University of the Pacific

Scholarly Commons

University of the Pacific Theses and

Dissertations University Libraries

1969

Effects Of And Recovery From High And Low Oxygen Tensions On
A Strain Of Mouse Fibroblasts Cultivated In Vitro

David Harold Shaw
University of the Pacific

Follow this and additional works at: https://scholarlycommons.pacific.edu/uop_etds

b Part of the Medicine and Health Sciences Commons, and the Physical Sciences and Mathematics

Commons

Recommended Citation

Shaw, David Harold. (1969). Effects Of And Recovery From High And Low Oxygen Tensions On A Strain Of
Mouse Fibroblasts Cultivated In Vitro. University of the Pacific, Dissertation.
https://scholarlycommons.pacific.edu/uop_etds/2927

This Dissertation is brought to you for free and open access by the University Libraries at Scholarly Commons. It
has been accepted for inclusion in University of the Pacific Theses and Dissertations by an authorized
administrator of Scholarly Commons. For more information, please contact mgibney@pacific.edu.


https://scholarlycommons.pacific.edu/
https://scholarlycommons.pacific.edu/uop_etds
https://scholarlycommons.pacific.edu/uop_etds
https://scholarlycommons.pacific.edu/libraries
https://scholarlycommons.pacific.edu/uop_etds?utm_source=scholarlycommons.pacific.edu%2Fuop_etds%2F2927&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/648?utm_source=scholarlycommons.pacific.edu%2Fuop_etds%2F2927&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/114?utm_source=scholarlycommons.pacific.edu%2Fuop_etds%2F2927&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/114?utm_source=scholarlycommons.pacific.edu%2Fuop_etds%2F2927&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarlycommons.pacific.edu/uop_etds/2927?utm_source=scholarlycommons.pacific.edu%2Fuop_etds%2F2927&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:mgibney@pacific.edu

EFFECTS OF AND RECOVERY FROM HIGH AND LCVW OXYGEN
TENSIONS ON A STRAIN OF MOUSE FIBRCBLASTS

CULTIVATED IN VITRO

A Dissertation
Presented to
the Faculty of the Graduate School

University of the Pacific

In Partial Fulfillment

of the Requirements for the Degree

- Doctor of Philosophy

by

" -

David Harold Shaw

June 19869



e

EFFECTS OF AND RECOVERY FROM HICGH AND LOW OXYGEN TENSIONS

ON A STRALN OF MOUSE FI1BROBLASYTS CULTIVATED IN VIO
t

Abstract of Dissertation

The cytotoxic effect of high, as well as lcw, Oxygen tension on pro-
liferation and metabolism of Low Line cells in culture is reversible, even
after several days of exposure provided the cells are returned to 9531 air +
5% CO3. This suggests that the activity of certein mechanisays within the
cells may have been altered or in other ways inhibited by the abnormal
environments but are quite rapidly regenerated once the adverse conditions

are removed.

The cellg tolerate a low O, exposure for at least 20 days while
continuaus exposure to high O, atmusphere results in deganeration and
death after 7-10 days. Glucose utilization, pyruvic and lactic acid
production are all elevated in cultures exposed to either low or high
0, tensions, although they are markedly higher in the latter condition,
Wgen cells so exposed are returncd to an air + 5% CO, atmosphere, rate of
glucose uptake, pyruvic and lactic acid formation soon approaches that

found in control cultures.

Elevation in acid phosphatase and lactic dehydrogenase activities was
also notcd in cells subjected to either high or low 0, tensions, with the
elevation greater in the former condition. When previously exposed cells
are returned to air + 5% CO,, these activities soon 2pproach thorze of the
control cultures. Alkaline phosphatase was not detected in the cells

under study.

DNA, RNA, and protein content of the cells per ml. of culture medium
in which the cells had grown fcllows approximately the sxme pattern as that
of the results obtained for proliferation under these conditions. That is,
there is a general decreasc in the amounts of DNA, RNA, and protein per ml.
in cells exposed to either hich or low O with the greatest decrease occur=
ring in those subjected to high 0. Cells which had been under these con-
ditions for scveral days and then transferred to air + 53 CO, deronstrated
a sharp rise in DM¥A, RNA, and protein ger ml. which then approached that
found in the controls. Waen expresscd on a per cell bazis this same general
pattern is notaed with several excepticns. The RNA per coll in cultures under
low 02 tension is higher than in control cells but this returns to control
levels once the low O3 atmosphere is replaced with air + St COz. The amount
of protein per cell vrder either high or low Oy tensions is scmevhat higher
than in control cells. These levels return to control levels cace the
adverse conditions are removed.

Cytochrom> oxidase activity appears not to be affected by either high or
low Oy envirorments. Succinic d=hyirozenase is inhitited Ly high 0, tension
but does not scem to be affected Ty low O teasisnc. The activity of the
latter enzyme reaPpears oance the hignh 0z s removed and rep;acni with a?: +
5% COp. Both high or low Oy tensicne initiate ceilualar ligis aeccuralation

reEooved.

which disagicars once the toxic conlitions are ramo
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ABSTRACT

EFFECTS OF AND RECQOVERY FROM HIGH AND LOW OXYGEN TENSIONS ON

A STRAIN OF MOUSE FIBROBLASTS CULTIVATED IN VITRO

The cytotoxic effect of high, as well as low, oxygen
tension on proliferation and metabolism of Low Line cells in
culture is reversible, even after several days of exposure,
provided the cells are returned to 95% air + 5% C0,. This
suggests that the activity of certain mechanisms within the
cells may have been altered or in other ways inhibited by
the abnormal environments but are quite rapidly regenerated
once the adverse conditions are removed.

The cells tolerate a low 0, exposure for at least 20
days while continuous exposure t6 high 0, atmosphere results
in degeneration and death after 7-10 dayS. Glucose utili-
zation, pyruvic and lactic acid production are all elevated
in cultures exposed to either low or high 0, tensions,
although they are markedly higher in the 1a%ter condition.
When cells so exposed are returned to an air + 5% CO
atmosphere, rate of glucose uptake, pyruvic and lactlIc acid
formation soon approaches that found in control cultures.

Elevation in acid phosphatase and lactic dehydrogenase
activities was also noted in cells subjected to either high
or low 0, tensions, with the elevation greater in the former
conditioni. When previously exposed cells are returned to air
+ 5% C0,, these activities soon approach those of the control
cultureS. Alkaline phosphatase was not detected in the cells
under study.

DNA, RNA, and protein content of the cells per ml. of
culture medium in which the cells had grown follows ap-
proximately the same pattern as that of the results obtained
for proliferation under these conditions. That is, there is
a general decrease in the amounts of DNA, RNA, and protein
per nl. in cells exposed to either high or low 0, with the
greatest decrease occurring in those subjected t& high 0,.
Cells which had been under these conditions for several e
days and then transferred to air + 5% CO, demonstrated a
sharp rise in DNA, RNA, and protein per fl. which then ap-
proached that found in the controls. W¥hen expressed on a
per cell basis this same general pattern is noted with
several exceptions. The RNA per cell in cultures under low
0, tension is higher than in control cells but this returns
t6 conitrel levels once the lcw 0, atmosphere is replaced
with air + 5% C0,. The amount of protein per cell under
either high or low 0, tensions is somewhat higher than in
control ceils. Thesé levels return to control levels once




the adverse conditions are removed.

