Long-term Reversible Arrest of Cell
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A lian cell cult system subjected to

prolonged arrest of growth by sodium amobarbital

d to the pi growth rate very soon
after the barbil was d. The i d
glycolysis which occurred in the presence of the
anesthetic ceased equally rapidly. (Key words:
Amobarbital; Cell tabolism; Inhibition; Bar-
biturate; Cell growth.)

In rPREVIOUS STUDIES with monolayer cultures
of mouse heteroploid cells,!+ 2 we demonstrated
a direct relationship between the logarithmic
concentrations of various volatile and barbitu-
rate anesthetics and the slowing of multiplica-
tion, the inhibition of oxidative metabolism
and the stimulation of nonoxidative metabo-
lism of these cells. These effects were im-
mediate and, at least so far as the inhibition
of oxygen uptake was concerned, immediately
reversible. However, it was not clear to what
extent the cells could recover from prolonged
exposure to anesthetics. In the present study
we have demonstrated the ability of the cells
to recover after continuous partial or total in-
hibition of cell growth by sodium amobarbital
for 24 days. The cells appear to retum to the
control rate of growth very quickly after the
drug is removed.

Methods

The methods of culture have been de-
scribed.? In the present experiments the cul-
ture medium contained sodium amobarbital ®
to a concentration of 0, 2, 3, 3.5, or 4 mM/L.
Replicate monolayers were incubated for pe-
riods ranging from two to 28 days, the me-
dium being renewed at intervals of two, three,
or four days. Following incubation the cells
were cither harvested with trypsin or washed
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three times with Hanks' solution and then ins
cubated in amobarbital-free medium for a fu
ther period of one to five days before harvest
ing. The gas phase consisted of 5 per cexﬁ
CO, with air. The harvested cells wer
counted electronically and the protein contert
measured by the method of Lowry.? The ghg
cose and lactate contents of the supernatar®
medium were determined by standard enzyz
matic methods. Duplicate measurements werg
made of pooled media from four replicates d
each condition. The results are expressed ag
millimoles of gl ke or lactate outpi}
per million harvested cells over the period of
incubation. The results cannot be expressed

as per-day rates because the cell numbers were
not stationary during the periods considered. &

Results

Figures 1 and 2 refer to experiment 1,
which we measured the daily growth rates ¢B
replicate cultures incubated in 2-, 3-, and £
mM amobarbital media for periods up to 12
days, the media being renewed every three &
four days. The figures compare these grow
rates with those of replicates mmnt:uned 8
amobarbital-free medium at the b i
the experiment, or placed in nmobarbltz\l fretl
medium after four or eight days of c.tposuﬁg
to amobarbital. It is clear that amobarbit®
inhibited the rate of cell multiplication a
that the intensity of the inhibition increas:
with increasing concentration of the drug.
the presence of 4 mM amobarbital the nuni3
ber of cells attached to a plate remnm@
virtually stationary or declined. After bei
switched to amobarbital-free medium the
growth rates in all cases quickly returned ﬁr
virtually the same rate of growth as the coa,-
trols. ‘The suddenness of the transition was
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ifest in the fact that the rate of mulhplnas
tion of l])c “switched” cells on the first day
recovery was about the same as that of ﬂ%
controls, with the possible exception of tife
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Growth curves of mouse heteroploid cells before, during
4 'mM sodium amobarbital. Medium: Eagle’s minimum essen-

DAYS

and after exposure to 2, 3,

tial medium with 10 per cent fetal bovine serum and 9 mM TES buffer (N-tris (hydroxy-
methyl) methyl-2-aminoeth fonic acid). At here: carbon dioxide 40 torr, air to 650
torr. @————@© = no amobarbita; @ ————@ with amobarbital.

4-mM concentration, with which recovery
from the barbiturate effect was most marked
on the third day.

Figure 3 presents results of experiment 2,
in which cells grew in the presence of 3.5 mM
amobarbital for periods of seven, 10, 17, and
94 days, and were then cultivated in barbitu-
rate-free medium for a weck more. In this
experiment the medium was renewed at inter-
vals of either three or four days. In 3.5 mM
amobarbital the cells were unable to multiply
and the number of harvested cells gradually
decreased to about a third of the number in
the original inoculum. Nevertheless, through-
out the experiment the cells retained their
ability to multiply in ordinary culture medium,
ostensibly at the same rate as cells that had
never been exposed to amobarbital.

