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INTRODUCTION

Isolated cells from higher organisms have a low probability
of growing singly in culture. Under usual culture conditions,
less than 0.1 % of isolated embryo cells grow singly and divide
repeatedly to form cell clones. The proportion of cells that
grow and their rate of growth are increased, however, if the cells
are cultured in large population; thus the inoculum density affects
the subsequent growth of individual cells. This effect was early
noted by Earle and his colleagues (9), and led to a view that a
cell must condition the surrounding medium with metabolic products
in order to grow. Under usual culture conditions where cell den-
sity is low, particularly when compared to the density in solid
organs (about 108 cells/cms), the concentration of metabolites
would be insufficient for cells to grow. Puck and his colleagues
(35) developed a simple method for cloning single cells. This
technique included the use of non-growing irradiated cells to
increase the cell density and so act as '"feeders" for small num-
bers of viable cells. Under such a condition with feeder cells,

a high proportion of cells grow into colonies. Thus, the concept
of medium conditioning has been very important in cell biology
(reviewed in ref. 44). Medium that has been conditioned by
exposure to cells of high density is called conditioned medium
(CM). CM can influence such various phenomena as growth (8, 36,
40, 44, 45, 46), cell aggregation (30, 39), contact inhibition

(56), adhesion to substrate (47) and differentiation (20, 22, 23,
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24, 26, 41, 42, 48, 53). When mammalian cells were cultured,
"microexudate carpet" was formed between cells and substrate (34,
38, 55). This microexudate carpet has been shown to exert sig-
nificant effects on the adhesion properties of cells (4, 29, 33,
50, 51), the rate of DNA synthesis and division in cells attached
to solid surfaces (1, 52, 55). This may be identical with the cell
growth stimulating factors or so called conditioning factors sec-
reted into culture medium by cells.

Trypsin-dissociated myocardial cells were first cultured in
monolayer by Cavanaugh (2). Thereafter, the methods for the pre-
paration of myocardial cells and the culture techniques were
improved by DeHaan (5), Goshima and Tonomura (18) and others,
and the conditions where high proportion of myocardial cells can
beat have been established. Many pharmacological studies on the
beating properties of cultured myocardial cells were reported,
but there were few reports on the effects of medium conditioning
on the beating properties of myocardial cells. Gordon and Wilde
(14) reported that heart muscle-conditioned medium promoted the
spreading and the contraction of myocardial cells. More recently,
Gordon and Brice (12) found a spreading factor and a contractile
factor in heart muscle-conditioned medium, and they suggested
that the former was a substance containing protein and the latter
a glycoprotein.

This paper consists of two parts; in the part I, the effects
of the cell density and the conditioned medium on the beating

properties of cultured myocardial cells are described. It is
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also shown that various kinds of cells from various animals sec-
rete into medium a factor(s) which accelerates the beating rate
of myocardial cells. The part II described that a beating-stimu-
lating factor(s) partially purified from conditioned medium and
characterized as glycoprotein(s) with molecular weight of about

5-7 x 104 daltons.



PART I

EFFECTS OF CONDITIONING OF MEDIUM ON BEATING OF
SINGLE MYOCARDIAL CELLS IN VITRO




ABSTRACT

Heart cells singly dissociated from mouse embryos were cultured

5

at low (0.5 x 105 cells per plate) or high (4 x 10° cells per plate)

density. After cultivation for one day, the percentages of beating
cells were 51 % and 75 %, respectively, and the average beating
rates were 39 beats/min (b/m) and 70 b/m, respectively. The average
beating rate of single heart cells cultured at low density in the
medium consisting of 3 parts of conditioned medium and 1 part of
fresh medium was 72-85 b/m, while the value in the fresh medium

was 40-57 b/m. Lung, kidney, skeletal muscle and L cells from mice,
FL cells, chick embryonic cells and reptilian iguana heart cells
were effective at high density in increasing both the percentage

of beating cells and the average beating rate of mouse myocardial

cells at low density.



wr

Single heart cells from chick and mouse embryos dissociated
with trypsin beat spontaneously in monolayer culture (2, 5, 18, 29).
Norepinephrine (3, 10, 16 54) and dibutyryl cyclic AMP (17, 25)
have been reported to accelerate the beating rate of cultured
heart cells. Haraley and Slater (19) reported that various com-
pounds (e.g., oligomycin, dinitrophenol and Ouabain) inhibit
beating.

The growth rate (cell division, DNA synthesis and protein

synthesis) of mammalian and avian cells cultured in vitro is

known to be dependent on the cell population density and is pro-
moted by 'conditioning factor' secreted into the culture medium
by cells (8, 26, 37, 40, 44, 46, 52). There are, however, few
reports on the effects of medium conditioning on the beating
properties of single myocardial cells, i.e., the spontaneous
beating activity and the beating rate. Using chick embryos,
Gordon and Brice (11, 12, 14) reported that heart muscle-condi-
tioned medium increased the survival and promoted the spreading
and contraction of isolated chick heart cells. They (13) also
reported that the contractile activity, the spreading on glass
and the survival increased as the inoculum level rose, but they
did not report the effects of medium conditioning on the beating
rate.