Cytochrome oxidase activity appears not to be affected
by either high or ljow 0., environments. Succinic dehydro-
genase 1is inhibited by %igh 0, tension but does not secn to
be affected by low O tensionf. The activity of the latter
enzyme reappears onc@ the high 0, is removed and replaced
with air + 5% CO,. Both high orlow 0, tensions initiate
cellular lipid afcumulation which disappcars once the toxic
conditicns are removed.
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INTRCDUCTION

The mind of man demands an explanation for the

phenomena and mysteries of nature. One of the most chal-

lenging, but difficult, is the study and understanding of
the mystery of life. The mystery of life is regarded by
many as beyond human understanding, yet it has been slowly
revealing itself in the light of much scientific investiga-
tion., Although still unsolved, many procedures, techniques,
and methods have been followed in an attempt to broaden our

knowledge in this direction. One of the most useful tools

in this endeavor are the methods, procedures and techniques
employed in the cultivation of cells and tissﬁes in wvitro.

Tissue culture is an area of scientific endeavor which
could develop only after the cell was recognized as the
structural and functional unit of all living matter. This
Eell doctrine was widely elucidated and popularized by
Schleiden and Schwann during the first part of the 19th
century, although many other investigators previous to this
time deserve considerable credit for collecting evidence in
its favor.

The idea of tissue culture became enhanced through the
works and concepts of the famocus French physiologist, Claude
Bernard. It was Bernard (1878) who first realized that the
cell environment- is partly the product -of cell metabolism,

which reacts in turn upon the cells and tissues themselves,



thereby to some extent controlling and regulating their
activity.

The beginnings of tissue culture is generally dated
with the investigations of Ross G. Harrison (1907) who first
cultivated nervous tissue from frog embryos. It should be

noted though, that many earlier attempts had been made on the

possibility of growing tissue outside the organism. William

Roux in'1885 isolated the medullary plate of a chick embryo
in warm saline solution and kept it alive for several days.
Ljungren (1898) transplanted bits of living human skin into
ascitic fluid as nutrient medium and maintain=d them for

weeks. Leo Loeb (1902) planted small fragments of guinea-

pig epidermis in blocks of agar and clotted plasma which he
placed for incubation in subcutaneous pockets of another

animal. Jolly (1903), using hanging drop preparations, was

able to carry ouit an extensive observation on amphibian

leucocytes kept in serum for 30 days. This was the first

detailed observation on cell survival and maintenance in

vitro.

These.iﬁvestigations along with others inspired

further attempts to maintain and cultivate living tissue

outside the body. Yet it remained for Harrison to devise a

simple technique that would permit explantable parts to

continue to grow and develop outside of the organism. He

cullivaled the ncuroblust of the frog embryo in clotted frog



lymph and observed the growth of the fibrillae from the

central body. His cultures not only showed evidence of

growth, but the cells could be kept in good condition for

several weeks, and could be observed from day to day. This,

then was the advent of tissue culture.

The original procedure of Harrison, aithough monumen—
tous in its achievement, did no* allow the tissues tc be
maintained under constant conditions and their properties

to be analyzed. Other techniques had to be devised for

these procedures to advance.

Scientists are indebted to Burrcws (1912) for his

early interest and enthusiasm in continuing and elaborating

on the work of Harrison, and to Carrell (1914-1931) for the

extension and refinement of the basic techniques of tissue

culture. Carrell quickly saw the fulfiliment of the ideas

laid down by Claude Bernard by utilizing these methods.
Since then, many researchers have devised and refined
numerous technicues and procedures empleoyed in tissue
culture today and have brought it from a much criticized
research tool to one of great prominence among the scien-
tific community.

Cultivation of tissue cells in vitro has been used for

many purposes in Experimental Physiology, Pharmacolcgy,

Cytology, Biochemistry, etc. The procedure has provided

scientists the"means with which to study a multitude of
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phenomena, such as the nature of cytoplasmic organelles; the

process of cell division in all its phases; the nutritional

requirements of various cell types, and the nature of these

requirements in a chemically defined nutritive medium; the
nature of cell mowement; the difference and similarities

between tumor and normal cells of similar origin.

Of all the wvact areas of possible studies unveiled by

means of cells cultivated in vitro, one of the most impor-

tant and complex undertakings has been that corcerned with

cellular respiration.

Except for organisms that are especially adapted to
live under anaerobic conditions, all animals and plants need
oxygen for the productiorn of energy and maintenance of life.

Yet oxygen at much higher or lcwer concentrations than that

present in air is toxic to life. 'This paradox is one of the

most fascinating problems of Biology. Gilbert (1264) ex-

presses the idea that the development of resistance to oxygen

toxicity probably played a major role in evolution. For

organisms and species to survive, it became necessary for
them to aéquire not only the enzYﬁes catalyzing oxidative
and synthetic reactions but also protective mechanisms
against excessive oxidation of cellular constituents by

oxygen. The understanding of these mechansims is still im-

ut is of fundamental importance to

perfectly understood b

the problems of oxygen toxicity.
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The idea that oxygen toxicity involved inhibition of
essential cellular reactions goes back many years. Bean

(1941) established that oxygen was capable of inactivating
a number of enzymes and that respiration of tissue homo-

genates and slices was markedly depressed during hyperbaric

oxygenation. Stadie and Haugaard (1945) and Dickens (1946)

published reports that greatly extended the earlier

observations, and these investigators concluded that although

some enzymes were resistant to oxygen toxicity, many others

were easily inhibited by oxygen at high pressure. Among the

enzymes they reported as particularly susceptible to oxygen
toxicity were those containing essential sulfhydryl groups.
The enzyme, Succinic dehydrogenase, a flavoprotein

with free sulfhydryl groups, has been shown to be inacti-

vated by oxygen in studies employing rat liver, kidney, and

. brain homogenates (Stadie et al., 1945). This is one of the

essential enzymes in the citric acid cycle.

Studies on the effects of oxygen on cells in culture

have been numerous. Tissue culture techniques are advanta-

. = £ < a:".d
geous in that oxygen tension can be carefully controlled

intact cells can be studied under conditions at which any

changes in the rate of diffusion of oxygen do not influence

the results.

To the aerobic cell, oxygen is the most important

Few

-

y i i rvive for very lona
component of the air. cells will su Y



periods under complete anacrobic cbnditions. However,
certain cells may survive and even multiply to a limited
extent in the complete absence of oxygen if they are freely
supplied with glucose. Therefore, such cells usually
display a high anaerobic glycolytic capacity; energy being
derived from glycolysis with lactic acid accumulation
(Willmer, 1954).

Much work has been published on the effect of varied
oxygen concentrations on cellular proliferation. Burrows
(1917) using tissue fragments of heart muscle and skin cells
of.chick embryos cultured in chick plasma found that cells
grow actively in pure oxygen, but this growth is no greater
than that in an atmosphere containing 9 or 10% oxygen.
Little growth was seen when the partial pressure of oxygen
was as low as 45.6 mm. Hg (6.6% oxygen). King (1933) found
that incubation of chick embryo tissue under o0il (therefore
without oxygen) caused serious damage to the tissues as
expressed by an increase in the lag period and a decrease
Finally, there is a complete lack of growth.

in growth.