The glucose uptake and lactate output of
the cells at the different stages of experiment
2 are shown in table 1. These data are pre-
sented again in table 2, with arrows to indi-
cate the timing of changes of medium. In a
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period of three days (days 1-3) the controls$
metnbolized glucose at the rate of about 1.25§
M per million harvested cells. In the pres-S
ence of 3.5 mM amobarbital the three—dﬂy§
(days 7-10) glucose uptake increased to 19.5
#M per million harvested cells, while the cor-"
responding rate for cells “switched” back toS
amobarbital-free medium was about 3.9 ,...\I.§
A week later (days 14-17) the three-day glu-8
cose metabolism of the cells in amobarbital?
was at the rate of about 34.5 M per million3
harvested cells, whereas their recovering coun-@
terparts used only 1.8 uM. After still anotherd
week the three-day glucose consumption ofé:
cells exposed to barbiturate was at the rate of2
38 uM per million harvested cells (days 213
24), while the rate for the corresponding reS
covery replicates was 0.9 pM. >
Table 1 also presents observations from ex
periments 3 and 4. Some observations from%
these experiments are summarized for purg
poses of comparison in table 3. In experimenth
3 the cells were cultured for two days in
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media containing 0, 2, and 3.5 mM amobar-
bital. Following this the monolayers were in-
cubated in fresh, amobarbital-free medium for
two more days. In the presence of the barbi-
turate the multiplication of the cells was de-
pressed. As regards metabolism, under con-
trol conditions the lactate that appeared was
stoichiometrically equivalent to about half the
glucose consumed. In 2 mM amobarbital the
rate of glycolysis was more than four times,
and in 3.5 mM nearly six times, that of the
controls, and all of this glucose could be ac-
counted for as lactate. However, after the re-
moval from barbiturate (indicated in table 1
by a superscript) the cells returned to the
original rate of growth and metabolism. Thus,
the increased glycolysis which occurred in the
presence of barbiturate apparently ceased as
soon as the barbiturate was removed.

The results of experiment 4 illustrates simi-
lar effects in an eight-day experiment, in which
the growth of replicates was measured daily
for four days before, during and after exp
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to 3 mM amobarbital. In the presence of 3
mM amobarbital the cell numbers increased &
about 11 per cent of the control rate. Theg
cells ined hat less protein than tig:
controls, but mectabolized seven times morfe
glucose, with the appearance of stoichiometf-

m]]y eq = rer ], Y Lo of 1. oy g
g

Discussion g

Although the magnitude of the effects of

amobarbital on the rate of glycolysis w3
somewhat variable in the different expes-
ments, the variability was not excessive com-
sidering the vagaries of cell culture. Qualits-
tively the effects were consistent. Most striE-
ing among the results was the rapidity of thg
reversal to the original growth rate after the
removal of amobarbital, even after growth hadl
been completely suspended for 24 days (e%
periment 2). <
The protein concentration per cell was nét
jncreased in the cells maintained in barbit:
rate medium, suggesting 2 uniform retardatign
of the cell cycle. It was clear that the r&
versible inhibition of growth could be mails
tained at a steady level for many days withg
out jeopardizing recovery. One may concludg
that any alterations to the molecular mech&
nisms by the abnormal environment were t
porary and that the normal mechanisms quick
regenerated when the environment returned 8
normal. g
The increase in glycolysis due to amobal
bital might have been expected to offset thf
shortfall of energy resulting from depression
of oxidative bolism,! and to minimi
depression of cell multiplication. Instead, %
multiplication always was depressed mu
more than expected from the amounts of gl
cose undergoing glycolysis and lactate p@
duced, and increasingly so as the concentrg-
tion of amobarbital increased. In experimept
2, both in the presence of and after removil
of 3.5 mM amobarbital, the cultures produced
lactate in amounts more than stoichiometrically
quivalent to the gl d, suggest
ing that substrates other than glucose al%
were being drawn upon. If all the measureéd
changes in the glucose and lactate contents of
the medium are ascribed to the surviving cells,
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TabLt 2. Growth and Metabolism of Mou;e lIetemplmd Cella before, during and after

Cultivation in Amot g

Glugose Uptake/ Lactate Qutput/ | Period oy

Cells X 10-%/Dish Pratein/Cell X 10¢ Cell X 104 Cell X 108 Uptake ob

Gg) (1) Output

Growth @

Day 2

0 mx 3.5 mat 0 mx 35mu 0 mx 35 0 mu 3.5 my IS

bmrh. tarh S rmoharh I tarh Ferh, mat barh l gt Days 3

] 213 g

[P D] |
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3 1.056 368 1.2 0.5 3 o