In the present study, we examined the effects of cell den-
sity and conditioned medium on the percentage of beating cells
(PBC) and the average beating rate (ABR) of single myocardial

cells dissociated from mouse embryo. It was observed that both
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the PBC and ABR were higher at high cell density than at low cell
density and that ABR increased when cells were cultured in condi-
tioned medium. We also cultured mouse heart cells at low density
in an area surrounded by mouse heart cells or other cells at high
density. Using this system, we showed that both.the PBC and ABR
of single myocardial cells from mice were increased remarkably in

medium conditioned by various cells.

MATERIALS AND METHODS

Preparation of single heart cells and other cells. Heart

cells were prepared by reported procedures (5, 18, 28) with
slight modifications as follows. Heart ventricles were dissected
from 14-17-day-old mouse embryos (ddo-strain), placed in Hanks'
balanced salt solution and cut into pieces of about 0.1-0.2 mm

length with scissors. The tissue was digested successibly with

o\

0.1, 0.08 and 0.08 trypsin for 15, 10 and 10 min, respectively,
at 37°C, with gentle stirring using a magnetic stirrer. The super-
natants from the second and third trypsin treatments were trans-
fered to test tubes containing ice-cold Eagle's minimum essential

medium (MEM) supplemented 10 % calf serum and centrifuged at

1,800 rpm for 8 min. The pellets were resuspended in MEM. The

suspension was filtered through a Swinney filter with two sheets

of tissue paper to remove cell clumps, and the product was used
as the sample of heart cells.
Cells were also prépared from lungs, kidneys and skeletal

muscle (thigh muscle) of 14-17-day-o0ld mouse embryos by a proce-
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dure similar to that used for heart cells. Chick embryonic cells
were also prepared in the same way by digesting mixed tissue
fragments of lungs, heart and skeletal muscles from 11-day-old
embryos.

FL and L cells were kindly supplied by Prof. Y. Okada,
Research Institute of Microbial Diseases, Osaka University. IgH-2
cells were purchased from Flow Laboratories Inc., Maryland,
U.S.A. FL, L and IgH-2 cells were obtained by treatment for 5 min

with 0.12 % trypsin and 0.05 % EDTA, 0.12 % trypsin and 0.12 $%

3\

trypsin, respectively. After centrifugation, these cells were
resuspended in MEM. Cells were counted on a hemocytometer slide.

Culture of heart and other cells. Gelatin-coated plates

(35 mm in diameter) were inoculated with 4 x 10° heart cells
(high density, HD) or 0.5 x 10° heart cells (low density, LD)
that were suspended in 0.5 ml of MEM. Then, 1.3 ml of MEM and
0.2 ml of calf serum were added, and the plates were incubated
under an atmosphere of 5 % COp- 95 % air at 37°C. The culture
medium was changed daily.

Heart and other cells were inoculated at HD (6-7 x 105 cells
per plate) onto a plate (45 mm in diameter) with a cover glass
(18 x 18 mm) placed on the plate. The plate was then incubated
for 6-7h or 7-8h. The cover glass was removed, and single heart
cells from another sample at LD (0.7-0.8 x 105 cells per plate)
were inoculated onto the plate without changing the medium.
Thus, the LD-area previously occupied by the cover glass was

surrounded by the HD-area. The cells were further cultured for
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24h, and the PBC and ABR of single myocardial cells in the LD-
area were measured. In the case of FL cells and lung cells, which
differed morphologically from myocardial cells, it was verified
that cells in the HD-area did not invade the LD-area under the
present experimental conditions. |

Preparation of conditioned medium. After cultivation of

herat cells at HD for 0-1, 0-2 and 0-3 days, the medium were col-
lected in test tubes and centrifuged at 1,800 rpm for 8 min to
remove the floating cells and cell debris. The supernatant was
stored at 4°C for use within two days.

Measurement of the percentage of beating cells and the ave-

rage beating rate of cultured myocardial cells. DeHaan et al.(6)

reported that even when no contact was detected by light micro-
scopy between two myocardial cells separated by 5-7 u, they beat
synchronously and that a cell process (about 0.1 u in diameter)
connecting the two cells was observed by electron microscopy.
Only myocardial cells appearing singly by light microscopy were
selected. Cells which beat synchronously with neighbouring cells
were omitted from measurements to avoid the effect of direct
cell-to-cell contacf. The time required for 20 beats was measured,
and the beating rate was expressed as the number of beats per
min. When no beating was observed for 20-30 sec, the cell was
regarded as not beating.

The percentage of beating cells (PBC) was calculated as

PBC = No. of beating cells x 100 (%)

No. of total single myocardial cells



Myocardial cells were observed at 37°C, using an inverted
phase contrast microscope (Nikon, Type MD) with a temperature‘
regulated chamber. For microscopic observation, the medium was
replaced by MEM buffered at pH 7.2 with 10 mM Tricine[N-Tris
(hydroxymethyl) methyl glycine] and supplemented with 10 % calf
serum to avoid a pH shift of the culture medium (7, 15).

The distribution of beating rates of single myocardial
cells was usually asymmtric and did not fit the normal distribu-
tion curve (cf. Figs. 3A and B). Therefore, we replotted the
percentage with indicated beat against the square root of the
beating rate (cf. Figs. 3C and D). As shown in Fig. 1, the
cumulative distribution plotted against the square root of the
beating rate upon probability paper approximated a straight
line, while the cumulative distribution plotted against the

beating rate deviated from linearity. The level of statistical

Fig. 1.

significance (P) for the difference between the two ABR was
calculated by the Student's t-test on the percentage against

the square root of the beating rate.