In Amoeba proteus, both nuclear growth and fission can be

retarded by either a marked increase or decreasec in the
oxygen tension (Chalkley and Voegtlin, 1940); exposure to
100% oxygen for 24 hours is found to irreversibly retard

sion in these cells. Bean (1941)

nuclear growth and fis

reported that exygen at just over 900 mm. Hg pressure

completely inhibits growth of preumccccci, and at 4600 mm.
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Hg kills these organisms. Chilomonas and Tetrahymena were

found to live and reproduce in solutions exposed to a wide

range of oxygen concentrations, but Chilomonas is killed
at oxygen tensions of 600 mm. Hg or greater and possibly
at somewhat lcwer concentrations (Pace and ?reland, 1945).

inxmore recent studies, Bonting and Jones (1956)
found that in 15-day cultures of chick embryonic lung cells
and intestinal cells cultivated in an atmosphere of 100%
nitrogen, growth was almost normal for the 8 days of the
experiment, while those cultures exéosed to 100% oxygen
became inactive after 4 to 6 days. Cooper, Burt, and
Wilson (1958) observed that 25 to 30% oxygen is cytocidal
to rabbit kidney cells in suspension.

Studies on the effects of various oxygen tensions on
established cell lines have also ‘been reported. Ruechert
and Mueller (1960) showed that the growth of human cervical
carcinoma cells is retarded by concentrations of oxygen
greater than 30%. At 95% oxygen, growth is almost com-~
pletely inhibited'and the rates of synthesis of DNA, RNA,
and protein is severely-retarded. Brosemer and Rutter
(1961), with a strain of mammalian fibroblast (AH), ob-
served no growth and progressive cellular degeneration in
cells expoqed to 95% oxygen. DNA synthesis was also
greatly dlmlnlshed in these cells. Flsher (1960) studied

the growth of L Straln fibroblasts and roted that, when the

concentration of oxygen in the gas phase was increased
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above 5%, there was a delay in the onset of growth that was

longer, the higher the concentration of oxygen; with 50%

oxygen the delay was as long as 24 hours. Siegel et al.,

(1963) found that the growth of HelLa cells was progres-—
sively inhibited as the concentration of oxygen was in-

creased above 30%. At the elevated tensions of oxygen the

cells contained lipid droplets, not seen in cells grown in

air.
Pace et al., (1962) studied the effects of oxygen
tension on four established cell lines consisting of: (1)
subcutaneous mouse fibroblast cells, NCTC Clone #929,
St;ain L (Sanford et al., 1948}, (2) mouse liver cells,
NCTC Clone #1469 (Evans et al., 1952), (3) human cervical
carcinoma cells, HeLa (Gey et al., 1952) and (4) human skin
epithelial cells, NCTC Clone #1769 (Perry et al., 1957).
Depending upon the cell line investigated, high oxygen
tensioﬁs (95-100%) slow growth and death occurs in 8-14
days. Similarly, the growth of cells in low oxygen tensicn

(0%) is retarded; however, cell proliferation continues and

the cells do not die within the 14 déys of the experiment.

Conversely, Hudspeth et al., (1950} observed that there is

no outgrowth of chick embryonic spinal cord in 0% oxygen,
but in 96% oxygen abundant outgrowth of fibers occurs.

Clark (1964) found that adult mouse fibroblasts do

-~

I

not survive at any oxygen tension of less than 1%, but



above 3%, growth is not affected.

Goldblatt and Cameron (1953) reported that mouse
fibroblasts cultivated in vitro undergc considerable mor-
phological changes and acquire malignant characteristics
when exposed intermittently to deficient oxygen concen-
trations over long periods, whereas in control cultures, no
such changes appear. Later Sanford (19565} and Sanford and
Parshad (1968) extensively tested Goldblatt and Cameron's
postulated on several strains of cells and concluded that
anaerobic conditions have no influence on time or manifes-
tation of malignant conversion, although both high and low
oxygen concentrations inhibit cell proliferation. They
also suggested that the type of culture medium used may
alter the cell's response to anaerobiosis.

Carbohydrate metabolism has also been extensively

investigated on cultured cells. Cori and Cori (1925)

reported that lactic acid content of rat malignant tumors

in vitro ranges from 0.0l1% and intravenous administration

of glucose increased the lactate concentration of the

malignant but not the benign tumors. Likewise, Warburg

(1930) found that cancer tissue has a high rate of lactic

acid production under aerobic as well as anaerohic ccn-

ditions.

Wilson et al., (1942), using chick embryonic tissues,

» LN . 2 2 L4 - -~ S 1 3 - S
reported that glucose titilization increases with increase
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of glucose in the mediuﬁ and that lactic acid forms in the
presence or absence of glucose, although its formation in-
creases with increase in glucose utilization. Westphal et
al., (1955) using a relatively high concentration of
glucose (24C mg.%) in the medium, observed lactic acid
production of HeLa cells to be 25% of the glucose used.
Bailey et al., (1958), working with a strain of mousec
lymphoblast, found lactic acid prcduction to occur at a

rate of 70% lactic acid to 100% giucose utilized.

Broda et al., (1961) using chick mesenchyme tissue

observed that as the number of cells increases, glycolysis
per cell decreases but respiration per cell increases.
Rucker et al., (1963) using chick mesenchyme cells and HelLa
cells found that uptake of glucose per cell per hour during
glycolysis decreases with an increasing number of cells.

On the other hand, respiration increases with an increase

in cell number and in time. However, Fulton (1956) using

HeLa cells found no correlation on increase in cell numbher

with glucose utilization.

Although much has been published on genaral carrohy-

drate metabolism, relatively little attenticn has keen

M

d cr

ot
m

directed to the actual biochemical processes alter

city. Tiuch

N

g 3 ’ T
disrupted as a result of high or low oxygen to

has been learned about cellular reactivity to various
oxygen tensions’, but miich more must be done before w2 <an
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begin to understand the basic cellular mechanisms involved.
Little, if any, attention has been given to the process of
recovery of cells following exposure to high oxygen
tensions or complete oxygen lack. Because of this and
because cf the conflicting reports regarding the effects of
high oxygen tension on glycolytic and respiratery metabo-
lism the following investigation was initiated.

The aim of this project, therefcre, was to (1) observe
the effects of high oxygen tensions as well as anaerobiosis
on an established cell line in order to compere the results
obtained with a line of low maligrnant potential with some
results reported earlier, (2) determine if recovery of cells
propagated for some time under high or low oxygen tension is
possible, and (3) ascertain via various biochemical analyses
intracellular and extracellular changes that may occur when
cells are subjected to different O2 tensions, in order to

obtain a better understanding of the processes involved.



MATERIALS AND METHODS




?Mg%’&%; AT e S PR A EL T

2y

¥
F

R A )

Ay g

Ny SR e

Materials and Methods

Origin and Nature of the Cell Strain Used

respectively.

The cells used in these studies were the so-called
Low Line, developed by Sanford, Likely, and EBarle (1954),
and classified as NCTC Clone #1742 (High Line) were both
derived originally from one and the same non-malignant
cell, isolated from a 97-day old parent culture of normal
subcutaneous adipose connective tissue originally obtained

from a C3H/He mouse. Before cloning these cells were

apparently non-malignant; no tumors develcped when they

were injected into the same strain of mice from which they

had been obtained. Injections of cells of the High Line

and Low Line cultures first produced tumors in normal

Cc3H/He mice after the 12th and 19th transplant generations,

After 1-1/2 years, the percentage production

of sarcomas was 63 per cent for the High Line and O per

cent for the Low Line cellsj after 3 years, it was 97 per-

cent and 1 percent, respectively.

