In areas where resistance to chlorinated
hydrocarbon insecticides is widespread,
such a program would be especially ef-
fective if the males released also car-
ried genes for susceptibility. Natural-
ly, these hypotheses need to be tested
in population cage experiments in the
laboratory as well as in field popula-
tions (5).
G. B. Craig, Jr.
W. A. HICKEY
R. C. VANDEHEY
Department of Biology, University of
Notre Dame, Notre Dame, Indiana
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Mechanism of Fibrillation
Potentials in Denervated
Mammalian Skeletal Muscle

Abstract. This report concerns the origin
and mechanism of fibrillation potentials. It
is proposed that these potentials do not
necessarily arise from degenerated end-
plate organs. The precursor is the rhythmic
oscillations of the membrane potential.
This mechanism may also occur in the
case of epileptic discharges from epileptic
cells in the cerebral cortex.

An excitable element, such as a nerve
cell or a muscle fiber, is said to possess
the property of spontaneous activity, if
it is capable of discharge at a time dur-
ing which no electrical energy is sup-
plied from outside (7). In denervated
skeletal muscle fiber, spontaneous rhyth-
mic fibrillation potentials can be de-
tected. The clinical significance of fibril-
lation potentials has been repeatedly
discussed. This report deals with the
underlying mechanism by which these
fibrillation potentials are produced. The
conclusions presented here stem from
three series of experiments previously
published.

Two questions may be asked: (i) Do
the spontaneous rhythmic fibrillation
potentials originate from a specific
focal area in the muscle fiber? (ii) Is
there any difference in the membrane
properties of intact and denervated
muscle fibers? The following experi-

" ments were performed in order to an-

swer these questions.
The first series of experiments (2)
was made under hypothermia on rats in
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which the electrical activity was re-
corded from the anterior gracilis muscle
with intact motor nerve supplies. The
second series of experiments (3) was
made on rats in which the sciatic nerves
had been severed 3 to 21 days prior to
experimentation. The third series of ex-
periments (4) was made on tissue cul-
tures in which embryonic skeletal
muscle fibers of the chick were isolated.
Glass micropipette electrodes, record-
ing intracellularly from single muscle
fibers, were used in all of the experi-
ments. The recording electrode, with a
tip measuring approximately 0.2 x in
external diameter, was filled with elec-
trolyte solution and connected by a
platinum wire to a cathode follower,
then to a direct-coupled amplifier, and
finally to an oscilloscope.

In the first series of experiments, in
which the motor nerve supplies to the
rat muscle fibers were intact, the rest-
ing membrane potentials were found to
be extremely stable. When the intracel-
lular electrode impaled a muscle fiber
near the motor end-plates, miniature
end-plate potentials (5) were recorded.
They were thought to represent asyn-
chronous depolarization of small and
restricted areas of the muscle membrane
by a release of packages of acetylcholine
molecules from the motor nerve end-
ings (6). The discharge of these minia-
ture end-plate potentials, presumably
arising from different areas, could be
synchronously evoked by applying a
stimulus to the motor nerve. The syn-
chronous discharge of many miniature
end-plate potentials gave rise to an end-
plate potential; if the end-plate potential
exceeded a certain depolarization level,
a spike discharge resulted. The evoked
spike discharge seldom repeated itself;
thus the response to the stimulus was
almost always one-to-one. After the
subsidence of the spike discharge, the
resting membrane potential resumed its
previous level and remained stable. No
spontaneous rhythmic spike activity was
recorded from the muscle.

In the second series of experiments
with denervated skeletal muscle fibers,
no miniature end-plate potentials were
recorded. However, oscillation of the
muscle membrane was often found. The
oscillating potentials differed from the
miniature end-plate potentials in that
they were not all-or-none and random
but were graded and rhythmic. If an
oscillating potential exceeded a certain
magnitude, a spike discharge or a series
of rhythmic spike discharges was set
off. The frequency of the rhythmic spike
discharges was fairly constant in record-
ings from any given fiber; but occa-
sionally a spike was missing and was
replaced by an oscillation of potential.
Furthermore, when the membrane
potential of a muscle fiber was rela-
tively stable, and when an electrical

stimulus was applied to the fiber, the
stimulus frequently precipitated a series
of rhythmic spike discharges or oscilla-
tions. This is different from the re-
sponses of muscle fibers with intact
motor nerve supplies.