RESULTS

Effect of cell density. As previously reported by Mark and

Strasser (28), DeHaan (5) and Goshima and Tonomura (18), single

heart cells obtained by trypsin treatment became attached to the
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Fig. 1. Beating rates of single myocardial cells
cultured for one day at LD and HD (shown in Fig.
3) are plotted against cumulative percentages.

The square root of the beating rate is plotted
in Fig. 1B.
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surface of the gelatin-coated plate on cultivation for one day.
Two morphological types of cells were observed: myocardial

cells and fibroblastic cells. Myocardial cells were thick and
highly refractile under phase optics. They had a dense cytoplasm,
and their nuclei were often less distinct. Fibroblastic cells
were very thin, well-spread and were transparent and poorly
refractile. Only myocardial cells were observed beating. As shown

in Fig. 2A, when 0.5 x 10° cells were inoculated per plate; most

Fig. 2.

cells were observed singly. On decreasing the inoculation to

less than 0.5 x 10° cells per plate, the number of cells attached

to the plate decreased, and the attached cells were mostly

spherical. On the other hand, when 4 x 105 cells per plate were

inoculated and cultured for one day, many cell groups were

formed and a small number of single cells were observed among

them (Fig. 2B). On increasing the cell inoculum to more than

4 x 10° cells per plate, the number of single cells decreased,

and at very high cell density only cell groups and monolayer

sheets were formed. Therefore, in subsequent experiments 4 x

10° cells and 0.5 x 10° cells per plate were selected as inocul-

ums for high density (HD) and low density (LD), respectively.
Figs. 3A and B show the beating rate distributions of single

myocardial cells at LD and HD, respectively, after cultivation

for one day. Cells with beating rates of above 160 b/m were
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Fig. 2. Photographs of heart cells at low (A)

and high (B) density after cultivation for one
day. For low density, 0.5 x 105 cells were
inoculated per plate. For high density, 4 x 10°
cells were inoculated per plate. Phase contrast,

x 230. See text for details.
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Fig. 3.

rarely observed at LD. At HD about 2 % of cells (15 cells/888
cells) beat at rates of more than 200 b/m. At Lb and HD the ABR
were 39.6 and 70.5 b/m, respectively, while the PBC were 51 and
75 %, respectively. As mentioned in the methodology section, the
distributions of beating rates were asymmetric (Fig, 3A and B).
When the percentage beating rate was plotted against the square
root of the beating rate, the distribution approached normality
(Fig. 3C and D), and the significance (P) of the ABR difference
between LD and HD was less than 0.001.

Figs. 4A and B show the time-cources of PBC and ABR, respec-

tively, during cultivation. When heart cells were inoculated at

Fig. 4.

HD, the mean numbers of cells per unit field (1.1 mmz) were 334,
378 .and 407 at the first, second and third day of cultivation,
respectively. Even at the third day, several hundred myocardial
cells per plate remained single. At HD single, attached myocar-
dial cells did not start to beat until about 7h after inoculation.
As shown in Fig. 4A, at HD the PBC increased from 44.8 to 75.5 %
with an increase in cultivation time from 10 to 25h, and then
remained nearly constant for two days. On the other hand, at LD

the PBC increased slowly from 46.5 to 69.0 % with an increase in
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Fig. 3. Distributions of beating rates of single

myocardial cells cultured for one day at LD

(Figs. 3A and C) and HD (Figs. 3B and D). The

number of beating myocardial cells examined was

248 for Fig.

3A and 273 for Fig.
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Fig. 4. The time-course of PBC (Fig. 4A) and
ABR (Fig. 4B) of single myocardial cells during
cultivation at HD (A,A) and LD (Q,@). Values
in parentheses indicate the number of single

beating myocardial cells examined.
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cultivation time from one to three days. At HD the ABR increased
almost linearly from 45.0 to 74.0 b/m with an increase in culti-
vation time from 10 to 25h, and increased still further to 111.0
b/m by the third day. At LD the ABR increased only slightly from
37.0 to 44.2 b/m with an increase in cultivation time from one to
two days, and then increased considerably to 78.6 b/m on the third
day (Fig. 4B).

Effect of conditioned medium on the beating of single myo-

cardial cells. As shown in Fig. 3 and 4, the PBC and ABR of

single myocardial cells were both higher at HD than at LD and
increased during cultivation. Thus, these phenomena seemed to be
due to the conditioning of the medium. Therefore, the effects of
so-called conditioned medium on the beating of single myocardial
cells were examined. Single heart cells were cultured at LD in a
medium consisting of definite proportions of conditioned medium
(CM) and fresh medium (FM). After cultivation for one day, the
medium was replaced by Tricine buffered MEM supplemented with 10
% calf serum, and PBC and ABR were measured. No difference in the
cell number was found between the CM and FM plate. As listed in

Table 1, the ABR did not increase significantly in media contai-

TABLE 1

ning ratios of CM to FM of 1:3 and 3:1 (P>0.5 and ~0.11) at 1
day (Experiment 1). The ABR increased from the control value of

40-48 b/m to 72-84 b/m in the medium containing a ratio of CM to
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TABLE 1. EFFECTS OF CONDITIONED MEDIUM ON THE

BEATING OF SINGLE MYOCALDIAL CELLS

Experiment CM9:FM  Beating cells Average beating rate  No. of beating P
% (beats/min) cells observed

1 0:1 50.8 46.9 56
1:3 70.5 43.0 64 >0.5
3:1 65.6 56.4 57 0.11

2 0:1 62.3 39.7 102
1:3 63.7 58.2 106 <0.001
3:1 623 71.6 101 <0.001

3 0:1 573 48.3 100
1:3 74.6 72.9 102 <0.00t
3:1 59.9 83.9 101 <0.001

4 0:1 61.4 56.7 103
1:3 65.4 65.4 100 0.1
3:1 66.9 84.8 101 <0.001

a CM, conditioned medium;

FM, fresh medium.

