Pscheidt (196^).
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o-methylation to metanephrine followed by deamination. 
Presumably, the formation of a physiologically inactive 
o-methylated. derivative is through the action of an 
enzyme Axelrod has termed catechol-o-methyl transferase.

These findings were later confirmed by Kopin, et 
al. (1962 a,b) who elaborated by saying that there was 
more than one bound pool of catecholamines in the heart. 
Kopin and his associates (1962 a) also developed the 
following mechanism for the action of catecholamines 
based on the effects of tyramine and reserpine on 
norepinephrine metabolism: (1) bound norepinephrine 
is found in nerve vesicles, only part of which is 
accessible to release by tyramine; (2 ) this bound nor
epinephrine is in equilibrium with free intercellular 
epinephrine and possesses a greater rate of synthesis; 
(3 ) nerve stimulation results in the release of nor
epinephrine from the nerve ending; (4) this free, 
active norepinephrine acts on a receptor; (5 ) the action 
of the amine is terminated by binding, destruction 
by o-methylation, or removal by circulation. This 
process may also be regulated by any one or all of 
the following reactions: (1) monoamine oxidase regu
lation of stored amine levels; (2 ) catechol-o-methyl 
transferase action on free norepinephrine; (3 ) reserpine 
action decreasing the binding sites of norepinephrine
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so that monoamine oxidase can act; (4 ) tyramine release 
of bound norepinephrine. More recent studies on 
mouse (Iverson and Whitby, 1963) and rat (Musacchio 
et al., 1965) hearts confirmed these findings.

Marks, ^t al. (1962) have conducted some radioauto- 
graphic studies on mouse tissues from which they 
noted no membrane phenomena or localization at specific 
receptor sites during the first few minutes of exposure 
to labelled norepinephrine. After a few minutes
intensely labelled areas appeared, and these apparent

\

sites of uptake and storage were thought to be nerve 
endings of the sympathetic postganglionic fiber system. 
In heart tissue, two unusual observations were made:
(1 ) the rapid uptake of label, presumably due to the 
large surface area of receptor sites; and (2 ) the 
appearance of long, attenuated areas of label locali
zation, proposed to be the edges of large, flat 
disc-shaped nerve terminals.

All of the literature cited thus far in the area 
of catecholamine synthesis and metabolism has been 
conducted along extracellular or intercellular lines.
An interesting observation was, however, made recently 
by Gillis (1964) in his examination of subcellular 
fractions from heart tissue. He stated that in order 
for a myocardial cell to successfully regulate the



the amount of catecholamines it can retain, cellular 
integrity must be maintained. Catecholamines can be 
found in the microsomal fraction of heart cells, and 
their synthesis and metabolism need not be strictly 
nerve or organ related. It is conceivable, therefore, 
that heart cells will synthesize catecholamines.

Although recent investigations have utilized 
tissue culture techniques in an effort to determine 
the effects of hormonal stimulants (McCarl and Szuhaj, 
1965) and metabolic poisons (Noguchi et 1966), no
work has been done on catecholamines in heart cell cul
tures. Recently, heart tissue has been demonstrated to 
possess measurable amounts of catecholamines (Erlij et 
al., 1965, in frog; Gillis, 1964b, in rabbit; Holtzer 
et al., 1959» in chick; Kopin et al., 1962, in rat; 
Marks e£ al., 1962, in mouse). These experiments dealt 
with perfused hearts or heart tissue analyzed imme
diately after removal from the animal, but no work 
was done on the analysis of catecholamines in a 
tissue culture system. One advantage to employing 
such a tissue culture approach is the successful 
elimination of the possible "prepossession” of amines 
manufactured elsewhere in the body, and then trans
ported to the heart. In a culture system in
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which the nutrient medium is changed daily, any 
residual catecholamines left in the heart tissue 
prior to trypsinization would be washed out in the 
first few medium changes. Consequently, the measure
ments indicated in this paper (Text fig. **) are a 
representation of de novo synthesis levels.

C. Statement of problem.
The following in vitro study of beating heart 

cells has been undertaken in an attempt to answer two 
questions:
1. Do cultured heart cells synthesize catecholamines?
2. What relationship is there, if any, between cate
cholamine synthesis and the cell population?