Cultivation of the Cells

The cells were cultivated in pyrex glass T-flasks

(Earle, 1951) and maintained at 37.5°C in a Natioral Ap-

pliance Company incubator (model #3376). T-60 flasks were

used for stock cultures, and either TT}S or T-60 flasks

cultures. Silicone stopp®rs
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were employed for all the flasks; they contain a minimum of
toxic substances that could dissolve in the medium., T-IS
flasks have fairly good optical properties, are constructed
so as to make the entrance of bacteria and other contam-
inants difficult, and are easily manipulated and stored.
Ail glassware was rinsed in running tap water im-
mediately after use and then placed in a detergent solution
for at least 30 minutes. After that, it was removed and

rinsed 3 or 4 times in runnirg tap water, and immersed for

several hours in chromic acid. The chromic acid was then

removed by rinsing the glassware at least 15 times with tap

water and 3 times with distilled water. The glassware was

then placed in an oven for drying at 250°C, after which it

was ready for wrapping. With the exception of rather large

pieces, the glassware was wrapped in toweling and paper and

all pieces were sterilized in an Amsco 8816M autoclave at

250°F for 30 minutes, then dried for 15 minutes.
NCTC #1091 (Evans, et al., 1956) supplemented with

10% newborn calf serum2 served as nutrient medium. This

medium was originally developed for leng-term cultivation

of strain L cells, but it has also proven to be effective

lobtained in dry form from Grand Island Biological
Company, Berkeley, California.

2Obtained from Hyland Laberatories, Inc., Los
Angeles, California.



15

in the cultivation of other cell strains as well, when sup-
plemented with 10% serum. It, along with the serum has

been used for cultivation for all cell lines in this

laboratory for a number of years. Care was taken to ensure

reasonable constancy of the serum for each experimental run
by freezing large volumes at a time from the same batch and
drawing from this frozen pool as needed. After its

preparation, medium 109 plus 10% newborn calf serum was

sterilized by passage through a sterile Millipore membrane

filter with an average porosity of 0.22 microns and
filtered into sterile 500 ml bottles for storage. The

" o < . .
medium was stored at 4°C, and each time, preceding its use,

it was refiltered through a sterile 0.22 micron Millipore
membrane filter.
Cell transfer, medium change and gassing procedures

were all carried out under a Lab Con Co tissue culture

hood (Fig. 1). This was sterilized with a UV light for 20
minutes before use which proved to be very efificient as

little trouble was encountered with contaminants.

Replicate Culture Technique

The replicate technigues used were the same as those

devised by Pace and Aftonomos (1957). Cells were suspend-

ed in the stock cultures by scraping with a platinum wire.

The suspension was shaken gently to separate the individual
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cells. It was then draQn into a replicator (Fig. 2) from
which 2 ml. aliquots were dispensed into several T-15 flasks
for counting following which the cell density was ad justed
to the desired level by dilution. A previously designated
number of replicate cultures were then sci up. Two ml.

aliquots of the suspension were used for the T-15 flasks and

8 ml. for the T-60 flasks.
Forty-eight hours after replication, the medium in

each T-15 flask was removed and replaced with 2 ml. of fresh

medium dispensed from a duplicator (Fig. 3). Likewise when

T7-60 flasks were used, 8 ml. of fresh medium was added after
the spent medium was removed. This procedure was repeated

every 48 hours throughout the duration of the experiment.

Gassing Procedure
The various gas concentrations and rates of flow were

‘ obtained by means of flowmeters (Fig. 4). The procedure

was similar to that described by Pace et al., (1962) with

some modification. For example the gas mixtures were not

humidified and the gas delivery pipette was surroundad by 3

large glass bell which gives petter protection against pos-

siple pacterial contamination. The diameter of the Hell was

about twice as 1arge as the body width of a 7-15 flask and

the glass tubing could be inserted approximately 2/3 of the

way into the f1ask. Each T-15 flask was gassed for 19

seconds at a rate of 300 mle. per minute so that the gas in
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each flask was replaced about 5 times. When T-60 flasks
were used experimentally, the gassing time was increased to

30 seconds.

Measurement of Growth

a. FElectronic Counter

Growth, by increase in cell numbers, was established
by means of a Coulter Counter (model B}, an electronic
device which ascertains the number and size of particles
suspended in an electrolytic medium. The suspension of
particles to be counted flows through a small aperture
(100 n), essentially one particle at a time. Each particle
displaces electrolyte as it passes through the aperture,
momentarily changing the resistance between the electrodes
and producing a voltage pulse of magnitude proportional to |
particle volume. The resultant series of impulses is
electronically amplified, scaled, and counted.

The cells were brcught into suspension by gentle
agitation of the flask after first incubating the cells for
one-~-half hour.in an isotonic, calcium—and magnesium-free
"counting solution'" containing Darvan, a dispersing agent,
and Versene, a chelating agent.

b. Chemically

Growth was also measured by assaying for the total
cellular protein, Deoxyribonucleic Acid (DNA), and

Ribonucleic Acid (RNA). At the beginning of each experiment
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and 24 hours after éach medium change, the medium in the
flask was replaced with a warm calcium-and magnesium-free
balanced salt solution (BSS) containing 0.25% trypsin. This
proteolytic enzyme causes the cells to detach from the
surface of the flask. The resulting suspension was decanted
into a iS ml. conical centrifuge tube and centrifuged at
2000 rpm for 15 min. at 4A°C in a Sorvall ultracentrifuge
(model RC-2). The resultant cell pellet was subjected to
extraction procedures as described by Merchant et al.,
(1964). This procedure is presented in Table 1.

Determination of Ribanucleic Acid (RNA) involves
measurement of the pentose content by the orcinol reaction
(Me jbaum, 1939). Deoxyribonucleic Acid (DNA) was ascer-
tained by means of the method described by Burton (1956)
which depends upon the reacticn of diphenylamine with
deoxyribose. Protein content was estimated by means of the
Folin-Ciocalteau phenol reagent (Lowry et al., 1951}. This

method is based on the color reaction of the aromatic amino

acids, tyrosine and tryptophane, with the Folin-Ciocalteau

reagent.

Chemical Analyses of the Medium

Colorimetric analyses W

the cells were érowing for glucose uptake and lactic acid

and pyruvic acid producticn.

2 - £+
Glucose uptake was ascertained 24 hours after fresh

ere made on the medium in which
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FLOW SHEET FOR THE SEPARATION OF R‘NA, DNA AND PROTLIN
IN MAMMALIAN CELLS CULTURES IN VITRO.

Cell Pellet (0.5 to 2.0 x 10 cells)

Acid«soluble
phosphate Supernatant
solution <

Supernatant
Phospholipid Combined
fraction: Supernatants

A

Solubilized cell

RNA

Mejbaum Supernate

Y

orcinol <
reaction

DNA
Burton - Supernate

modification <
diphenylamine
reaction

Protein
Lowry
modification
Folin-Ciocalteau
reaction

&
-

L4

1.0 ml 0. 5N HCIO4
Allow to extract at 4°C for 30 min.
Centrifuge 4°C, 2000 RPM

Reasidue

Wash 1x in absolute C2H5OH contain-
ing 0.2 N potassium acctate

Centrifuge at 2000 RPM at 4°C

Residue

Extract 2x with 1 ml portions of
3:1 CZHSOH-Ethcr mixture at
500C for 30 min.

Centrifuge at 2000 RPM 4°C for

15 min.

Residue (lipid-free)
Resuspend in 1.0 ml 0. IN KOH
16-18 hrs. at 37°C. -

material

Add 0. 034 ml 6N }CIl and
1.0 ml 0. 5N HCI1O4

Allow precipitate to form at 4°C
for 30 min.

Centrifuge at 2000 RPM 4°C for

15 min.

Residue - (DNA & Protein)

Resuspend in 1.0 ml 0. 5N HCIO4

Heat 90°C for 15 min.

