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The metabolic distribution of 14C was examined after adding

4 tCi of glucose-6-14C to 100 ml o Eagle's Minimum Essential

Medium supplemented with 10% fetal bovine serum and containing

4X 1O7CSE-119 cells. (CSE-119 cells were derived from embryoni.c

salmon tissue andhad gone through 95 passages.) Four separate ten

day runs, each iiwolving 22-24 culture bottles inoculated simultane-

ously to allow harvesting of two bottles 6 hours and two at 24, 48.

240 hours after the transfers were made. Radioactivity had been

added at time 0 hours tp the bottles harvested at 6 and 24 hours, and

24 hours prior to harvesting the remaining bottles.

Each day some of the radioactivity added as glucose was

recovered associated with ghcose and some with cells, lactate,

pyruvate, organic acids, amino acids, and lipids. The radioactivity

recovered in four runs (44 estimates) varied from 19% to 107%.

Losses of activity due to prolonged and complex procedures employed
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and radioactivity lost as carbon dioxide may partially account for

the radioactivity not recovered.

The concentration of glucose in the medium decreased slowly

over days 3 to 4, rapidly from the 3rd to the 7th or 8th day and

slightly thereafter. The greatest percentage of inoculated and of

residual radioactivity in 44 or more cultures of varying age was

recovered in the glucose fraction.

Usually the specific activity of glucose, in the medium after

24 hours contact of glucose-64C with medium plus cells, was

lower than the specific activity immediately after inoculation.

Neoformation of glucose molecules may possibly account for the

decrease.

The number of viable cells and the weight of the cell mass

decreased until cultures were 2 or 3 days old and then increased

till termination of the cultures. Generation times calculated from

daily data were different for cell number and cell mass and from

each other within and between runs. Between culture ages of 4-7

days generation times for cell mass were 65 and 105 hours and for

cell number 46 to 97 hours.

The radioactivity found in the cell mass after the exposure

period increased with the age of the culture and the volume concen-

tration ranged from 0. 2 to 20 times that in the medium.

The lactate in the medium was variable within and between



runs with a general increase in the radioactivity incorporated with

culture age. The level of pyruvate in the medium dropped once the

medium had been exposed to cclls and rarely reached the Initial

values thereafter. Pyruvate radioactivity was high on days 4 through

8. The activities incorporated into organic acids increased with

culture age and were usually greater than in lactate. The radio-

activity in amino acids was higher in the last 5 days than in the first

5 days of culture and higher than in pyruvate and lower than in

lactate.

In the presence of 40 and 80 ppm of potassium pentachloro-

phenate (KPCP) there was a greater recovery of the radioactivity

inoculated Into CSE- 1 ]9 cultures than from controls without KPCP.

AlthQugh radioactivity was still incorporated daily Into the cells.and

into amino acids, glucose, lactate, pyruvate, organic acids and

lipid fractions of the medium, the quantities incorporated were

usually smaller.
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GLUCOSE METABOLISM IN CULTURES OF EMBRYONIC CEIJLS
FROM COliC SALMON (Oncorhynchus kisutch)

INTR ODUCTION

There is considerable activity among workers concerned with

ichthyic ecology, growth, development, natural history, biochem-

istry, physiology and nutrition. However, because of the magnitude

of the problems encountered only a very incomplete mosaic of the

desired information on fish is available. It is the purpose of this

manuscript to offer some additions t the information on glucose

14metabolism of fish as disclosed by the use of glucose-6- C in

cu1tires developed from embryonic cells of coho salmon. We were

specifically interested, on a day to day basis over a culture period

of 10 days, in whether or not there was a neoformation of glucose

molecules and the extent, if any, the magnitu4e of glucose utilization,

and the mass of glucose daily contributing to 14C activity accumulated

in cells and found in lactic acid, pyruvic acid, non-nitrogen organic

acids, amino acids, lipids and protein of the medium.
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EXCERPTS FROM THE LITERATURE

Aspects of metabolism in fish have been investigated by many

workers. Included are the influence of acclimation, environmental

temperature, oxygen availability, food availability, migration,

starvation and the effects of pollutents. Some investigators have

concentrated on the physiology and biochemistry of the muscle

system. I.4ove (55) provided an excellent review of this material

and Baker (6) in his thesis added additional comments on muscle

metabolism from more recent papers.

In the excerpts chosen here I tried to present the material

from the literature concerning carbohydrate metabolism in fish and

cell cultures which had a bearing on our choice of methods or

seemed to influerce my interpretations of the laboratory data I

obtained.