13

II. Methods and Materials
A. Culture preparation and cell counting.
Heart cell cultures were cultivated according to 

the procedures outlined by Harary and Farley (I963), 
and aesceptic conditions were maintained throughout 
the procedure. 3-5 day old Wistar rats were sacri
ficed by decapitation and whole hearts excised after 
slitting the chest cavity open along the ventral 
midline, A total of 4-6 hearts were used for each 
experiment, and after removal from the animal, the 
hearts were placed in a sterile petri dish containing 
about 10 cc of culture medium (Text Table I). The 
hearts were then cut in half and left in the medium for 
at least 15 minutes to facilitate the flushing out of 
blood elements.

Table I
Tissue culture medium2

Hank's balanced salt solution3
Lactalbumin hydrolysateYeast extract
Pennicillin G potassiumStreptomycin
Fetal calf sérum**'Horse serum**1

1 ,000 ml 
4.0 gm 
0.4 gm

100,000 units 
100 mg 
100 mg 
100 mg

2 As employed by Tharp and Folk (1965).
As described in Merchant, et al (1964).
Added in 10 ml amounts to 100 ml aliquots as needed. of medium
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At this point it was noted that much of the blood 
had coagulated and could be readily teased away from 
the heart itself by using a pair of sterile forceps.
Once the majority of the blood cells had been removed, 
the hearts were transferred to another petri dish con
taining 0.1 % trypsin solution as described in Table 
II of this section. The hearts were finely minced and 
the mince plus trypsin transferred to a 25 ml Erlen- 
meyer flask containing a magnetic stirring bar.
Enough 0.1 % trypsin was added to bring the final 
volume to 15 ml. The flask was sealed, placed on 
a magnetic stirrer at room temperature, and the stirring 
rate set at about 200 revolutions per minute. After 
digesting the tissue for 20 minutes the digest was 
discarded and 15 ml of fresh trypsin was added to the 
flask. Trypsinization was continued for another 30 
minutes and the resulting cell suspension decanted into 
a sterile 15 ml screw-cap centrifuge tube. The sus
pension was spun on a clinical centrifuge at one-half 
maximum speed for 5 minutes. The supernatant was dis
carded and the remaining pellet resuspended in 5 ml 
of fresh sterile culture medium. This same procedure 
was repeated in order to insure complete removal of 
all the trypsin.



Table II
Sterile trypsin solution

NaCl 9.00 g/1 
.04NaH2P0z* 

Na2 HPO4 
Glucose 
Trypsin

.29
1.00
1.00

The final cell suspension was further diluted with 
an amount of medium sufficient to seed 40-50 short- 
necked Leighton tubes with 1 ml of 5 x 104 cells each, 
or an initial cell density low enough to avoid immediate 
contact of cells (DeHaan, 1965). These one ml aliquots 
were dispensed with a Cornwall continuous pipetter 
fitted with an 18 gauge needle to insure uniform 
replication of all cell populations.

The total number of Leighton tubes used was divided 
into two groups: (1) those populations designated as 
medium donors (12-16 tubes); and (2 ) those popula
tions intended for daily cell counts. The cultures 
were incubated at 37 C with no attempt made to arti
ficially alter the atmosphere. After 48 hours the 
medium was changed.

Cell counts were made on two representative cul
tures daily by first subjecting the culture to 2 .0 ml 
of 0.25 % trypsin D2 (Colorado Serum Co.) for 15 
minutes at 37 C. The resulting cell suspension was
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Immediately counted on a standard hemocytometer with
out prior centrifugation and resuspension in saline.
It was found that only upon prolonged incubation 
(over 1 hour) with 0 .25 % trypsin, and/or a delay in 
counting the cells, did the cell viability appear to 
be affected. Five fields were counted per tube, 
each count representing the average of five squares,
1 mm2 in area. Counts were then multiplied by 2 x 10^ 
to give a total cell count expressed in cubic centi
meters.

The 12—16 cultures used as medium donors for 
analysis of catecholamines were sampled daily at the 
same time that cell counts were made by decanting the 
old medium into appropriate vials, and then freezing 
the samples for later fluorometric analysis. The 
cultures were replenished with fresh medium which would 
then provide the next day*s sample. Immediately prior 
to the daily medium change, cultures were checked for 
general appearance and condition, and for approximate 
pulsation rates using an inverted Leitz microscope.