Medium in which heart cells cultured at high

density for one day (Experiment 1), two days

(Experiments 2 and 3) or three day (Experiment

4) was used as the conditioned medium.
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FM of 3:1 (PK0.001) at 2 days (Experiment 2 and 3). The ABR also

increased in the medium containing CM of 3 days (Experiment 4).

heart cells at HD. In experiments at HD (Fig. 3B), many single

myocardial cells were located near cell groups, and the effects
of cell-to-cell contact on beating could not be excluded, althou-
gh as mentioned in the methodology section, cells beating synch-
ronously with neighbouring cells were excluded.

Therefore, the beating properties of single myocardial cells

at LD surrounded by heart cells at HD were examined (Fig. 5). The

Fig. 5.

cell number in the control plate was almost equal to that in the

LD-area of the test plate. As summarized in Table 2, the ABR in

TABLE 2.

the LD-area surrounded by the HD-area was 73-99 b/m, while it
was 43-52 b/m in the LD-area not surrounded by a HD-area
(p£0.001).

Effects of other cells at HD on the beating of single mouse

myocardial cells at LD. The technique shown in Fig. 5 was used

to determine whether the effects of high cell density on the beat-
ing properties of single myocardial cells were organ-specific or

species-specific. To test whether the effects were organ-specific,
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Fig. 5. Myocardial cells at LD surrounded by an
area of cells at HD. Fig. 5A, A cover glass (18

x 18 mm) was placed on a plate (45 mm in diameter),
and cells were inoculated onto the plate at HD

(6-7 x 105 cells) and cultured for 7-8h. Then,

the cover glass was removed gently, and single
mouse heart cells were inoculated at LD (0.7-0.8

X 105 cells) without changing the medium. The

plate was incubated further for 24h.

Fig. 5B, Photograph of the boundary area between

the LD and HD area. Phase contrast. x 215.

e



TABLE 2. EFFECTS OF HEART CELLS AT HIGH DENSITY
(HD) ON THE BEATING OF SINGLE MYOCARDIAL CELLS
AT LOW DENSITY (LD)

Experiment HD-area Beating cells  Average beating rate  No. of beating P

(%) (beats/min) cells observed
1 - 64.3 524 102 <0.001
+4a 60.4 86.0 103
2 - 56.8 50.7 101 <0.001
+ 67.9 99.0 102
3 — 50.0 43.2 52 <0.001
+ 80.0 73.2 104

2 Heart cells were inoculated at HD onto a

plate with a cover glass placed on the plate.
The plate was then incubated for 7-8 h. The
cover glass was removed, and single heart cells
from another sample were inoculated at LD onto
the plate. The beating properties of single
cells in the area previously occupied by the

cover glass were measured.
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we used cells dissociated from the lungs, kidneys and skeletal
muscle (thigh muscle) of 14-17-day-old mouse embryos and L cells
(a cell strain derived from mouse connective tissue), FL cells
(a cell strain derived from human amnion), chick embryonic cells
(a mixed culture of lung, herat and skeletal muscle cells) and
IgH-2 cells (a cell strain derived from reptilian iguana heart)
were used to test whether the effects were species-specific.

As shown in Table 3, the PBC of mouse myocardial cells inc-

reased from the control value of 42-57 % to 70-80 % in all tested

TABLE 3.

cells. The ABR also increased 1.8-2.5 times the control value in
all cells examined(P{0.001). The effects of cells at HD on spon-
taneous beating activity and the beating rate of mouse myocardial

cells were neither organ-specific nor species-specific.

DISCUSSION
Single heart cells prepared from 14-17-day-old mouse embryos

were cultured in monolayers, and the percentage of beating cells
(PBC) and the average beating rates (ABR) of single myocardial
cells were measured at high density (HD) and low density (LD).
Both beating indices were higher at HD than at LD (Fig. 3) and
increased with the duration of cultivation (Fig. 4). The ABR
increased when cells were cultured in the conditioned medium

(Table 1) and increased when cells were surrounded by an area of

-22-



TABLE 3, EFFECTS OF VARIOUS CELLS AT HD ON THE
BEATING OF SINGLE MOUSE MYOCARDIAL CELLS IN

LD-AREA
Cells in HD-arcad Beating cells  Average beating rate No. of beating P
(%) (beats/min) cells observed
Mouse lung - 57.1 55.7 131 <0.001
+ 71.3 106.0 140
Mouse kidney - 56.0 48.7 118 <0.001
+ 80.0 98.9 145
Mouse skcletal - 523 425 76 <0.001
muscle + 77.1 1079 144
L cells - 48.6 539 94 <0.001
+ — 118.7 151
FL cells - 56.8 43 8t <0.001
+ 71.0 103.8 143
Chick embryo - 422 44.2 80 <0.001
cells + 70.4 87.5 145
IgH-2 cells - 41.6 46.2 50 <0.001
+

72.1 83.1 138

2 Cells were cultured at HD for 6-7 h, before

inoculation of heart cells at LD,

-23-



heart cells at HD (Table 2). But PBC did not increase under these
conditions. The reason why PBC did not increase in these case
remains to be clarified. From these results, it was concluded
that ABR of single myocardial cells increased during conditioning
of the medium by heart cells without direct cell-to-cell contact.
We could not exclude the possibility that slowly beating cells
are more adhesive together when heart cells are cultured at HD
or in CM. However, this possibility seems rather improbable,
since the number of single cells per unit field did not change
during the conditioning of medium.