In the tissue culture experiments,
series after series of rhythmic activity
synchronous with the fibrillary move-
ments of the muscle fiber observed
through the microscope were recorded
by the intracellular electrode. This
spontaneous activity was similar to that
recorded from denervated skeletal
muscle fibers and consisted of oscillat-
ing and spike potentials. The rhythmic
oscillations occurred independently but
gave rise to the rhythmic spike dis-
charges. Therefore, they were the
precursor of these spike discharges.
Upon stimulation the cultured muscle
fiber responded with a series of rhyth-
mic spike discharges similar to the re-
sponse of denervated muscle fibers. The
response was sometimes a series of
rhythmic oscillating potentials super-
imposed on a sustained depolarization
following an initial spike discharge.

Earlier experiments with axons of
the squid or lobster showed that oscil-
lating potentials could be produced
by sustained membrane depolarization
(7, 8). An increase in the oscillation of
potential in axons of the squid and
cerebral cortical neurons of the cat
could be produced readily by veratrine
and strychnine (9, 10). These observa-
tions were obtained even when no elec-
trical energy was supplied from outside
the system. The spontaneous rhythmic
spike discharges followed a decrease in
the membrane potential and an increase
in the oscillating potential.

In denervated mammalian skeletal
muscle fibers, Ware, Bennett, and Mc-
Intyre also found a decrease in the
resting membrane potential (/). They
reported that the resting membrane
potential dropped from a mean value of
about —100 to —77 mv 22 days after
denervation. Although their findings
need to be confirmed (3), they are in
keeping with .the observations that
sustained depolarization was accom-
panied by membrane oscillations or
rhythmic spike discharges in nerves of
the squid (7), lobster and crayfish (8,
12), visual cells of the limulus crab (I3),
and cortical neurons of the cat (10).

It is known that a tropic change oc-
curs in muscles deprived of motor nerve
supplies. After denervation, an increase
in hexokinase and a decrease in cyto-
chrome oxidase activity were observed
(I4). Other metabolic changes remain
to be found.

This study of denervated skeletal
muscles in vivo and embryonic muscles
in tissue culture explants indicates that
no presynaptic activity is required for
the production of rhythmic fibrillation
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potentials. Furthermore, no neuronal
elements or end-plate organs were
found in the cultured muscle. The
spontaneous rhythmic discharges must
arise at some point along the muscle
fiber itself.

The above observations would sug-
gest that the presence of a degenerated
end-plate organ in denervated muscle
is not important for the generation of
fibrillation potentials. It is likely, as
found by Mclntyre and his associates,
that a decrease in resting membrane
potential occurs as a result of a change
in muscle metabolism following dener-
vation. The decrease in resting mem-
brane potential leads to instability and
oscillation of the membrane potential
and, finally, to rhythmic spike dis-
charges. It is probable that this sequence
of events also occurs in the case of
epileptic discharges from pathological
nerve cells in the cerebral cortex (15).

CHOH-LUH LI
National Institute of Neurological
Diseases and Blindness,
National Institutes of Health,
Bethesda, Maryland
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Preparation of Monolayer Cell
Cultures from Tissues of
Some Lower Vertebrates

Abstract. Cold trypsin dispersion at pH
7.2 was used to obtain cultivable cells and
cell groups from tissues of six species of
fresh-water bony fishes, a frog, and a
turtle. The cells readily attached to glass
and were capable of at least limited, and
in some cases extended, division in media
consisting of commercially available com-
ponents.