B. Extraction of catecholamines.
The procedure for extracting catecholamines from 

medium samples was basically that of Shore and Olin 
(1958)» using reagents as described in Table III.
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Compendium of fluorescence reagents
n-Butanol. Reagent grade n-butanol was purified 

by successive washings with 1 N NaOH, 1 N HC1 
and three washings with water. After another 
washing in 0.01 N HC1, the remaining dissolved 
water was removed by shaking the n-butanol with solid NaCl.

n-Heptane. Reagent grade heptane was successively 
washed with 1 N NaOH, 1 N NCI and twice with water.

2_M Acetate Buffer. pH5. 100 ml of 2 M acetic acid 
was added to 100 ml of 2 M sodium acetate.

0.1 N Iodine Reagent. 1.27 g of reagent grade iodine 
was dissolved in 100 ml of absolute ethanol.

0.05 N Sodium Thiosulfate. 1.2^ g of reagent grade 
Na2S203«^H20 was dissolved in 100 ml distilled water.

Alkaline Ascorbate Solution. One volume of an aqueous 
solution of ascorbic acid (10 mg/ml) was added 
to 2 volumes of 5 N NaOH immediately before use. 
The ascorbic acid solution was prepared in advance 
and refrigerated until needed.

Standard Epinephrine Solution. 10 mg of L-epinephrine 
(Sigma Chemical Co.) were dissolved in 10 ml 
of medium which had previously been subjected to 
the same extraction procedure as the medium 
samples taken from heart cell cultures. A further 
dilution was then carried out by adding 10 lamda 
of the above mentioned solution to 100 ml of the 
extracted medium giving a final concentration of 
epinephrine of 0.1 ug/ml. Appropriate work- 
standards were prepared as needed for normali
zation of fluorescence data.

Table III



18

Prior to the extraction procedure, each sample was 
spiked with 0.1 uc of DL-Norepinephrlne-7-H3 (New 
England Nuclear Corp.) to act as an indicator of the 
percent loss of catecholamines during extraction.

Medium samples were transferred to graduated 
screw-cap centrifuge tubes, spiked with 3H-norepinephrine 
and shaken twice for 2-3 minutes with purified n-butanol 
and a small amount of NaCl. Shore and Olin (1958) 
have pointed out that addition of NaCl increased the 
percent recovery of amines markedly. After each 
shaking the sample was spun on an International Clinical 
Centrifuge for 5 minutes at one third maximum speed to 
clarify the butanol soluble fraction. The butanol and 
dissolved amines were then drawn off and added to 15 
ml of n-heptane. The heptane renders Insoluble those 
materials dissolved in the butanol. Five ml of 0.01 
N HC1 was then added to the butanol-heptane mixture 
in order to return the amines to an aqueous phase.

Two ml of the aqueous solution was saved for fluoro-
V  & Lresl -v ■ •<> y  •+■  i  H  «metric analysis and another 2 ml was transferred to 

sample vials designed for use in a liquid scintil
lation counter. Once these samples were evaporated,
15 nil of the scintillation solution^ was added to each

5 Liquifluor (Nuclear Chicago Corp.) was diluted with 
toluene according to the directions supplied by the 
manufac turer.
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vial and samples were counted for 10 minutes on a 
Nuclear Chicago Unilux model Liquid Scintillation 
Counter. At least three 10 minute counts were taken 
for each sample.

Samples set aside for fluorometrlc analysis 
were placed in cuvettes and catecholamines converted 
to a highly fluorescent trlhydroxyindole as follows.
One ml of acetate buffer"was added, followed by 0.1 ml 
of Iodine solution. After six minutes the excess Iodine 
was removed by adding 0.2 ml of 0.005 N sodium thio
sulfate. Finally, 1 ml of alkaline ascorbate solution 
was added and the entire mixture allowed to stand for 
45 minutes. The contents of all cuvettes was thoroughly 
mixed after each addition. Fluorescence was measured 
on a Turner Fluorometer Model no. Ill, activating the 
solution at ^05 mu and reading at 510 mu. Details of 
the chemical reactions involved may be found in the 
Introduction to this paper.