Previously, Mark and Strasser (28) and Goshima and Tonomura
(18) concluded that the beating rates of cell groups are deter-
mined by the rate of the fastest beating cell, since they obser-
ved that the beating rates of cell groups were higher than those
of single cells. On the other hand, DeHaan and Hirakow (7)
reported that when two myocardial cells with different beating
rates came into contact, the synchronized beating rate of the two
cells was not necessarily determined by the cell with the higher
beating rate. Moreover, The ABR of single myocardial cells was
increased by conditioning of the medium, as mentioned above.
Therefore, it seems possible that the beating rate of each cell
in a cell group is influenced by adjacent cells.

There are few reports on tissue and organ specificity of
conditioned medium. Paran et al. (32) reported that human spleen-
conditioned medium induced colony formation with human and rodent

bone-marrow cells, whereas rodent spleen-conditioned medium

-24-



induced colony formation with rodent bone-marrow but not with
human cells, and they stated that the inducer had some species
specificity, apparently in one direction. On the other hand,
Takahashi and Okada (46) reported that muscle, skin, kidney,
liver and lung-conditioned medium enhanced the ﬁlating efficiency
and the growth rate of lung secondary cells which indicates the
absence of tissue specificity in the conditioned medium. In the
present study, we found that PBC and ABR of single mouse myocar-
dial cells in the LD-area increased remarkably when various cells
were cultured at HD around the area of LD (Table 3). Therefore,
these experiments strongly suggest that the effects of conditio-
ning the medium by various cells on the beating properties of
single mouse myocardial cells are neither organ-specific nor
species- specific.

It seems probable that some substance(s) formed by cells
and released in the medium regulates the beating of single myo-
cardial cells. In preliminary experiments, we found that the
conditioned medium increased the PBC of single myocardial cells
even after dialysis in a cellophane bag against MEM supplemented
with calf serum (unpublished data). The stimulatory substance(s)
may specifically stimulate PBC and/or ABR of single mouse myocar-
dial cells or may promote metabolic processes,such as protein
synthesis and increase the PBC and ABR as secondary effects.
Recently, Gordon and Brice (11, 12) reported that two factors
appeared to be present in serum-free heart muscle-conditioned

medium that independently effected contraction and spreading.
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They suggested that the contractile factor is a proteoglycan and
that the spreading factor is a protein containing compound. It
will be interesting to see whether their factors and our substan-

ce(s) affecting the beating properties of single myocardial cells

are identical.
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PART II

CARACTERIZATION AND PARTIAL PURIFICATION OF FACTOR(S)
STIMULATING THE BEATING OF CULTURED MYOCADIAL CELLS
FROM CONDITIONED MEDIUM



ABSTRACT

We previously reported that the beating rate of single
myocardial cells cultured in conditioned medium (CM) was higher
than that of those cultured in fresh medium. We characterized
and partially purified the beating-stimulating factor(s) of
cultured myocardial cells from a conditioned medium of mouse
embryonic cells.

The beating-stimulating factor(s) had stable activity for
more than one month when it was freeze-dried in 0.1 M sucrose and
stored at -20°C. The factor(s) was non-dialyzable and heat-labile.
It was inactivated by treatment with trypsin, pronase or
hyaluronidase but not neuraminidase. These results strongly
suggested that the beating-stimulating factor(s) is glycoprotein(s)
When concentrated CM was filtered on Sephadex G-200, a main peak
of activity appeared in almost the same fractions as those of
hemoglobin. The SDS-polyacrylamide gel electrophoretogram of
crude CM showed more than 20 protein bands and about 10 bands
stainable by periodic acid-Schiff (PAS). On the other hand,
the electrophoretogram of the active peak on Sephadex G-200

showed about 10 protein bands and one PAS-stainable band.
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Trypsin-dissociated myocardial cells of mammalian and avian
embryo and neonate beat spontaneously in culture (5, 18, 28, 31).
Gordon and Wilde (14) reported that when dissociated myocardial
cells of chicken embryo were cultured in serum- and protein-free
chemically defined medium, less than 1 % of the cells were
contractile and less than 2 % spread on glass, while about 80 %
of them were contractile and the percentage of spreading cells
increased remarkably when the cells were cultured in conditioned
medium. More recently, Gordon and Brice (11, 12) found a
spreading factor and a contractile factor in heart muscle-
conditioned medium, and suggested that the former was a substance
containing protein and the latter a glycoprotein.

We previously reported (31) that the medium conditioning
increased beating rate of single myocardial cells, and its
effect showed no tissue or species specificity. In this study,
we characterized and partially purified the beating-stimulating
factor(s) of myocardial cells from CM of mouse embryonic cells.
Our results suggest strongly that the beating-stimulating

factor(s) is glycoprotein(s) with a molecular weight of about

50,000-70,000 daltons.