There are few fields of biological in-
terest that have not found some use
for the rapidly advancing techniques of
cell and tissue culture. Paul’s recent
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Fig. 1. A, Primary cultures of pooled gonad from immature rainbow trout (Salmo
gairdneri) (X 24). B, Original cultivation of kidney from the bullfrog (Rana catesbeiana)
(X 48). C, Original cultivation of ovary from the painted turtle (Chrysemys picta),
showing cells in various stages of division (X 290). Hematoxylin and eosin stain.

text on tissue culture (/) describes
cultivation of tissues from cold-blooded
animals, but the paucity of information
reflects the scant attention that has been
devoted to in vitro' cultivation of tis-
sues from the lower vertebrates. Madin
et al. (2) reviewed the cultivation of
tissues of domestic and laboratory
animals but actually discussed only
mammals. The recently compiled bibli-
ography of tissue culture (3) contains
more than 15,000 entries, but less than
0.002 percent deal with fish or fish
tissue. Wolf and Dunbar (4) cited the
principal works on fish tissue culture;
all reports dealt solely with the tech-
nique of explantation.

The purpose of this report is to de-
scribe a method employed routinely
in this laboratory during the past 9
months to obtain monolayer cultures of
cells from several tissues of propagated
trouts. Exploratory work with tissues
from other easily obtained fishes, an
amphibian, and an aquatic reptile has
shown that the method is equally ef-
ficient for obtaining cultivable -cells
from these other animals.

Tissues were dispersed with a modifi-
cation of the cold trypsinization de-
scribed by Bodian (5). Since trout tis-
sue explants prospered in vitro only
when maintained at a pH between 7.2
and 7.4, the final pH of the digestion
mixture was buffered at 7.2. Dulbecco
and Vogt’s phosphate-buffered saline
(6) was modified to contain 1.065 g
of Na:HPO: and 0.249 g of KH-PO:
and constituted 87.5 percent of the
digestion mixture. The balance con-
sisted of a 2.5-percent trypsin solution
(10 percent) (7) and, because it seemed
to benefit the cells, human serum (2.5
percent). Potassium penicillin G and
streptomycin sulfate were added at the
rate of 200 unit/ml.

One to several volumes of saline-
washed, scissor-minced tissue were used
for each 10 volumes of the digestion

mixture. All tissues were obtained as
cleanly and aseptically as possible and,
throughout preparation, were kept in
vessels on or near ice. Most tissue was
used soon after removal, but on occa-
sion trout tissue was held at 4°C for
24 hours before digestion.

Dispersion was effected at 4° to 6°C
in fluted erlenmeyer flasks on magnetic
stirrers which had separate rheostats
and, therefore, did not heat the mixture.
Cells obtained from the first hour’s
harvest generally gave poor results. In
practice, the first hour’s -harvest was
discarded and replaced with an equal
volume of fresh digestion mixture. De-
pending upon the relative speed of
dispersion, the process was continued
for three or more hours. Best results
were obtained when the time did not
exceed 20 hours. Overnight treatment,
which usually released from 10° to 10°
or more cells per milliliter, became the
routine procedure.

Cells were sedimented from the
harvest fluid by cold centrifugation at
200g for 20 minutes. The resulting
packs averaged 0.1 or more of the
starting tissue volume. The cells were
washed once in cold salt solution that
contained 2 to 5 percent serum and
were then suspended in the growth
medium. Dilutions of 1:400 to 1:600
(1 to 3 X 10° cells per milliliter) were
normally made, although considerably
higher dilutions were possible. The
initial pH was between 7.2 and 7.4,
and static vessels were incubated
routinely at either 12.5°C or, prefer-
ably, 19°C.

Mammalian-type media (7), used in
all work, readily stimulated attachment

“and division of cells from fishes, a frog,

and a turtle (Fig. 1). These results are
in accord with the determinations of
Phillips et al. (8), which first showed
that, except for phosphorus, the inor-
ganic constituents of trout blood are
remarkably like those of human blood.
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