C. Data analysis.
Data obtained from fluorometrlc determinations 

was reduced to its final form by first dividing each 
fluorometrlc value by the percent recovery to obtain 
the actual amount of catecholamines present in the 
sample read. To determine the total amount of amines 
* (pH $ .0 )
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present before extraction, each value was divided, by 
2/5» the fractional part of the total aqueous sample 
obtained, and analyzed with the fluorometer. Values 
were converted to per hour secretion by dividing by 
the time elapsed between each medium change. Values 
were then expressed as ugm/ml/hr by comparing fluoro
meter data with a standard curve for epinephrine and. 
by dividing each value by the volume of the original 
sample in milliliters. Data from each day was normal
ized by comparing the fluorescence of the standard run 
with each group to the expected value obtained from the 
standard curve for epinephrine. A sample calculation 
for this data reduction process may be found in 
Appendix Table 1.

Catecholamine secretion was also expressed as 
a per cell value by dividing ugm/ml/hr by the number of 
cells (x 10^) to give a value expressed as ugm/ml/hr/ 
cell x 10"°. The secretion data was also subjected to; 
(1) calculation of the Mean for each group of values; 
and (2) calculation of the Standard Deviation and 
Standard Error of the Mean.

Growth curves were obtained by calculating the 
closest fitting straight line in the logarithmic 
growth phase by the method of least squares as out
lined by Action (1959)»
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III. Results

Beating heart cells grown in vitro were found to 
synthesize catecholamines, and the lack of a temporal 
relationship between catecholamine synthesis rates and 
growth rates was also observed. In addition, data was 
collected from visual observations made on changes in 
the conditions of the cultures with time, as well as 
on rates of contraction. Each one of these areas will 
be dealt with separately below.

Three separate experiments were performed and 
are designated (for future reference) as follows:

Experiment Part A. Heart cells were culti
vated exactly as described in the Procedure section of this paper.

Experiment I, Part B. Heart cells were grown on 
a special medium which had previously been 
subjected to a mild heat treatment of 60°c  
for 1 hour, in order to determine the pre
sence of any monoamine oxidases which might 
break down catecholamines in the medium itself.

Experiment II. This experiment was a repeat of 
Experiment I, Part A using more refined 
techniques for cultivation and extraction.

As was mentioned above (see Materials and Methods), 
48 hours were allowed to elapse before the medium was 
changed. The time of this first change was designated 
as "zero," and all times to be discussed hereafter are 
related to this value.
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A. Condition and rate of contraction 
of cell populations.

Part A of Experiment I (Appendix Table 3) 
showed a progression with time from scattered beat
ing (Text fig. 1A) to a more weakened state. Beat
ing was still observable after 120 hours, but the 
condition of the population had become granular and 
vacuolated, and not all areas displayed pulsations.
The rate of contraction remained relatively steady 
but began to decrease beyond about 60 hours. The 
reason for the absence of any general synchronous 
beating was due to a relatively low concentration 
of cells at the time of the initial seeding of 
cultures.

Similar results were obtained in part B of Experi
ment I (Appendix Table 3) except that cultures began 
to display rapid deterioration as early as 37 hours. 
Cultures even began to "tear away" from the glass 
surface of the culture tube. The apparent reason 
for this rapid degeneration was the inability of the 
heat treated medium to support growth.

Experiment II (Appendix Table 4) indicated a more 
characteristic growth pattern (Harary and Farley,
I963 a,b; Smith and Berndt, 1964), which progressed
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from single isolated beating cells (Text fig. 1A), 
to scattered foci (Text fig. IB), to a synchronously 
and rhythmically pulsating unit (Text figs. 2A, 2B).
A change was also noted in the rate of contraction 
as compared with the change in time. This rate in
creased to a peak of 40 beats per minute at 96 hours 
and then dropped off to only a few beats at 168 hours. 
These data present a possible area for further inves
tigation in comparing the rate of catecholamine 
synthesis with the rate of contraction of heart cells 
in vitro.

B. Growth curves of heart cell populations.
The three experiments each displayed different 

doubling times for cell growth(Text fig. 3 ). in the 
case of Experiment I, Part A, the slope of the line was 
calculated to be 0.46, yielding a doubling time of 84 
hours. The long doubling time (350 hours) for the 
second part of Experiment I can be attributed, as 
mentioned above, to the rapid degeneration of the cell 
population. The repeat experiment showed a longer 
doubling time than Part A of Experiment I, but in this 
case cells were more heavily seeded initially, a fact 
which may have some effect on the dynamics of the 
populations in question. Emphasis is placed on the
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significance of the growth curve for Experiment II, 
because it was felt that the more refined techniques 
employed increased the accuracy of the values obtained.