MATERIALS AND METHODS

Preparation of conditioned medium (CM). Mouse embryos

14 to 16 days old were cut into small pieces with scissors

after their heads had been cut off, and subjected to stepwise
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trypsinization. Dissociated cells were collected by gentle
centrifugation and resuspended in Eagle's MEM. Plates, 90 mm
in diameter, were inoculated with 2.5 ml cell suspension
containing about 2-3 x 107 cells. Next, 6 ml of Eagle's MEM
and 1.5 ml of calf serum were added and the plates were incubated
under an atmosphere of 5 % CO2 - 95 % air at 37°C for 2 days.
The cells were subcultured in 10 ml of Eagle's MEM supplemented
with 10 % calf serum for 1 day. These cells were washed three
or four times with Hanks' balanced salt solution to remove

the serum, then cultured in 10 ml of serum-free Eagle's MEM for
4 days. This culture medium was called the crude conditioned
medium (crude CM). The amount of protein in crude CM increased
from 5-7 jpg to 40-70 ug during the 4 days of culture. The
crude CM was concentrated by ultrafiltration (UK-10, Toyo) or
precipitation with dialysis against saturated ammonium sulfate.
The concentrated crude CM was dialyzed against Hanks' solution

for about 20 h at 5°C, then subjected to activity measurement.

Pretreatment of CM with enzymes. Concentrated crude CM

was pretreated with trypsin (Worthington Biochem.), pronase
(Kaken, Japan), hyaluronidase (Sigma, Type I) or neuraminidase
(Sigma, Type V) as follows: 0.05 ml trypsin solution (1.5 mg/ml),
0.05 ml pronase solution (0.9 mg/ml), 0.05 ml hyaluronidase
solution (3 mg/ml) or 0.15 ml neuraminidase solution (1 mg/ml)
was added to 1.5 ml CM solution (300-500 ug/ml protein), which
was then incubated at 37°C for 0-90 min. Trypsin digestion

was stopped by adding 0.1 ml trypsin inhibitor solution (2 mg/ml).
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The reactions of pronase, hyaluronidase and neuraminidase on CM

were stopped by adding 0.4 ml calf serum, which we found was

effective.

Procedures for measuring beating-stimulating activity.

As previously reported (31), heart cells were prepared by
stepwise trypsinization of heart ventricles of 14-16-day-old
mouse embryos. Gelatin-coated plates (35 mm in diameter) were
inoculated with 0.3 ml portions containing 1 x 10° cells, then
1.0 ml of Eagle's MEM and 0.2 ml of calf serum were added.
Hanks' solution (0.5 ml) was added to the control plate, and

CM solution (0.5 ml), which had been sterilized by being passed
through a Millipore filter (Type HA, 0.45 n), was added to the
test plate. These plates were incubated under an atmosphere

of 5 % co, - 95 % air at 37°C for 20 h. They were washed with
Hanks' solution, then 1.5 ml of Tricine-buffered Eagle's MEM

(10 mM Tricine, pH 7.4) supplemented with 10 % calf serum was
added to the plates for microscopic observation. In this medium,
the beating rate of myocardial cells was stable at least for

3 h. The rate was observed at 36-37°C using an inverted phase
contrast microscope (Nikon, Type MD) with a temperature-regulated
chamber. Beating rates of at least 30 single myocardial cells
were observed in the test and control plates. The ratio of

the average beating rate of cells in the test plate (ABR

test)
to the average beating rate of cells in the control plate

(ABR ) indicates the beating-stimulating activity of the CM

cont

solution:
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ABR
ABR(relative) = —_test

ABRCOTlt

We found that stimulation of the beating rate was
proportional to the amount of CM protein addedl(see Fig. 1).
Therefore, from the observed increase in the beating rate,
i.e., ABR(relative) - 1, we could easily calculate the increase
when 0.1 mg of CM protein was added to the plate, and this
value was also used as the activity per unit protein of a CM
preparation.

Disc-gel electrophoresis. The procedures of Weber and

Osborne (49) were used for disc gel electrophoresis [7.5 %
acrylamide-bisacryiamide gel with 0.2 % sodium dodecyl sulfate
(SDS) in 0.1 M sodium phosphate buffer, pH 7.0]. Protein
samples for electrophoresis were prepared in a mixture of 2 %
SDS and 10 % p-mercaptoethanol then boiled for 3 min. The gels
were stained to detect protein with Coomassie brilliant blue.

To detect carbohydrates, the gels were stained by a method using
periodiclacid-Schiff (PAS) reaction (21). Immediately following
electrophoresis, the gels were fixed for 1 h in 12.5 % TCA in
test tubes. Next, they were subjected to sample oxidation with
1 % periodic acid for 2 h, then washed for 2 h against 15 %
acetic acid. These steps were all carried out at room temperature.
The gels were placed in clean test tubes containing Schiff's
reagent and stored in a refrigerator (in the dark) for 2 h.

They were destained using 7 % acetic acid with several changes
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over a 24-h period.

Protein measurement. Protein was measured by the method

of Lowry et al. (27).

RESULT

Properties of the beating-stimulating activity in conditioned

medium. The beating-stimulating activity in crude CM was almost
unchanged by dialysis against Hanks' solution for more than 1
day. When crude CM was passed through an ultrafilter membrane
(UK-10, Toyo), the activity remained in the retentate not the

filtrate (Table 1). When crude CM concentrated by ultrafiltration

TABLE 1

was fractionated with 0-33, 33-65 and 65-100 % saturated
ammonium sulfate solution, the activity was observed in all
fractions, and the ratio of the activity per unit protein was
2:1:2. As shown in Table 1, when concentrated crude CM was
precipitated with 100 % saturated ammonium sulfate, all the
activity was observed in the precipitate.