3

[ O I A

7 2.894 0.112 441 460 3.1 44.5 29 M5 4 _2-

8

[ N S
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10 0.256 0.108 420 420 3.9 19.5 75 65 3 3

| 2

{ g

17 0.840 0.067 390 243 1.8 31.5 3.6 745 4 g—

—| §

£l

24 1.023 0.078 496 269 0.9 38.0 3.9 83.5 %

— — | 0z

&

3t 0.966 8.0° 20.0° 3 8

= in 10 mx glucose medium. ]

= ch:u)ge to amobarbital-free medium. N

O

0'1

it appears that in the presence of 3.5 mM
amobarbital little or no energy useful for
growth was derived from the metabolized glu-
cose. The last-mentioned cells, when switched
to amobarbital-free medium, resumed a rate of

TabLe 3. Effects of Amobarbital Sodium on Two-
day Metabolism of Glucose and Luctate

growth similar to that of the controls, but the
rate of lactate production remained as high :18
in the presence of amobarbital. The rmso@
for this is not apparent. Possibly the presenc%
of the anesthetic may have favored the surg
vival of the more-highly-glycolytic members
of the seed population. At the highest cons
centrations amobarbital may have interfe

in synth path
ways, consistent with the somewhat depnsse@
complement of protein per cell Interactiofy,
between anesthetic and protein is currently &
subject of much interest.t A less likely expla<
nation is that m high concentration amoba::

Gaar/cell X 10%) with y ¥

2 mM/1 amobarbital

Glucose uptake 42 18 G.0

Lactate output 44 37 6.8

bital

3 mM/] amobarbital

Glucose uptake 4.8 335 3.2

Lactate output 6.0 33 5.0
3.5 mM /1 amobarbital

Glucese uptake 5.1 45 39

Lactate output 29 9.5 75

d glycolytic phosphorylation, i
addition to the energy shortfall due to inhibiS
tion or uncoupling of oxidative phosphorylas
tion. This idea was tested and apparently dis¥
pmved by incubating erythrocytes, which nrg;

to oxidize gl with amobarbxmls
No effect on glycolysis was detected.




Volume 32
Number 4

In this connection, 2 recent report by Shaw
and Pace,’ who experimented with the effects
of anoxia and hyperoxia on the growth of cul-
tures of Low-line fibroblasts, is of interest.
Their cultures stopped growing when de-
prived of oxygen, but survived deprivation for
eight days sufficiently to approach the control
rate of cell multiplication soon after restoration
to atmospheric air. As with the higher con-
centrations of amobarbital in the present ex-
periments, the energy released by anaerobic
metabolism was insufficient for growth but
was sufficient to maintain viability of most of
the cells as long as the increased demand for
metabolic substrates (including glucose) was
met. Hempling ¢ has found that in suspensions
of Ehrlich ascites tumor cells 2.1 mM amo-
barbital reduces respiration to 16.7 per cent of
the control values, yet the ATP content of the
cells is well maintained for at least 40 minutes
provided glucose is present. Whether the
multiplication rate of ascites cells is affected
by amobarbital is not known, but Hempling
did establish that amobarbital blocks 25 per
cent of the potassium influx, which suggests
that some of the available energy is no longer
utilizable.

As to a bearing of the present results on
metabolic effects of barbiturates in vivo, the
possibility may seem remote, since a 2-mM
concentration of amobarbital is ten to 20 times
greater than that encountered in the sera of
overdosed comatose patients.” However, it is
well established that in-vitro cell systems vary
in their susceptibility to growth inhibitors and
a corresponding variability in vivo probably
exists. Pomerat and co-workers8 found that
0.6 mM amobarbital inhibited outgrowth of
chick spinal-cord explants, but that a 1.2 mM
concentration was required to inhibit growth
of heart explants. Trowell® reported that 0.3
mM amobarbital killed more than half the
lymphocytes in rat lymph-node cultures. That
a reversible long-term in-vivo inhibition of
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growth may be obtainable with certain anes-§
thetics is suggested by the reversible inhibition3
of myclopoiesis in man and the rat by nitrousQ
oxide.® Regardless of the relevance of our re-§
sults to in-vivo conditions, the value of b:ubi-i
turates (and other anesthetics) as metabolicS
inhibitors in stored mammalian tissue deservesZ

:d

investigation. =
QO

The authors thank Mrs. Nancy Allison for her®
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