C. Synthesis of catecholamines.
The amount of catecholamines synthesized per 

hour varies with the age of the cell population. In 
Figure 4, the two curves represent data from Experi
ment I, Part A and from Experiment II. Both curves 
show a peak in amine content at about 150 hours, 
followed by a sudden and precipitous decline. The 
reason for this drop off is not known, but the data 
indicate that some change has occurred in the indivi
dual cells or the whole population which resulted in a 
change in the rate of synthesis of catecholamines.
Data from the second part of Experiment I were not 
included in this figure because of the atypical growth 
patterns for these cell populations.

Figure 5 represents per cell data from Experiment 
II only, and it can be seen that, except for a slight 
skewing downward, no appreciable change in the shape 
of the curve occurs when the amount of catecholamine 
present is divided by the cell number. There seems 
to be little difference between the synthesizing 
capabilities of the entire population and the indi-
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vidual cell. This fact is further substantiated by 
the data represented in Figure 6 , which compares 
the growth curve for the second experiment on a log
arithmic scale with the rate of synthesis of amines 
on a linear scale. There appears to be no direct 
correlation between the total cell population and the 
rate of catecholamine synthesis.



Figure 1

(A). Isolated heart cells as they appear after 2 
days in culture. Some intercellular contacts have 
already been made, but beating is still asynchronous, 
(x 440)

(B). Isolated heart cells as they appear after 4 
days in culture. Beating is synchronous and inter
cellular contacts are more numerous, (x 440)
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Figure 2.

(A). Confluent heart cell population after 6 days 
in culture. Note that the long fibroblast-like 
interconnections are still prevalent. Beating 
is synchronous, (x 440)

(B). Confluent heart cell population after 8 days 
in culture. All cells are in close contact with 
one another and beating is synchronous, (x 440)





Figure 3

Growth curves for heart cell populations showing 
respective doubling times (DT).

Key:
A
B
C

(Dotted line) 
(Dashed line) 
(Solid line)

Experiment I, Part A. 
Experiment I, Part B. 
Experiment II.
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Figure 4

Relationship of catecholamine synthesis rates to the 
time in culture for Experiment I, Part B and Exper
iment II.

Key:
(Dotted line) Experiment I, Part B. 
(Solid line) Experiment II.
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Figure 5

Per cell relationship of catecholamine synthesi 
rates to the time in culture for Experiment II.
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Figure 6

Comparison of the growth curve for heart cell pop
ulations in Experiment II with catecholamine syn
thesis rates. Note that cell counts are plotted on 
a logarithmic scale, while catecholamine synthesis 
is plotted on a linear scale.

Key:
(Dashed line) Growth curve. 

_____ (Solid line) Synthesis rates.



O 35



38

Several recent papers discussing the population 
dynamics of cultured mammalian cells have appeared, 
shedding new light on a widely applied, but insuf
ficiently understood, research tool. In an attempt to 
relate some of the newly acquired knowledge in the 
field of tissue culture and catecholamine synthesis 
to work performed by the author, several alternative 
theoretical approaches are offered along with suggested 
experimental designs for future research.

Marks, at al (I962) have demonstrated the local
ization of labelled norepinephrine in mouse heart and 
proposed that the areas of intense labelling were 
unique nerve terminals. More recently, Musacchio, 
et al (1965) stated that "it is probable that the 
vesicles of the sympathetic nerves are involved in 
the last step of the synthesis, as well as storage 
of norepinephrine." Although the data representing 
work performed by the author in no way distinguish 
between nerve tissue, in the form of Purkinje cells, 
and other cell types, the data does demonstrate the 
absence of any correlation between the total cell 
population and the rate of catecholamine synthesis 
(Text fig. 6 ). In light of recent findings, one

IV. Discussion
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might suspect that a unique cell type within this 
heart cell population, possibly the "leading" or 
Purkinje cells of Harary and Farley (1963 a,b), is 
responsible for day to day changes in catecholamines.

There is some indication that the density of the 
cell suspension at the time of Initial seeding may 
effect the subsequent dynamics of the cell population. 
®asls (1965)» in his discussion of population controls 
on various cells in vitro, noted that at sufficiently 
high population densities the metabolically effective 
level of essential metabolites was maintained by the 
cells themselves, in other words, some growth re
quirements are population dependent.