The beating-stimulating activity of crude CM concentrated
by ultrafiltration was measured within two days after the CM
had been collected. As shown in Fig. 1, the relationship
between the activity and the amount of protein added was linear.

Thus, the ABR increased two and three times over that of the
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TABLE 1. EVIDENCE FOR THE MACROMOLECULAR NATURE
OF THE BEATING-STIMULATING FACTOR(S) IN
CONDITIONED MEDIUM

Treatment of CM Activity after treatment 2
Dialysis + +
Ultrafiltration (UK - 10} retentate + o+

filtrate
Saturated ammonium sulfate precipitate +
supernatant

See the text for details about CM preparation
and assay procedures of the heating-stimulating
activity.

2 4+ + : full activity; - : no activity
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control, when 200 and 400 ug of CM protein were added to a

plate, respectively.

Fig. 1

When the concentrated crude CM was stored at 4°C, its
activity decreased gradually, as shown in Fig. 2. The activity
on the 36th day was about 10 % of that on the first day. But
when the concentrated crude CM was freeze-dried in 0.1 M sucrose
on the seventh day, the activity showed no further decrease and

remained constant for more than one month.

Fig. 2

As shown in Table 2, when the concentrated crude CM was
heated at 60°C for 30 min or at 100°C for 5 min, its activity
decreased to about 30 % of that before the heating (Exp. 1).
The activity was completely destroyed by heating at 100°C for
15 min (Exp. 2). When concentrated CM was treated with 0.025
mg trypsin and 0.015 mg pronase for 30 min, its activity
decreased to about 30 and 50 %, respectively (Exp. 2, 3, 4).
However, the activity disappeared almost completely upon

treatment with trypsin or pronase for 60 min (Exp. 2, 4).

TABLE 2
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Fig. 1. Dependence of ABR on the concentration
of the conditioned medium added. The abcissa
gives the amount of CM protein. See the text for
explanation of ABR measurements. (), crude CM
concentrated by ultrafiltration (UK-10, Toyo);

®, crude cM precipitated by saturated ammo-

nium sulfate.
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plate. See the text for details about activity
measurements. (), CM stored in Hanks' solution
at 4°C; A\, CM freeze- dried on the 7th day
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TABLE 2, ACTIVITIES OF THE CONDITIONED MEDI!M
AFTER HEATING AND DIGESTION WITH PROTEASES

ABR (relative)

CM added i
(0.5 ml1/plate) ; 2Experiment s .
None 1.00( 0)* 3.00( 0) 1.00( 0) 1.00( 0) i
lintreated 1.97(100) 1.57(100) 1.91(100) 1.56(100)
Heated at 60°C for 30 min " 1.30( 31)
teated at 100°C for S min ) 1.26( 26) .
for 15 min 1.006( 1) |
Digested with 0.025 mg trypsin
for 0 min 1.48( 84) 1.66( 73) '
30 min 1.16( 28) 1.32( 35)
60 min 1.04( 7)
ifigested with 0.01S mg pronase |
for 0 min 1.53( 99%5)
30 min 1.26( 47)
60 min 1.07( 12)

Relative values of average beating rate [ABR(relative)]
representing the ratio of ABR in the presence and
absence of CM. See the text for details about the
conditions of trypsin and pronase treatments.

2 The values in the parentheses indicate the

percent activity, i.e.,

(ABRtested - 1)/(ABR of untreated CM - 1) x 100,
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As shown in Table 3, when concentrated CM was treated with
0.05 mg hyaluronidase for 60 min, the activity disappeared
completely (Exp. 1, 2). On the other hand, when concentrated
CM was treated with 0.05 mg neuraminidase for 90 min, its

beating-stimulating activity was almost unaffected (Exp. 3, 4).

TABLE 3

These results strongly suggested that the beating-stimulating
factor(s) was macromolecule(s) of a complex of protein with
carbohydrate.

Gel chromatography. When concentrated crude CM was gel

filtered on Sephadex G-50, all the beating-stimulating activity
was eluted at void volume. When concentrated CM was filtered

on Sephadex G-200 (Fig. 3), the activity was eluted at void

Fig. 3

volume and fraction numbers 6-12, where hemoglobin (M.W. 65,000)
was also eluted. Protein was eluted with a large peak at
fractions slightly after void volume. Also, a small peak
appeared at fraction number 15 and a shoulder at fraction
number 10. The highest activity per 0.1 mg protein (fraction
number 8) obtained by gel chromatography was 1.1, i.e., the

ABR increased to 2.1-fold of the control on addition of 0.1 mg

protein, and the activity at void volume was about half that
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TABLE 3. ACTIVITIES OF THE CONDITIONED MEDINM
AFTER TREATMENTS WITH HYALURONIDASE AND

NEURAMINIDASE
™ %-3%}"‘ ABR (relative) ‘
(0.5 ml/plate) Experiment
1 2 3 4 .
None 1.00( 0)® 1.00( 0) 1.00( 0) 1.00( 0)
Untreated 1.69(100) 1.66(100) 1.46(100) 1.50(100)
Trecated with 0.025 mg hyaluronidase
for 0 min 1.64( 93) 1.61( 92)
30 min 1.60( 87) 1.34( S2)
60 nmin 1.01( 1) 0.98( -3) :
Treated with 0.04 mg neuraminidase ’
for 0 min 1.34( 78) —_
60 min 1.33( 72) 1.35( ¢0)
90 min — 1.50(100)

Relative values of average beating rate [ABR(relative)]
show the ratio of ABR in the presence and absence

of CM. See the text for details about the conditions
of hyaluronidase and neuraminidase treatments.