Cool and centrifuge at 2000 RPM
49 C for 15 min.

Residue - (Protein)

Resuspend in 2. 0 ml 1IN NaOH
{may require overnight incubation
at room teraperature to put
protein into solution).

Protein Solution




medium was added to the flask. The method used was de-

scribed by Hyvarinen and Nikkili (1962). Although not

entirely specific for glucose, the O-toluidene method was
chosen since it is accurate, rapid and quite =asy to

manipulate. This method may also be used to determine

galactose and mannose, but since these sugars are not pre-
sent in the medium, they are of little or no consequence.
Reliability of this method was checked by comparing it to
the enzymatic glucose analysis (Keston, 1956); they checked
within 0-4 mg.%.

Lactic acid and pyruvic acid were also ascertained 24
hours after replacement of the medium using the enzymatic
methods.3 The reaction involved is as follows:

lactic

Lactic acldg—2" ~—2>Pyruvic acid

dehydrogenase

(LDH)
B-diphosphopyridine B-diphosphopyridine
nucleotide nucleotide,reduced
- (B-DPNH)

(B-DPN)

L}
3Lactic acid determination kits were obtained from
Calbiochem Corp., Los Angeles, California. They contain
glycine hydrazine buffer, lactic dehyq?ogenase,.and DPN.
Pyruvic &cid kits were obtained from Sigma Chemical Co.,
St. Louis, Mo. They contain phosphate buffer,Lld, and DPNH.
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The enzymatic method for lactic acid (Scholz, et al.,
1959) involves measurement of the amount of DPN which is
converted to DPNH in the presence of excess LDH. In the
enzymatic determination of pyruvic acid (Sigma Tech. Bul-
letin No. 725) the amount of DPHH which is converted to DPN

is measured. Both were measured at 340 mu be means of a

Hitachi spectrophotometer {(model #101).

Chemical Analyses of the Cells

Besides protein, DNA and RNA determinations on the
cells, acid and alkaline phosphatase as well as lactic
dehydrogenase (LDH) activity was measured colormetrically.
Since more cells were needed in order to get within the

sensitivity range of the procedures employed, the large

T-60 flasks were used for culturing. At the beginning of

the experiment and 24 hours after each medium change, acid
and alkaline phosphatase and LDH activity was measured.
The medium in the flask was replaced with warm 0.25%
trypsin soiution. The cells detached and the resultant

suspension was decanted into 15 ml. conical centrifuge

tubes. The cultﬁre flasks were rinsed with balanced salt

solution (BSS) to remove any traces of the cells that still

was centrifuged for

’

cell pellet was

remained in the flask. The suspension

15 minutes at 2000 rpm. The resultant
washed three times with BSS and recentrifuged after each

washing. After the third washing, the BSS was removed and
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extragtion medium was added to give a total volume of 2 ml.
The extraction medium was prepared according to Shonk and
Boxer (1964). It contained 0.15M KClj; 0.05M KiiC 33 and

0.006M Na, EDTA. The cell pellet was suspendad in this

extraction medium and the resultant suspension was homogen-
ized for two minutes in the cold in a motor driven previously
chilled 19 ml. Potter-Elvejhem homogenizer. One portion of

the crude homogenate was used for measuring alkaline

phosphatase acti?ity; another portion for estimating acid

phosphatase activity; a third portion was used to ascertain

LDH activity. Samples of the homogenate were also frozen

and later assayed for protein content according to the

method of Lowry et al., (1951). Phosphatase and LDH specific

activity is reported per mg of total cell protein extracted.

The phosphatases were determined by an adaptation of

and Brock (1946), which depends

on the enzymatic hydrolysis of p-nitrophenylphosphate. Ap-

propriate aliqucts of cell homogenate vecre incubated with
buffered substrate for 3C minutes at 37°C. The reaction was
stopped by the addition of alkali and the p-nitrophenol

measured colorimetrically at 410 mu. Acid phesphatase

activity was measured in 0.05 M citrate buffer at pH 4.8

and alkaline phosphatase activity in 0.05 M glycine buffer

LDH activity was "ascertained by the methed of gercer
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and Broida (1967); it catalyses the following reaction:

LDH
Pyruvic Acid + B-DPNH """ 2T.actic Acid + B-DPN

The speed of rate is proportional to the amount of LDH.
Pyruvic acid reacts with 2,4-Dinitrophenylhydrazine to form
an intensely colored "Hydrazone"™ which has a high optical
density (0.D.) and is measured colorimetrically at 460 mu.
Lactic Acid, B-DPN, and B-DPNH do not contribute a signif-
icant 0.D. at this wave length. Therefore, by starting
with a standardized Pyruvate Substrate (Sigma Chem. Co.)
which always yields the same hydrazone O.D., one can accu-
rately measure the varying 0.D.'s resulting from the
conversion of part of the pyruvate to lactic acid due to the
LDH activity. The amount of pyruvic acid remaining after

incubation is inversely proportional to the amount of LDH

present in the sample.

Histochemical Procedures

At the beginning of each experiment and 24 hours after
each medium change,cells were stained for succinic dehydro-
genase, cytochrome oxidase, and neutral fats. For this,

cells were grown in Leighton tubes (Fig. 5) on 9mm x 22mm

acid washed no. 1 coverslips. At appropriate time intervals

the coverslip was removed and the staining procedure

initiated.

Succinic dehydrogenase was demonstrated using the
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method of Seligman and Rutenburg (1951). The coverslips
were taken from the Leighton tubes and incubated for 2

hours in an aqueous solution containing equal volumes of
0.1 M phosphate buffer (pH 7.6), 0.2 M sodium succinate,
and Ditetrazolium chloride (1.0 mg/ml}. The coverslips

were then washed in saline (0.85%), the attached ceclls were

hardened in 10% formalin and mounted in glycerogel. Suc-

cinic dehydrogenase causes the pale Ditetrazaolium chloride
to be reduced either to a blue, water inscluble pigment
(Diformazan), or a reddish-purple water insoluble pigment

(Monoformazan) depending on the amount of Ditetrazolium

chloride reagent used and the enzyme activity. The Succinic

dehydrogenase activity is demonstrated by the granular

deposit of this blue or reddish-~purple pigment intracel-

lularly.
Cytochrome oxidase activity was demonstrated by the

technique of Burstone (1961). The coverslips were incubated

in a solution of p-aminodiphenylamine plus a2 guinoline
derivitive in tris buffer (pH 7.4) for 15 minutes or longer,

after which they were fixed in 10% Cobaltous acetate in 10%

formalin for approximately 1 hour. They were washed and

mounted.in glycerogel. A blue color forms at the site of

enzyme activity.

The presence of neutral fats was demonstrated by

-
1-

fixing and stagninq the cells grown c©n coverslips with Cil-
med by the fats,

Red-0. A pink to bright red color is assu
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depending on the length and procedure of staining.

Experimental Procedure

Usually, 110-130 replicate cultures containing 2 ml,
of cell suspension per T-15 flask were set up for each ex-
periment. Each culture contained from 1.2 X 105 to
1.6 X 105 cells per ml. In those exﬁeriments employing
T-60 flasks, usually 40-50 replicate cultures containing 8
ml, of céll suspension per flask were used. The cells were
allowed to "adjust" and attach for 48 hours before gassing
was begun.

At the end of 48 hours cell counts were made on three
flasks selected at random. The medium was then replaced
with fresh medium and the cultures flushed with the desired
gas mixture. Only about 30 seconds elapsed between the
time the medium in a flask was chénged and the flask
gassed. These procedures were repeated following each
medium change (every 48 hours).