These same phenomena were earlier described by 
Königsberg (1963) for muscle cells, who stated that 
a difference in the number of cells innoculated 
"might result in the establishment of qualitatively 
different milieus invoking, perhaps, different expres
sions of the cell’s biosynthetic capacities." One 
might conclude, therefore, that catecholamine levels 
in heart cell cultures may for a time be partially de
pendent on the population density. However, this 
point needs further experimental clarification, e.g., 
an examination of the effects of various initial cell
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concentrations on ultimate biosynthetic levels.
Data from this present study also show a variation 

in the population dynamics (Text fig. 3 ). Doubling 
times for the two experiments performed differ slightly, 
and this fact may be due to the difference in the 
density of initially seeded populations. By adding 
such steroid hormones as cortisol acetate and deoxy
corticosterone, McCarl and Szuha (1965) have been able 
to reestablish beating in heart cell cultures which 
had been myogenically inactive for a week or more.
They also demonstrated an inverse relationship between 
protein synthesis and the presence of steroid. Their 
findings suggest a possible change in the basic needs 
of the cell population which may be density dependent.
In fact, the experiments of Fujlmoto and Harary (1964b) 
have pointed to a definite shift (with extended 
culturing) from fat to carbohydrate metabolism in 
rat-heart cells, accompanied by a decrease in oxygen 
uptake. They attributed the change in oxygen uptake 
to the decreased ability of cells to oxidize substrate 
through the tricarboxylic acid cycle.

A study of the catecholamine percursor pool using 
labelled tyrosine, coupled with a radioautographic 
analysis of label localization, might clarify some of



the above mentioned alternatives. Whether or not the 
rate of beating is in some way related to amine 
levels is debatable, but controlled experiments 
employing carefully administered amounts of sub
strate may shed some light on this point.



V. Conclusions

Possible mechanisms governing the expression of 
catecholamine levels in cultured rat-heart cells have 
been discussed, and several alternatives have been 
offered. Two experimental designs have been proposed 
to answer questions concerning these mechanisms, but 
data represented in this paper leads only to the 
following positive conclusions:
1. Heart cells Ijn vitro will synthesize catecholamines 
at temporally related levels.
2. There is no apparent correlation between population 
growth and rate of secretion, and, therefore, cate
cholamine synthetic rates must be affected by some 
parameter other than the overall population density,
as exemplified by a clearly defined growth curve.



Cultured beating heart cells from 3-5 day old 
rats were tested for the presence of self-manufactured 
catecholamines. Dally samples of nutrient medium were 
removed from culture tubes and the amines selectively 
extracted into butanol, heptane, and finally, hydro
chloric acid. At the same time, population counts 
were made on identical cell cultures. Prior to the 
extraction procedure, medium samples were spiked with 
a known amount of norepinephrine-H3, which served 
as an indicator for the percent of catecholamine lost 
during extraction. The extract was then oxidized to 
form fluorescent derivatives, which were subsequently
read on a Turner fluorometer. Comparison of fluoro-

• 1- & & o & 1  a  % v 'hmeter values with population counts on a day to day 
basis indicates that relatively high amounts of the 
amines are manufactured at about 150 hours after the 
initiation of the experiment, but that this peak is 
followed by a drop-off in the synthesis rate. These 
data are interpreted as evidence for a mechanism for 
catecholamine synthesis in cultured, beating rat- 
heart cells other than a temporally related, population 
dependent system.

VI. Summary^

Presented at the Spring meeting of the Nebraska 
Academy of Sciences, Lincoln, Nebraska, April 29, 1966.
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Sum m ary o f  t h e  d a t a  r e d u c t i o n  p r o c e s s  a p p l ie d  t o  
f l u o r o m e t r i c  v a lu e s *  T h i s  p r o c e s s  y i e l d s  c o r r e c t e d  
a n d  n o r m a l iz e d  v a lu e s  w h ic h  m ay be e x p r e s s e d  i n  
u g / m l b y  c o m p a r is o n  w i t h  t h e  s t a n d a r d  c u r v e  f o r  
e p i n e p h r in e .