2 The values in parentheses show the percent
activity, i.e., |

(ABR tested - 1)/(ABR of untreated CM - 1) x 100.
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Gel chromatography of concentrated CM on

Sephadex G-200. Two independent experiments are

represented in this figure. Void volume was

chosen as fraction number O.
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experiments ((,A\), a colunm of 2.5 x 46 cm was

used and the volume of each fraction was 5.0 ml.
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column of 2.8 x 35 cm was used, and the volume

of each fraction was 4.5 ml. The positions of

marker proteins are given for the latter column.

ADH, alcohol dehydrogenase (M.W. 151,000);

Hb, hemoglobin (M.W. 65,000);
(M.W. 12,000).
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of fraction number 8. The void volume fraction might have
contained aggregates of the beating-stimulating factor(s), which
had a molecular weight of about 50,000-70,000 daltons.

Furthermore, concentrated crude CM was applied to DEAE-
cellulose column (1.5 x 5 cm) and eluted stepwise with Hanks'
solution of various concentrations. The activities per unit
protein at fractions eluted by 0.085 M and 0.107 M Hands's
solution were more than twice that of crude CM before column
chromatography. A combination of gel filtration and ion exchange
column chromatography could have been used to obtain purer factor(s)
but large amounts of starting materials were not available,

SDS-polyacrylamide gel electrophoresis. As shown in Fig,

4, the SDS-polyacrylamide gel electrophoretogram of concentrated

crude CM showed more than 20 protein bands (A) and about 10 PAS-

Fig., 4

stainable bands (B). On the other hand, the gel electrophoretogram
of a high activity fraction of Sephadex G-200 (fraction numbers
6-12 in Fig. 3) showed ahout 10 protein bands (C) and one PAS-
stainable band (D). The one PAS-stainable band seen in Fig. 4D

may be the beating-stimulating factor, although other possibilities
can not be excluded, as there were about 10 protein bands in C
which might include glycoprotein(s) with a carbohydrate moiety

that was undetectabhle by the PAS-staining method used. Gel

electrophoretograms of calf serum shown in E and F of the protein
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Fig. 4. SDS-polyacrylamide gel electrophore-
tograms of the conditioned medium. A, C, E, G,
stained with Coomassie brilliant blue; B, D, F,
stained by PAS reaction.

A, B, concentrated crude CM; C, D, active
fractions obtained by Sephadex G-200 gel chro-
matography (fraction numbers 6-12 in Fig. 3);

E, F, calf serum; G, bovine serum albumin.
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band and the PAS-stainable band, respectively, had remarkably

different patterns from those of crude CM.
DISCUSSION

The results summarized in Tables 1, 2 and 3 strongly suggest
that the beating-stimulating factor(s) in conditioned medium (CM)
of mouse embryonic cells is a complex of protein with carbohydrate
[glycoprotein(s)]. As reported by Gordon and Brice (12), the
contractile factor which promotes the percentage of beating
cells is also a protein-carbohydrate complex. While our beating-
stimulating factor(s) was completely inactivated by heating at
100°C for 15 min, their contractile factor was fairly heat-
stable. Our factor(s) resembled theirs with respect to other
properties, such as inactivation by trypsin and hyaluronidase
and resistance to neuraminidase.

The possibility that the beating-stimulating factor(s)
was derived from calf serum was very unlikely. If it existed
in calf serum, myocardial cells cultured in higher concentration
of calf serum should have shown higher ABR. However, the ABR
was nearly constant in 5-30 % calf serum. Furthermore, the
gel electrophoretogram of crude CM was remarkably different
from that of calf serum (Fig. 4) and almost all proteins in
CM were produced by cells, as described in '"MATERIALS AND

METHODS'".

When norepinephrine (3, 10, 16, 54) or dibutyryl cyclic
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AMP (17, 25) is added to cultured myocardial cells, the beating
rate increases immediately. However, in our study, the effect
of concentrated CM was not observed for 2-3 h after it had been
added to cultured myocardial cells. The factor(s) in CM may
affect the excitation processes of the cell membrane or promote
metabolic processes in cells and increase the beating rate as
secondary effects, after being incorporated into the cell
membrane. As already described in "RESULTS" (cf. Fig. 3),

the most active fraction obtained by gel filtration increased
the ABR to twice its level when 85 pg of its protein was added
per plate. This active fraction contained only one PAS-stainable
band (cf. Fig. 4), and the protein content of this band was
estimated to be about 6 % of the total protein of the active
fraction. Therefore, if we assume that this band is actually
the active component, we can conclude that 5 ug protein of

the active factor per plate increases the ABR to twice its level.
This suggests that the function mechanism of the beating-
stimulating factor is very specific. Its effect on myocardial
cells remains to be clarified. We also do not known whether

it affects other cell functions. The beating-stimulating |
factor(s) must be purified further before attempting to clarify

these problems.
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