
Synthetic Strands of Cardiac Muscle: Growth and 

Physiological Implication 

Abstract. Cardiac muscle cells obtained from disaggregated embryonic chick 
hearts were cultured on differentially treated oriented substrata. Subsequent cell reag- 
gregation, growth, and attachment produced linearly organized strands of cardiac 
muscle with dimensions suitable for electrophysiological analysis. Along the strand, 
areas that contained few muscle cells demonstrated reduced conduction velocity and 
were subject to propagation failure. 

The complexity and morphologic in- 
homogeneity of isolated preparations of 
cardiac muscle make it extremely diffi- 
cult to analyze and compare the extent to 
which the basic physiologic mechanisms 
involved in cardiac muscle cell function, 
namely, excitation and contraction, truly 
reflect the membrane and contractile 
properties of the isolated cardiac muscle 
cell (1). Ultrastructural studies of car- 
diac muscle from a variety of animals 
failed to uncover an ideal preparation of 
cardiac muscle for voltage clamp stud- 
ies, namely, a single, long cylindrical 
cell (2) and a preparation free of colla- 
gen for mechanical studies (3). Although 
several methods for preparing "individ- 
ual cardiac cells" from adult mammalian 
hearts have been described (4), the phys- 
iologic value of these preparations is 
somewhat questionable (1). Further- 
more, although preparations of em- 
bryonic and neonatal heart muscle in tis- 
sue culture are suitable for studying 
development and function in vitro (5), 
these preparations either have been large 
cell populations grown in mono- and 
multilayers, or have lacked the organiza- 
tional arrangement of cardiac muscle, or 
have had both drawbacks. In this regard, 
however, the tendency of confluent 
sheets and networks that contain beating 
rat heart cells to form fiber-like (6) and 
spherical (7) masses has been described. 

We describe a systematic attempt to 
cultivate the differentiation and orient 
the growth of cultured cardiac cells to 
produce a synthetic preparation that is 
more suitable, morphologically, for a 
given physiologic study [for example, 
the double-insulated gap method of 
voltage clamp (1)] than is naturally oc- 
curring cardiac muscle. Prototype ver- 
sions of the definitive preparation (a 
single column of cardiac muscle cells) 
have provided us with insight into the 
mechanism of slow propagation like 
that which normally occurs in the atrio- 
ventricular node of the heart (8). 

The culture techniques are modifica- 
tions of those used earlier (9). The cul- 
ture media contained Eagle's minimum 
essential medium or medium 199 supple- 
mented with 10 percent fetal calf serum, 

25 FEBRUARY 1972 

2 percent chick embryo extract, and 1 
percent of a solution containing penicil- 
lin G (99 unit/ml) and streptomycin sul- 
fate (36 jug/ml) (10). The components of 
the culture media, as well as the final so- 
lution, were passed through washed 0.45 
Aum Millipore filters to ensure sterility. 
Some of the cultures were grown in con- 
ditioned media containing medium 199 
(11). 

The orientation techniques reflect the 
ability of the surface of cultured cells to 
differentially or preferentially adhere to 
an oriented substratum (12). Culture 
dishes were coated with rat tail collagen 
(13), dried, and coated with 2 percent 
washed agar, which was then dried to a 
film. Differential surfaces were obtained 
by cutting through the agar film and 
thereby creating grooves or channels of 
exposed collagen approximately 25 p/m 
wide. Alternatively, slits were cut in a 
Millipore filter to produce a template, 
which was then placed over the agar 
base. Deposition of a thin film of palla- 
dium by vacuum evaporation formed 
lines about 25 am wide on the agar sur- 

face. After both procedures, the culture 
dishes were sterilized by exposure to ul- 
traviolet light (2537 A) for 15 to 20 
minutes. 

Freshly dissociated, beating heart cells 
do not readily adhere to the agar-cdated 
surfaces. Within 12 to 24 hours, cells (ei- 
ther singly or as aggregates) preferen- 
tially attach and spread within the agar 
channels or on the lines of deposited pal- 
ladium. After 3 to 6 days in culture, the 
cell bundles (strands) vary from 1.0 to 
30.0 mm in length and 25 to 400 um in 
width. The width of a strand is either 
variable (Fig. 1, part 1) or uniform 
Fig. I, part 2) along its entire length. 