Table 1

N x  v o lu m e  x  
( m l )

C P M (s td )  
C P l ( o b ) x £ x

t im e
( h o u r s )

R
;n

Key*  N i s  t h e  f l u o r e s c e n c e  v a lu e  a s  r e a d  d i r e c t l y  
f ro m  t h e  f l u o r o m e t e r ;  CPM r e p r e s e n t s  c o u n t s  p e r  m in u te  
f o r  t h e  s t a n d a r d  ( s t d )  a n d  t h e  s a m p le  ( o b ) ;  R 
e q u a ls  t h e  f l u o r e s c e n c e  o f  t h e  s t a n d a r d  e p in e p n r in e  
s o l u t i o n  u s e d  i n  d e t e r m in in g  t h e  s t a n d a r d  c u r v e ;
R0 i s  t h e  f l u o r e s c e n c e  o f  t h e  s t a n d a r d  r e a d  c o n 
c o m i t a n t l y  w i t h  e a ch  g r o u p  o f  s a m p le s .  R a n d  R 
a r e  u s e d  t o  n o r m a l iz e  t h e  d a t a .  n  0
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Values (with standard errors) used to determine the 
graphs presented in the text for experiment I, part A.

Table 2A

Time
(hours) Cells (x 10 )̂ u gm/ml/hr u gm/ml/hr/cell (x 10-6 )

0 .0 20 .9 + 3.63 .270 + .020 1.29 + 3.65
29 .0 26.3 + 3.63 .152 + .010 O .58 + 3.64
48.0 30.9 ± 3.63 .028 + .002 0 .09 + 3 .63
71 .0 37.1 + 3.63 .086 + .006 0.23 ± 3.64
98 .0 47.0 + 3 .63 .068 + .004 0.14 + 3 .63

119 .0 56 .0 + 3.63 .229 + .010 0.41 + 3.64
144.0 69.O + 3.63 .096 + .010 0.14 + 3.64
165.0 82 ,0 + 3.63 — —

192 .0 100.0 + 3.63 .096 + •004 0 .10 + 3 .63
221 .0 123.5 ± 3.63 .052 + .003 0.04 + 3 .63
458.0 231.5 ± 3.63 .090 + .003 0.04 + 3 .63
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Table 2B

Values (with standard errors) used to determine the 
graphs presented in the text for experiment I, part B.

Time 
(hours) Cells(x 10^) u gm/ml/hr u gm/ml/hr/cell

(x 10"6)

0.0 17.5 ±
29 .0 17 .6 +
48.0 190 ±
71.0 20.4 +
98.0 21.8 +

119.0 22.9 +
144.0 24.0 +
165.0 25.3 ±
192.0 26.9 +

3.89 .234 +
3.89 .170 +
3.89 .070 +
3.89 .248 +
3.89 .094 +
3.89 .066 +
3.89 . 156 +
3.89 .342 +
3.89 .142 +

,042 1.34 + 3.93
,015 0.97 ± 3.91
004 O .36 + 3.89
021 1.22 + 3.91
004 0.43 + 3.89
005 0.29 + 3.90
015 0.65 + 3.91
016 +1VO 

CO • 
T—1 3.91

009 + 1coVO•0 3 .90
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Table 2C

Values (with standard, errors) used to determine the 
graphs presented In the text for experiment II.

Time h n gm/ml/hr/cell(hours) Cells(xlO ) u gm/ml/hr (x 10“6)

0 . 0 18.8 + 2 .59 .054 ± .007 0.29 + 2 .60
24.5 21.5 + 2 .59 .110 + .007 0.51 + 2.60
48.7 23.7 + 2 .59 .058 1+ • 0 0 Vj

% 0.24 + 2.59
72.7 28.1 Hh 2 .59 .202 + .026 0.72 ± 2.62
96.7 32.1 + 2 .59 .284 + .024 0.88 + 2.61
120.2 36.8 + 2 .59 .272 + .017 0.74 + 2 .62
144.5 42.0 + 2 .59 .304 + .020 0.72 + 2.61
168.2 48.0 + 2 .59 .264 + .021 0.55 + 2.61 [
192.7 55.0 + 2 .59 .008 + .002 0.01 + 2.59
240.7 66 .9 + 2 .59 .004 + .000 0.01 + 2.59
288.7 76.5 + 2 .59 .004 + .000 0.01 + 2.59
626.2 144.0 + 2 .59 .005 + .000 0.01 + 2.59



Table 3

Summary of the condition and rate of contraction in 
individual cell populations in Experiment I, Part A 
and Part B.