Twenty-four hours after the first medium change, cell
counts and chemical and histochemical analyses of the
medium and cells were made. The-cells in three T-15 flasks
from each of the experimental groups were counted. Deter-
minations for glucose, lactic acid and pyruvic acid were
made on pooled media from the 3 flasks. Two T-15 flasks
from each experimental group were used for protein, DNA, and

RNA exﬁzaction procedures. Two T-60 flasks from each
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experimental group were used for the acid and alkaline
phosphatase and LDH activity determinations.

Some time later, those cells which were propagated in

an adverse environment were removed and put intc one of the
other mixtures. The time of this transfer was determined

by microscopic examination of the cells correlated with the

growth curve.




RESULTS




RESULTS

The initial part of this project was concerned with
the effects of high and low 0, tensions cn cellular growth,
glucose utilization, and lactic acid production. These
were initiated in order to confirm in Low Line cells the
cytotoxic effects of these adverse environments as reported
in other cell lines. If such effects were noted then the
second phase was to ascertain whether or not these effects
could be reversed by changing the environment to a more
favorable one at a point when the cytotoxicity was clearly
evident., '

The results of these experiments on the cytotoxic
effects of the two experimental conditions (Figs. 6-11)
confirm thase reported in previous investigations for other
cell lines (Bonting and Jones, 1956; Rueckert and Mueller,
1960; Brosemer and Rutter, 1961; Pace et al., 1962; Clark,
1964.)

Within a week following exposﬁre tc high O2 tensions,
the cells are damaged tc the extent that they beqgin to die
Theif metabolism is changed to a more

and disintegrate.

glycolytic type and growth ceases after 5 days.
Cells exposed to 95% 0, attain a much lower growth

maximum than those in control cultures. Proliferation is

slight, in fact. the growth curve might better be termed a

rdeath curve'". Maximum numbers are attained on about the



34

FIGURE 6. Compilation of 3 experiments
showing growth of Low Line cells under
"normal" conditions (95% air plus 5% CO,)

and in 95% O2 plus 5% CO, and the effects

2
of eventual exposure of the "damaged"
cells under the latter condition to air
or 95% N, plus 5% C0,. Arrow to the left
indicates the time the cells were exposed

to 95% 023 the other, the time of the gas

Changeover ag indicated.
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4th day after exposure, following which (6-10 days) the
cells begin to degenerate progressively, round up, clump
together, and detach from the surface of the flask.

In a gaseous environment lacking 0, (or nearly so),
the cells are also apparently damaged but not nearly so
much as:in the case of high 02 environments. They reach a
low maximum but do not die for some time (over two weceks).

Naturally, the question arises as to the extent of
damage in both cases. If the conditions are reversed, will
the cells recover? This phase of the project was then our
majbr concern.

In all experiments, control cultures {(control 1) were
carried along with the experimental. The controls were
gasses with 95% air plus 5% CO, and in all the experimental
cultures 5% co, was also added to the gas mixture.

This project was carried out in a series of investi-

gations. The results will be discussed under the heading

of each group of tests conducted.

Growth (Cell Numbers)

High 02 tension
In.the first group of experiments the cells were ex-

posed to 95% 0, (Fig. 6). On the 6th day following expasure,

when the toxic effects were definitely evident, the cells
were subjected to different conditions-to see whether or not

recovery was possible. This was done by replacing the 95%
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O2 of one-third of the experimental cultures with 95% air,
one-third with 95% N,, and allowing the otﬁer one-third to
continue in the high 02 concentrations.

At this time cell numbers had decreased markedly and
the cells clearly show the effects of high 02 tension
(Fig. 63. However, within two days after the gaseous
changes, those cells now exposed to'control (control No. 2)
treatment begin to return to their usual morphological form
although they still contain many vacuoles. The cells now
exposed to 95% N, also show signs of recovery within the 2
day period following the changej; there is an increase in
nuébers. At the termination of the experiment, those cells
now in the "control No. 2" atmosphere are morphologically
indistinguishable from the original ccntrols. The cultures
subjected to 95% Nz are quite easily distinguished from the
others since the cells become somewhat larger and contain
many giant cells.,

The cells that had not been changed, but remained

exposed to 95% 0, throughout the remainder of the experiment

were dead by the end of 10 days. However, those remcved

from the 95% 0, and subjected to control conditjons (air

plus 5% COZ) recover appreciably and proliferate at a rate

equal to, if not exceeding, that in the original control

ol

flasks. Cells taken from the 95% O2 and exposed to 95% N,

-
1

recover enoucgh so as to increase in number but seem to reach
- =
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a plateau (Fig. 6).

0, Lack

A second group of experiments was conducted using the
same procedures and techniques as in the first group, except
that the experimental cultures were origiralily gassed with
approximately 95% N, rather than 95% 0, as in the first
group of experiments (Fig. 7). Growth rate and differences
in maximum growth under the different gaseous conditions

are quite similar to those obtained in the previous group of

experiments.
Cells exposed to an envirorment of 95% N, attain a

comparatively low growth maximum. After attaining maximum

numbers (11lth day), there is a progressive although very

slow decrease during the remainder of the experiment. Fos-

sibly this may indicate a tendency toward an adaptation to

anaerobiosis in vitro.
On the 10th day following exposure to a nearly

anaerobic environment, the cultures werc subjected to the

following conditions: one-third of the experimrntal cultures

were exposed to the control environment (95% air plus 5%
C02); one-third, to 95% 0,; and the remaining one-third,
The original controls (zontrol

were continued in 95% NZ.

i i i inati f the exper-
No. 1) remained in air-C0O, until termination of ¢ I

iment.

The cells (from 95% N2) now exposed to control
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FIGURE 7. Compilation of 3 experiments

showing growth of Low Line cells under conTROL S

*3% 0,

"normal®? conditions (95% air plus 5%

254 L IPE™™

C0,) and in 95% N, plus 5% CO, (0% 0,) ' controLm -

2
and the effects of eventual exposure of

the "damaged” cells under the latter

conditions to air or 95% 0 Arrow to

2.
ﬂ}_ the left indicates the time the cells

154

were exposed to 95% N,; the other, the

time of the gas changeover as indicated. .
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environment (control No. 2) immediately begin to prolif-
erate at a faster rate, matching the growth rate of the
original controls (control No. 1) within the first day.
Those now exposed to 95% 0, soon show the effects of the
toxic environment and proliferation decreased markedly

(Fig. s
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Glucose Uptake and Lactic Acid Production

High 92 tension

The same general pattern seen in cellular preolif-
eration (Fig. 6) was also noted in regards to the metabolism
of the cells under high 0, tensions (Figs. & and 9).
Glucose uptake and lactic acid (L.A.) production of the
cells‘exposed to 95% 02 increase steadily for the duration
of the éxperiment. Those cells first subjected to 95% 0,
but now exposed to 95% N, and those exposed to 95% air show
a marked decrease in rate of glycolysis by the second day
following the change-over (Figs. 8 and 9). Cells from 95%

0. now cultured in the control environment show a decrease

2
in their glucose uptake and L.A. production to such an ex-

tent that at the termination of the experiment their
glycolytic capacities are indistinguishable from those of
.the original contrpnls (Figs. 8 and 9). Those cultures now
exposed to 95% N, decrease their rate of glucose uptake and
L.A. production sharply at first, then reach a plateau for
the duration of the experiment. At no time does this

glycolytic rate approach the low value of the original

controls.