Carbohydrate Metabolism of Fish

Glycogen

The principal carbohydaes that have been studied in fish are

glycogen, glucose, lactate, pyruvate, and pentose sugars. Resting

levels of glycogen in the muscle and liver of rainbow trout vary

considerably and in general the levels appear to be low in comparison



with those fo corresponding mammalian tissues. Black and

associates (11) reported that in rainbow trout weighing from 29 to

120 grams, muscle glycogen levels varied from 0.01 to 0. 171 mg

percent (mean 0. 085) and liver glycogen varied from 0. 50 to 3. ZZ

mg percent (mean = 1. 73). In larger trout with weights of 152 to 397

grams Black and co-workers (11) reported muscle and liver glycogen

levels of 0. 049 to 0.310 mg percent (mean 0. 123) and 0. 29 to 7.79

mg percent (mean = 3. 36), respectively.

The values reported for glycogen by different authors depend

upon variations inherent in the diLferent methods Qf analysis, the

history of the fish before the samples were taken, the amount of

autolytic glycolysis that occurred between the time of sampling and

fixing of the tissues, and for muscle, the particular muscle mass

selected for analysis (11).

Glucose

Blood glucose in rainbow trout is maintained at about 60 mg

percent in resting fish (11). Under some conditions blood glucose

will increase markedly. Removal of dogfish from water caused

blood glucose to increase from 66 mg percent to about 168 mg per-

cent in three minutes, but the level returned toward 66 mg percent

jn about three minutes (82). In rainbow trout exercised strenously

for 15 minutes, blood glucose rose from 60 to 118 mg percent;
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however, the level of glucose did not rise until after exercise was

stopped and unlike the rapid recovery observed in dogfish, the high

level of blood glucose was maintained for at least 24 hours (11).

Glycolysis and the Tricarboxcylic Acid Cycle

Prior to 1960 the pathways involved in the intermediary metabo-

li.sm of carbohydrate in fish were a matter of conjecture. Evidence

for defining the processes involved in carbohydrate metabolism was

obtained indirectly.

Mo'e recently studies have provided more substantial evidence

for the reactions involved in intermediary carbohydrate metabolism

in fish In 1960 MacI,.,eocj and associates (58) identified in steelhead

trout all of the enzymes necessary for the conversion of glucose to

lactate via glycolysis. The activities of the enzymes in cardiac

muscle, skeletal muscle, liver and kidney were studied. Only

cardiac muscle had the ability to convert glucose to lactate; addition

of hexokinase to the homogenates of the other tissues was necessary

before this conversion could be accomp1ished All tissues readily

converted fructose-6-phosphate and fructose-i, 6-diphosphate to

lactate. Thus, hexokinase activity is generally low in fish. In 1962

Gumbmann and Tappel (37) demonstrated the presence of the.

enzymes of the TCA cycle in carp.

The production of respiratory 14CO2 from cichlids, injected
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i.ntraperitoneally with 14C-labelled substrates, was measured by

Liu (54) over a period of 24 hours. At the end of 24 hours the

respective cumulative yields from C-i, C-2, C-3(4) and C-6 of

glucose were 53, 47, 66 and 56 percent of injected radioactivity.

Since absorption iiivolves the entire glucose molecule, the di.f-

ferences in the rate and extent at which the individual carbons of

glucose were converted to carbon dioxide must be attributed to the

differences in the history and the fate of the six skeletal carbons.

The difference in tle rate and extent of recovery of 14CO2

derived from the individual carbons of glucose suggested that glucose

may have been catabolized via several pathways. In controls the

14respective 24-hour cumulative yields of CO2 from carbons 1, 2,

3(4) and 6 of glucose were 53, 47, 66 and 56 percent of the injected

activity. The rapid and extensive recovery of C-3(4) as CO2

presumably via the decarboxylation of pyruvate, identified the

Embden-Meyerhof- Parnas pathway (EMP;Glycolysis) as the maj or

route of glucose degradation in cichlids.

The EMP pathway is a sequence of reactions which converts

one mole of glucose to two moles of pyruvate. It is probably the

most important pathway involved in the degradation of glucose and

with the TCA cycle comprises the most important system providing

energy for biological work,

Hochachka and Hayes (43) reasoned that if the EMP pathway



was the major route of glucose degradation, the reversal of the

reactions in the pathway would preferentially place labelled carbon,

introduced as Na2 '4CO3, on positions 3 and 4 of the hexose molecule

in glycogen. Positions I and 2 would become labelled via recycling

of the pentose phosphate system and positions S and 6 through equil-

ibration of triose phosphates via both the EMP and the pentose

phosphate pathways (43).