(A). Experiment 1« Part A . Cultures were grown on 
medium supplemented withuntreated sera. Rates of 
contraction were recorded as average beats per 
minute (bpm).

(B). Experiment I. Part B . Cultures were grown on 
medivun subjected to mild heat treatment prior to 
use. Rates of contraction were recorded as average 
beats per minute (bpm).

Keys Scattered refers to isolated cells and scattered 
groups of cells beating at different rates; weakened 
refers to groups of cells which display contractions 
weaker than usual and more difficult to count; vac
uolated indicates cell populations which have begun 
to show "dedifferentiationM with weak and erratic 
beating, or no beating at all; detached indicates a 
cell population which can no longer remain attached 
to the glass of the culture tube, and the monolayer 
may even be torn away; dying refers to those cultures 
which show no signs of normal in vitro cell growth.
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48
71
98
119
144
165
192
221

0
29
48
71
98
119
144
165
192
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(A)

General condition

Scattered
Scattered
Scattered
Scattered
Weakened
Weakened
Vacuolated
Vacuolated
Vacuolated
Vacuolated

(B)
Weakened
Weakened
Weakened
Weakened
Detached
Detached
Dying
Dying
Dying

Average rate of 
contraction

23 bpm
29 bpm
30 bpm 
30 bpm 
30 bpm 
30 bpm 
30 bpm 
30 bpm 
none
< 2 bpm

20 bpm 
32 bpm 
<2 bpm 
<2 bpm 
none 
none 
none 
none 
none



Table if

Summary o f  t h e  c o n d i t i o n  a n d  r a t e  o f  c o n t r a c t i o n  i n  
i n d i v i d u a l  c e l l  p o p u la t io n s  i n  E x p e r im e n t  II.

E x p e r im e n t  II. C u l t u r e s  w e re  g ro w n  o n  m edium  s u p 
p le m e n te d  w i t h  u n t r e a t e d  s e r a  a s  a  r e p e a t  o f  E x p e r 
im e n t I, P a r t  A, b u t  w i t h  m ore  r e f i n e d  t e c h n i q u e s .  
R a te s  o f  c o n t r a c t i o n  w e re  r e c o r d e d  a s  a v e r a g e  b e a t s  
p e r  m in u t e  ( bpm) .

K e v !  s c a t t e r e d ,  r e f e r s  t o  I s o l a t e d  c e l l s  a n d  s c a t t e r e d  
g r o u p s  o f  c e l l s  b e a t in g  a t  d i f f e r e n t  r a t e s ;  s y n ^ r o -  
n o u s  r e f e r s  t o  a  m o n o la y e re d  c o n f lu e n t  p o p u la t io n  
b e a t in g  a s  a  s y n c h ro n o u s  u n i t ;  v a c u o la t e d  i n d i c a t e s  
c e l l  p o p u la t io n s  w h ic h  h a v e  b e g u n  t o  show  <*e^ f f e  ”  
e n t i a t i o n "  w i t h  w eak a n d  e r r a t i c  b e a t i n g ,  o r  n  
b e a t in g  a t  a l l ;  w e a k e n e d  r e f e r s  t o  g r o u p s  o f  c e l l s  
w h ic h  d i s p l a y  c o n t r a c t i o n s  w e a k e r  t h a n  u s u a l  a n d  
m ore d i f f i c u l t  t o  c o u n t .
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Time
( h o u r s )

G e n e r a l  c o n d i t i o n A v e r a g e  r a t e  i 
c o n t r a c t i o n

o•o

S c a t t e r e d 8 bpm
24.5 S c a t t e r e d 2 7 bpm
48.7 S c a t t e r e d 19 bpm
72.7 S c a t t e r e d 30 bpm
96.7 S y n c h ro n o u s 46 bpm
120.2 S y n c h ro n o u s 39 bpm
144.5 S y n c h ro n o u s 39 bpm
168.2 V a c u o la t e d < 2  bpm
192.7 V a c u o la t e d <2 bpm
240.7 W eakened <2 bpm
288.7 W eakened < 2  bpm
338.2 W eakened <2 bpm
649.2 W eakened <2 bpm

j
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