9

Glucose uptake and L.A. production in cells exposed to

Lack

95% Hé (Figs. 10 and li) also follows a similar pattern to

Wi v i siiimins S
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FIGURE 8. Compilation of 3 experiments
showing glucose utilization of Low Line
cells exposed to control (95% air plus
5% COZ) and 95% 0, plus 5% CO2 and the
effects of eventual exposure of the
"damaged" cells under the latter condi-
tion to air or 95% N, plus 5% C0,.

Arrow to the left indicates the time the
cells were exposed to 95% N,; the other,

the time of the gas changeover as indi-

cated.
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FIGURE 9. Compilation of 3 experiments
showing lactic acid production of Low
Line cells under "normal" conditions

(95% air plus 5% €0,) and in 95% 0, plus

5% COZ and the effects of eventual ex-

Posure of the "damaged" cells under the

latter condition to air or 95% N2-
A P .
Irow to the left indicates the time the

Cells were €xposed to 95% ,02;- the other,
the ti

time Oof the gas changeover as indi-
cated, '
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FIGURE 10. Compilation of 3 experiments
showing glucose utlization of Low Line
cells under control conditions (95% air
plus 5% C0,) and to 95% N, plus 5% CO,
and the effects of eventual exposure of
the "damaged" celis under the latter
condition to ajir or 95% 02 plus 5% CDZ-
Arrow to the left indicates the time the

cells
vere exposed to 95% N2; the other,

the tj
time of the gas changeover as indi-
Cated,
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FIGURE 11. Compilation of 3 experiments
showing lactic acid production of Low Line
cells under control conditions (95% air
plus 5% C02) and in 95% N, plus 5% CO0, and
the effects of eventual exposure of the
"damaged" cells under the latter conditicn
to air or 95% 0,. Arrow to the left indi-
cates the time the cells were exposed to

95% N,; the other the time of the gas

changeover as indicated.
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that of their growth curves (Fig. 7). In 95% N, the glucose

uptake and L.A. production is somewhat higher than in the

control cultures, and it remains consistently high during

the 20 days of the experiment. Changing the 95% N2 environ-

ment to 95% 02 causes a great increase in both glucose up-
take and L.A. production of the cells, although after 7 days

the L.A. production decreases while the glucose uptake in-

creases sharply. Actually, it is doubtful that any signif-

icance can be applied to the glucose and L.A. results for the

cells in 95% 0, during the last four days of the experiment.

Cells put in the control environment from the 95% N, im-

mediately show a decrease in glucose utilization and L.A.
producticn, and within 3 days approach the rate of the
original control cultures.

From these initial results it was evident that recov-
-ery from the toxic environments to which the cells were
subjected did occur and that growth, glucose uptake, and
L.A. productticn in the control-2 cultures returned to a

pattern seen in the control-1 cultures a short time after

the change-over. From these experiments furiher investiga-

tions were carried out to ascertain whether or not other
systems were involved in high or low 0O, environments and

their possible recovery when the toxic conditions are re-

moved. Since full recovery apparently was achieved only 1n
or 95%-?2 WAas

the cells from those cultures in which 95% 02



were henceforth 1

ijmited to this type of exp

replaced by gs% air (control conditions), further studies

erimentation.
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Pyruvic Acid Production

In cells exposed to 95% 02 the pyruvic acid preduction
per cell increases sharply after one day exposure and re-
mains high throughout the experiment (Fig. 12). Those cells
first subjected to 95% 0, and then exposed to 95% air
(controi-Z) show a marked decrease in rate of pyruvic acid
production. At the termination of the experiment it is
nearing that of the original controls (control-l). 1In
cultures exposed.to 95% N2 the rate of pyruvic acid produc-
tion is somewhat higher than the control-l rate but is no
where néar that observed in the cultures exposed to 95% 0,.
Those cells subjected to 95% N, but now exposed to 95% air
(control-3) decrease their production of pyruvic acid so
that at the termination of the experiment their rate is
similar to that of the original controls. The cells growing
under a 95% air environment (control-1) exhibit a pyruvic
acid production curve similar to the glucose uptake and
lactic acid production curves seen earlier. That is, after
an initial elevation in pyruvic acid production the amount
produced per cell decreases with culture age to about the

6-8th day and then levels off and remains at this level the

rest of the experiment.
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FIGURE 12, Compilation of 3 experiments
showing pyruvic acid production of Low
Line cells exposed to control conditions
(95% air plus 5% C0,), 95% O, plus 5%
€0, plus 5% C0,, or 95% N, plus 5% CO,
and the effects of eventual exposure of
the "damaged" cells under the latter two
conditions to an atmosphere of 95% air

plus 5% €0,. Arrows indicate the time of

this gas changeover.
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Acid and Alkaline Phosphatase Activity

Alkaline phosphatase activity was ascertained by
histochemical and clorimetric analyses on the medium in
which the cells grow, on the cells themselves, and on cell
homogenates. At no time was there any evidence of alkaline
phosphatase activity within the limits of the tests employed.
This fact will be considered in the discussion.

Acid phosphatase activity per mug protein (Fig. 13)
decreases gradually in those cells cultivated in 95% air
(control-1) from the high found at the beginning of an ex-
periment until the 6-8th day of culture when it levels off
and then remains rather constant during the rest of the
experiment. In those cells subjected to 95% > @ steady
increase in the acid phosphatase activity occurs after the

1st day of exposure. Cultures previously exposed to 95% 02

‘but now subjected to 95% air (control-2) exhibit a decrease
in the amount of acid phosphatase and at the termination of

the experiment the rate approaches that cf the original

controls although still somewhat higher. Cells cultivated

in 95% N, show an acid phosphatase activity somewhat
intermediate between the original control and those exposed
to 95% 0,. Those subjected to 95% N, and now exposed to

95% air (control-3) show a marked decrease in the amount of

hes that found in the original

acid phosphatase which approac

controcl cultures.
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FIGURE 13. Compilation of 4 experiments

| showing acid phosphatase activity of Low

Line cells exposed to control conditions
(95% air plus 5% €0,), 95% 0, plus 5% CO,,
or 95% N, plus 5% C0, and the effects of
eventual exposure of the "damaged" cells
under the latter two conditions to an

atmosphere of 95% air plus 5% CO Ar-

2.
rows indicate the time of this change-—
Acid phosphatase activity is ex-

Pressed in Sigma units. One Sigma unit

©f phosphatase will liberate 1 uM of p-

Nit':rophenql per hour.
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Acid Phosphatase Activity in Sigma Units per mug. Protein
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Lactic Dehydrogenase (LDH) Activity)

LDH éctivity which is greatest immediately following
replication (day 1), is expressed in Berger-Broida (B-B)
units per ug proctein (Fig. 14)}. One B-B unit will reduce
4.8 x 10~ pmoles of pyruvic acid per minute at 25°cC.