In the studies of Liu (54) the percentage of radioactivity recovered

as '4CO from C-i and C-2 of acetate were 98 and 70 percent

respectively. Preferential conversion of C-i over C-2 of acetate

to '4CO2 was considered presumptive evidence for the operation of

the TCA cycle in cichild fish.

Pe nt9s e Pho sphat,e (PP) Pathway

ThePP pathway converts glucose-6-phosphate to phosphoglu'-

conate which in turn is converted to pentose phosphate and ultimately

to fructose-6-phosphate. Fructose-6-phosphate may then enter the

EMP pathway for further degradation. Although this pathway gener-

ates ATP, it is generally considered to function more importantly in

biosynthesis, particularly of nucleic acids and nucleotides (86).

It also serves as a source of reduced NADP which is essential

in several reactions in fatty acid and sleroid synthesis (39).

Evidence for the operation of the pentose phosphate pathway in
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fish was obtained from radiotracer experiments involving the

comparison of the yields of '4CO2 from fish metabolizing glucose-

1-and -6)4c. Hoskin (44) discovered that the C-6/C-1 ratio

approached 1.0 only in the brain tissue of the electric eel; in other

tissues the ratio was considerably less. In carp Hoskin found that

the C-6/c-1 ratio in tail muscle was only 0. 07. Hoskin argued that

preferential conversion of C-i over C-6 to CO2 would indtcate the

operation of the pentose phosphate pathway while equal yields of

from bpth carbons would indicate exclusive utilization of the

EM? and TCA pathways. From similar studies with live carp,

Brown (13) concluded that the pentose phosphate pathway played a

very small role in the overall degradation of glucose in carp.

Hochachka and Hayes (43) concluded that warm-acclimated fish

utilize the EM? pathway more extensively than cold-acclimated fish

and that in the latter more emphasis is placed on the pentose phos-

phate pathway, Preferential conversion of C-i of glucose over C-2

to '4co2 provided presumptive evidence for the operation of the PP

pathway with CO2 being derived from C_i via the decarboxylation of

phosphogluconate (54).

Glucuronic Acijtha

The GA pathway serves as a route for the synthesis of ascorbic

acid in some organisms and is not considered an important
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mechanism for the generation of energy (86). Glucose-6-phosphate

may be converted to pentose phosphate via formation of glucuronic

acid. The reactions responsible for this process comprise the

glucuronic acid pathway which has been worked out in detail by

Eisenberg and associates (29). Pentose phosphates formed via the

GA pathway may be converted to fructose-6-.phosphate by way of the

PP pathway.

Preferential conversion of C-6 over C-2 '4CO2 siggested

the operation of the glucuronic acid pathway with CO2 being derived

from C-6 presumably via decarboxylation of gulonic acid (54).

Lactic Acid

Blood lactate may vary among fish of a given species and

between species of fish. Black and coworkers (10) reported an

average of 8.6 mg percent and a range of 3.2 to 19.6 mg percent

for blood lactate in Kamloops trout. In carp blood lactate ranged

from 11. 8 to 17.7 mg percent (83). Much higher levels of lactate

may be found in muscle tissue which in rainbow trout may contain as

much as 60 mg percent unçer resting conditions (1 1).

P y ruva te

Because of the difficulty in measuring small amounts of

pyruvate, repoited levels may be questionable. According to Black



and associates (11), blood, mi.scle and liver of rainbow trout contain

less than 1.0 mg percent of pyruvate.

Some Principles of Tissue Culture

Cell culture has been used extensve1y for investigation in many

areas of biology. In studies of genetics, viral diseases, carcino-

genesis, metabolism and toxicology, cell culture offers many advan-

tages. Among the advantages are the large population of living units

that can be handled, the rapid growth rate, the short generation time

and a medium whose contents can be clearly defined allowing a

reproducible environment.

Cells in serial cultivation, while removed from normal modify-

ing influences, are subject to many modifying stresses from the

culture medium and its environment. These stresses, together with

the genetic nature of the tissue cultured, produce a cell type capable

of successful growth in a specialized situation (24).