With the aid of time-lapse cinematog- 
raphy, we established that bulbous re- 
gions of the strand develop from large 
aggregates of cells, which settle within 
the channels, coalesce either with other 
aggregates or with a basal layer of cells, 
and spread along the groove. A more 
uniform orientation is obtained when 
small aggregates and single cells are the 
majority of cells that settle initially into 
the channels and coalesce. Strands 
formed on palladium lines are uniform in 
width, and the cellular interrelations are 
clearly visible during early stages of de- 
velopment. However, with development, 
the forcefully beating strands tend to de- 
tach the deposited palladium lines from 
the agar surface; the preparation then 
floats in the medium. On the other hand, 
strands grown along channels adhere se- 
curely and although the cellular inter- 
relations are somewhat obscured when 
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Fig. 1. Polarization photomicrographs of segments of cardiac muscle strands formed 
along channels cut in agar. The strands were fixed in Bouin's fluid after 5 (part 1) 
and 6 (part 2) days in culture. Both preparations were spontaneously beating, and impulse 
propagation was continuous. Inserts A, B, and C, which are higher magnifications of areas 
indicated by arrows in parts 1 and 2, demonstrate the linear organization of the myofibrils. 
The extensive continuity of muscle cells between the tapering ends of two bulbous areas 
is clearly shown in part 1B. 
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Fig. 2. (A) Composite polarization photomicrograph of a segment of cardiac muscle 
strand in which conduction block occurred when the area below the arrow received high 
rates of stimulation. The insert above the arrow is a high-power magnification of this 
region. Note the diminution in the number of myofibrils in the tapered region. (B) Trans- 
membrane action potentials recorded from bulbous portions of a strand (stimulation, 120 
min-'). These bulbous portions bordered a region in which stimulation greater than 200 
min-' produced conduction block, which could be localized by direct vision. This region 
is represented by slanted lines in the schematic drawing below. Note the marked delay in 
conduction velocity (CV) across this region at the lower rate of stimulation (120 min-1) 
(calibration: 20 msec, 20 mv). 

using phase microscopy (optical inter- 
ference is introduced by the cut sur- 
face), this visual problem prevents 
neither the observation of contractile 
motion nor the accurate placement and 
visualization of microelectrodes. 

A majority of the strands are sponta- 
neously active, but fewer beat synchron- 
ously along their entire length. The 
extent of spontaneous activity is mark- 
edly enhanced when the strands are 
grown in conditioned medium. The 
strands appear to contract uniformly, 
and beating tends to be more vigorous 
when the strands are maintained in con- 
ditioned media for as long as 3 weeks. 
On the contrary, the contractile activity 
of strands grown in fresh media usually 
decreases after 7 to 10 days in culture. 
These differences cannot be attributed to 
alterations in the ionic content of the 
media, since Na+, K+, and Ca2+ con- 
centrations do not vary significantly in 
the two types of media (14). 

In order to correlate structural fea- 
tures of the strand with impulse propaga- 
tion, culture dishes were placed on a tem- 
perature-controlled (37?C) stage of an 
inverted phase microscope, and a layer 
of nontoxic, light mineral oil was floated 
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over the surface of the medium to pre- 
vent evaporation (9). The preparation 
was stimulated extracellularly by a 
bevel-edged, glass microelectrode (50- 
,um tip diameter), which was filled with 
0.5 percent agar in saline G. The uni- 
polar electrode was connected via a salt 
bridge and silver wire to the output of 
a stimulus isolation unit, which was 
driven by a pulse generator. The culture 
dish was grounded through a silver wire 
positioned at the periphery of the dish. 
Frequency and duration of stimulation 
was selected so as to control the sponta- 
neously beating strand. The preparation 
was then scanned with high-power televi- 
sion microscopy to verify continuous 
propagation along its entire length. 

By gradually increasing the rate of 
stimulation, conduction failure was in- 
duced at a given locus along the strand. 
(Conduction failure was identified by a 
desynchronization of contraction within 
100 /um.) The electrode was then moved 
to a position distal to the block to verify 
that conduction beyond the block was 
normal at higher frequencies (that is, 
that conduction block was not due to im- 
pingement on the refractory period of 
cell excitability) and to see whether re- 

I trograde block could be induced by rapid 
stimulation at the new locus. The entire 
preparation was scanned in this manner 
and photographed through the micro- 
scope to document areas of conduction 
block along its entire length. Prepara- 
tions were fixed immediately for exami- 
nation by polarization microscope (Fig. 
2A). The most significant finding was 
that muscle cell content in blocked re- 
gions was less than that in areas capable 
of responding to increased rates of stimu- 
lation. These findings were corroborated 
by examination by electron microscope 
of preparations that showed similar pat- 
terns of impulse propagation (15). 

Intracellular recording techniques 
were used to characterize impulse propa- 
gation in the synthetic strand and to lo- 
calize conduction delay and block within 
selected areas of the preparation. In 
areas along the strand which have a high 
content of muscle cells, propagation is 
continuous and uniform (0.2 to 0.5 
m/sec); whereas in those areas with 
fewer muscle cells, conduction velocity is 
much lower (0.002 to 0.02 m/sec). Fig- 
ure 2B shows the propagation delay be- 
tween two regions along a fiber that ex- 
hibited conduction block at high rates of 
stimulation (greater than 200 min-1). 
The marked slowing of conduction ve- 
locity is comparable to that recorded 
from cells in the atrioventricular junc- 
tions of intact embryonic and adult 
hearts (16). Thus, normally occurring 
delays in conduction can be observed in a 
relatively simple, linearly aligned prepa- 
ration of cardiac muscle-in contrast to 
the complex anatomy of the intact 
atrioventricular region (17). The prepa- 
ration serves as a useful model system for 
questioning the factors contributing to 
slow conduction as it is known to occur 
in specialized regions of the intact heart 
(8). 