(Berger and Broida, 1967). From this high point the

activity diminishes in both control and experimental cul-
tures. 1In cells exposed to 95% air (control-l) the decrease
in LDH activity is most rapid and continues to taper off

until about the 6-8th day of culture at which time the

amount of activity levels of to around 10 B-B units for the

duration of the experiment. In cells subjected to 95% 05,

LDH activity also diminishes from the initial high at day 1,

but not nearly to the extent as that found in the original

controls. At no time does the LDH activity of the cells in

- 95% O2 go below 25 B-B units. In cultures first exposed to

95% 0, then placed In 95% air (control-2), LDH activity
decreases to such an extent that at the termination of the

experiment it is similar to that of the original controls

(abouf 10 B-B units). Cells in 95% N2 also exhibit a

reduction in LDH activity from day 1 but reach a plateau 1n

their activity (approximately 20 B-B units) abocut the 6 day

of exposure. This level is maintained for the duration of
the experiment. If the 95% N, is replaced with 95% air
(coritrol-3) LDH activity is decreased so that in 4 days it

compares to that of the original control cultures.
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FIGURE 14. Compilation of 4 experiments
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FIGURE 14
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Deoxyribonucleic Acid (DNA)

DNA was ascertained andvthen calculated in two dif-
ferent ways. First, the total amount of DNA in the cells
per ml. of culture medium in which the cells had grown, and i
secand the total amount of DNA per cell.
The pattern of the graph in which is plotted DNA
content per ml. (Fig. 15-A), as expected, follows that seen

in the various growth curves previously presented. 1In

cultures exposed to 95% air (control-l) the amcunt of DNA E
per ml. increases with culture age. The cells in 95% 02 T |
show a slight increase in DNA per ml. during the first 5-6

days of exposure but then possibly due to the cytotoxic ef- i

fect of the environment to which they have been subjected it

diminishes drastically and becomes exceedingly low. 1In

cells gassed with 95% 0, and then placed in 95% air (control-

2), the DNA per ml. increases steadily during the remainder

of the experiment. Cells in a 95% N, environment show a |

gradual increase in the quantity of DNA per ml. until the :
5-6th day of exposure after which it decreases somewhat and

then levels off to around 5-6 jg DNA., Thcse previously

treated with 95% N, and later (8th day) replaced with 95%

air (control-3) demonstrate a sharp rise in DNA per ml. of

medium. This rises continues throughout the experiment.

When DNA content is calculated on a per cell basis

-

the results give a somewhat different picture of the events

that are occurring (Fig. 15B). In 95% air (control-1) the .
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FIGURE 15A. Compilation of 3 experi-
ments showing amount of DNA in Low Line
cells exposed to control conditions (95%
air plus 5% COZ)’ 95% 0, plus 5% Co,, or
95% N, plus 5% CO2 and the effects of
eventual exposure of the "damaged" cells
under the latter two conditions to an
atmospheré- of 95% air plus 5% C0,. Ar-

rows indicate the time of this change-

over. Results are expressed as the amount

of DNA found in the cells per ml. of

medium in which the cells had grown.

FIGURE 15B. Compilation of 3 experi-

ments showing amount of DNA per cell in
Low Line cells exposed to conditions as

given in above l1egend (Fig. 15A).
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FIGURES 15A AND 15B
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DNA per cell increases the first 6 days and then a slight
but gradual decrease is observed throughout the rest of the
experiment. In cells exposed to 95% > the DNA per cell in-
creases as compared to the controls. In those cells that
were exposed to 95% 0, and later to 95% air (control-2) the
DNA per:cell increases above that found in the control-1l

cultures, The DNA curves for the cells subjected to 95%

N, follows the same general pattern of that for those in

2

95% air (control-1) with some important differences. The

amount of DNA per cell for the first 6 days is slightly

higher in those treated with 95% N2 but after this time the
effect of the continuous anoxic environment results iIn a
severe decrease in this amount and thereafter the level

falls somewhat below that found for the original controls.

The DNA per cell in cultures in which 95% air replaces as5%

first few days

N, (control-3) increases considerably the

2
after the changeover but by the 14th day it has decreased

to a level just slightly above that of the original control

cultures (control-1).
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Ribonucleic Acid (RNA)

As with DNA the RNA content was ascertained in two
different ways: first, the total amount of DNA in the cells
per ml. of culture medium in which the cells had grown, and

second, the amocunt of RNA per cell.

The results of the calculated RNA content per ml.
(Fig. 16A) follow the same pattern as those for DNA per ml.
(Fig. 15A). The RNA per ml. in cells which were exposed to
95% air (control-1) shows a steady rise throughout the ex-
periment, although it does tend to level off during the
last 4 days. In those cultures subjected to 95% 02 the

amount of RNA per ml. of medium remains about the same up

until the 6th day when there is a sharp decrease. Cultures

exposed to 95% 0, for 6 days previous to replacing with 95%
air (control-2) show a dramatic rise in RNA content per mle.

after the first 2 days of the changeover. In those ex-

posed to 9S%—N2 the RNA per ml. rises slightly the first 6
days and then decreases somewhat but remains relatively

constant thereafter. In cultures previously exposed to 95%

N, but later replaced with 95% air (control-3) the RNA per

2
ml. takes a sharp rise and at the termination of the ex-

periment it approaches the value found in the original

contrel-1,

-

When the RNA content is ascertained on a per cell

basis it gives" a somevhat different picture on the effects
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FIGURE 16A. Compilation of 3 experi-
ments showing amount of RNA in Low Line
cells exposed to control conditions
(95% air plus 5% C02), 95% 0, plus 5%
€0,, or 95% N, plus 5% CO2 and the ef—
fects of eventual exposure of the
"damaged" cells under the latter two
conditions to an atmosphere of 95% air
plus 5% C02. Arrows indicate the time
of this changeover. Results are ex-

pressed as the amount of.RNA found in

the cells per ml. of medium in which the

cells had grown.

FIGURE 16B, Compilation of 3 experi-

ments showing amount of RNA per cell in
Low Line cells exposed to conditions &S

given in above legend (Fig. 16A).
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of the conditions to which the cells were exposed (Fig. 16B).
Control-1l cultures, after an initial rise in the amount of
RNA per cell, exhibit a steady decline continuously until
the termination of the experiment (14th day). Likewise,
cells exposed to 95% 02 show a decline in the amount of RNA
per celi after an initial increase. It should be pointed
out that the decline in this case is much mcre marked than
that of control-1., The cultures exposed to 95% O2 followed
by replacement with 95% air on the 6th day (control-2) show
a significant rise in RNA per cell the first 2 days after
the changeover and then it begins to decline to a rate ap-
préaching that of the original controls. Cells in a 95%

N, environment show a rise in RNA content per cell the first

2
6 days followed by a decline the next 4 days with a rise

again in the latter days of theexperiment. At the termi-

nation of the experiment these cells contained almost twice

the amount of RNA as did the original controls. Cultures

first exposed to 95% N, followed by 95% air (control-3) on
the 8th day show a steady decline in RNA content per cell.
At the termination of thé experiment the RNA concentration

was aPPrUXimately equal to that of the original centrol

cultures.
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Protein

Determination for protein content were made in a
similar manner as that for DNA and RNA. That is, (1) the
amount of protein in the cells per ml. of culture medium in
which the cells had grown, and (2} the amount of protein
per celi.

In Figure 17, graphs are presented showing the protein
content of the cells per ml. of the culture medium in which
cells had grown during a 14 day period. The contour of the
curves follows closely that seen in the gr&wth curves (Figs.
6 and 7). The cultures in 95% air (control-l) show a steady
increase in total protein per ml. throughout the experiment.
In cells gxposed to 95% 02 the total amount of protein in-
creases slightly until day 6 when it decreases markedly
until the experiment was terminated. In those previously
exposed to 95% 02 and then returned to 95% air (control-2)
the protein per ml. increases rather rapidly for the
duration of the experiment. Cells subjected to 95% N, show
a slight increase in protein per ml. which seems to reach a
plateau around the 4-6th day of exposure and remains at this
level throughout the experiment. Hcwever, if these culture<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>