We conclude that, regardless of the 
mechanisms involved by which isolated 
cardiac cells (i) interact with the sub- 
strate to give rise to a linearly aligned 
preparation and (ii) reaggregate and sort 
out with respect to cell type to form an 
inner core of muscle cells surrounded by 
an outer sheath of fibroblast-like cells 
(15), it is feasible to grow a synthetic 
strand of cardiac muscle with dimen- 
sions suitable for electrophysiological 
analysis. 
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per kilogram. 

Several investigators (1) have found 
a decrease in food intake by animals 
treated with A9-tetrahydrocannabinol 
(A9-THC), the principal active con- 
stituent of marihuana (2). Perhaps the 
clearest demonstration of this phenome- 
non was made by Manning et al., who 
showed that A9-TIHC produced a de- 
crease in food consumption over a 30- 
day chronic administration period (3). 
This finding contradicts both a body of 
folklore concerning the effects of mari- 
huana on human appetite for food and 
a recent study by Hollister (4), who 
showed that about half the human sub- 
jects given oral doses of A9-THC in- 
creased food intake. A possible ex- 
planation of the discrepancy lies in 
differences in doses given to human 
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and animal subjects, for animal sub- 
jects are typically given doses 10 to 100 
times larger than human subjects are 
given. Studies in which high doses of 
THC are given to humans report that 
these doses may be slightly toxic in 
the sense that they produce unpleas- 
ant somatic effects (5). The toxicity 
of A9-THC is also suggested by ani- 
mal studies in which cats given doses 
from 0.5 to 4.0 mg/kg vomited and 
monkeys given doses from 16 to 64 
mg/kg died (6). 

We have used the "bait shyness" 
phenomenon to assess possible aver- 
sive effects of A9-THC. "Bait shyness" 
or conditioned food aversion occurs 
when an animal ingests some food, 
usually a novel-tasting one, and then 

and animal subjects, for animal sub- 
jects are typically given doses 10 to 100 
times larger than human subjects are 
given. Studies in which high doses of 
THC are given to humans report that 
these doses may be slightly toxic in 
the sense that they produce unpleas- 
ant somatic effects (5). The toxicity 
of A9-THC is also suggested by ani- 
mal studies in which cats given doses 
from 0.5 to 4.0 mg/kg vomited and 
monkeys given doses from 16 to 64 
mg/kg died (6). 

We have used the "bait shyness" 
phenomenon to assess possible aver- 
sive effects of A9-THC. "Bait shyness" 
or conditioned food aversion occurs 
when an animal ingests some food, 
usually a novel-tasting one, and then 

gets sick within the next 8 hours or so. 
In the laboratory, this phenomenon has 
been demonstrated for a variety of 
different tastes and various types of 
illness-inducing agents, including x-ir- 
radiation, injections of drugs such as 
apomorphine, methamphetamine, and 
various anesthetics. These studies have 
shown that rats will avoid novel-tasting 
substances that are followed by illness, 
even when the illness occurs as much 
as 8 hours after ingestion of the sub- 
stance; the amount of aversion is re- 
lated to the degree of illness (7). 

Water-deprived rats were given vari- 
ous doses of A9-THC from 0 to 32 
mg/kg immediately after a period of 
exposure to a saccharine solution. They 
were then given preference tests be- 
tween saccharine solution and tap 
water each day for 3 days, beginning 
47 hours after drug administration. 
Saccharine preference was found to be 
inversely related to dose of A9-THC, 
strengthening the view that THC may 
be aversive in high doses. 

Forty experimentally naive male al- 
bino rats from the Walter Reed colony 
served as subjects (8). All weighed 
between 200 and 250 g at the start of 
the experiment and were singly housed 
in metal metabolism cages. The animals 
had continuous access to 45-mg rat 
food pellets (Noyes). After 2 days 
of free access to food and water, the 
animals were changed to a 23-hour 
water deprivation schedule in which 
tap water was available for 1 hour a 
day from a standard drinking tube. On 
the fourth day of this restricted drink- 
ing schedule, a 0.1 percent solution of 
saccharine in tap water, rather than 
pure tap water, was made available 
during the watering period. Immediate- 
ly after this exposure, various doses of 
A9-THC were administered either di- 
rectly into the stomach with an oral 
administration needle or by intraperi- 
toneal injection (9). The drug was 
diluted to concentrations of 2.25, 9.0, 
and 36.0 mg/ml with propylene gly- 
col for administration to three groups 
of 10 animals each, with half the ani- 
mals of each group getting oral ad- 
ministration and the other half, intra- 
peritoneal administration. These con- 
centrations were selected so that the 
dose volume would be approximately 0.2 
ml when doses of 2, 8, and 32 mg/kg 
were given to the three groups. A 
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A^-Tetrahydrocannabinol: Aversive Effects in Rat at High Doses 

Abstract. Water-deprived rats were administered a single dose of A9-tetrahy- 
drocannabinol either orally or intraperitoneally immediately after their first taste 
of a saccharine solution. In tests beginning 47 hours after drug administration, a 
dose-related reversal of rats' normal preference for saccharine was found. The 
data suggest that the drug produces aversive effects at doses of 1 to 32 milligrams 
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