Therefore, in addition to the advantages of cell culture there

are several unique and distinctive features which condition the inter-

pretation of the data obtained. There are many unknown qualities of

cells in vitro and with the present status of cell culture techniques

and media formulation, surprisingly it is often difficult to obtain a

medium with identical chemical components (see discussion of serum

in next paragraph). It is often difficult to reproduce completely
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details of environmental conditiors (light, vibrations, constancy of

temperature controls). The variability- belween media alters the cell

to cell and cell to culture relationships, leading to changes in growth

and metabolism (41, 63, 70, 92).

Effect of Formulation of Media

Perhaps the main mOdifier of cell culture media is the serum

supplement. Numerous reports have been made as to the various

metaboliq aid growth relationships that exist between cells in culture

and the form and concentration of serum supplement used (70, 92).

The use of chemically different carbohy4rate sources has also

been reported to produce significant changes in Ue metabolic end

products of culture metabo1im (28, 64). Varying the concentration

of the same carbohydrate has been demonstrated to effect growth

rate and the final distribution of the glucose carbon atoms. Yohikura

with others (96) obtained changes in the growth pattern of cultured

cells by- iniiating, with a change of culture medium, patterns of

synchronous cell division.

Sevea1 reports have been published on the effects of pH (85, 21,

78, 97) and the need for control of oxidation reduction potentials in

culture media (62, 23).
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Effect of Media and Cell Environment

Incubation temperatures have marked effects on cells parti-

cularly when dealing with cells from different vertebrate classes

(34, 75). Planting density also significantly effects the growth rate

of cells (34).

Recently the choice of culture technique, whether spinner,

monolayer or suspension, has been found to produce marked differ-

ences when other conditions are held the same. Differences in the

levels of enzymes and metabolites produced have been found (26, 32).

However, overall growth was not affected and was nearly equal in

all systems.

Differences between routine, well established, methods of cell

passage have been reported to effect cell composition and subsequent

growth. Hebb and Chou (42), using chick fibroblasts, reported that

trypsinization caused a loss of cellular material and retarded growth

during the first few days following transfer. Keilner and others (48)

also demonstrated a lag in growth of chick mesenchyme cells following

transfer with trypsin. Levine (53) found that phospholipid material

was lost from the cells by washing three times in isotonic salt

solutions prior to seeding in new medium.



12

Genetic Changes in Serially Cultured Cells

The chaiges possible from media formulation and culture environ-

merit are inter-related with the genetic changes which occur in serially

cultured cells. These two factors form a simultaneous sequence of

change, response and re-adaption. Essentially this sequence is con-

tinually repeated and in populations of cloned cells such genetic change

still occurs (24). Sanford (81) found 17 different clonal lines tracing

descent from one cell originally cloned one arid one-half years

earlier. These clonal lines differed in tumorgenicity, enzyme

activity, and carbon dioxide evolved from glucose yet they all retained

the same overall growth rate and antigenic properties. Hsu (46) and

Davidson (24) have both described the genetic processes operating

in cultured cells and a complete review is not necessary here. In

general this process of adaption proceeds through several stages and

ultimately produces cultures dominated by one of three cell types;

fibroblastic, epithelial or leucocytic cells (41).

During the development of these cell types the chromosomal

arrangement of the parent tissue undergoes considerable change.

With the establishment of a cell line the chromosome number will

usually be in a hypotetraploid range. Concornmitant with the genetic

cl2anges may be a tendency for the reduction of enzymatic diversity

(32, 71, 92, 24). In CSE-119 cultures the cells after 95 transfers
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are of the fibroblastic type with a chromosome number of approxi

mately 120 (61). This compares to a chromosome number around

60 for normal coho salmon.

Thus, while comparisons can be made with data from other

types of cell cultures with the data obtained from CSE-119 cultures,

no direct equivalence can be expected and inference related to higher

levels of organization should be carefully considered with full under-

standing of the cell type used and the situation in which these CSE-

119 cultures were examined.

Carbohydrate Metabolism in Cell Cultures

The experiments to be reported in this thesis were made in an

attempt to provide some information on glucose utilization in cultures

of CSE-119 coho salmon embryonic cells. Also some effects of penta-

chiorophenol on the glucose metabolism were studied.

Many studies on carbohydrate metabolism have used mammalian

or avian cell lines. Specific comparisons between mammalian, avian

and fish cell lines are not always profitable because of differences

in culture conditions, media, genetics, and the cell types studied.

No attempt will be made to discuss all the literature on the metabolism

of glucose by cell cultures and only those articles which can be

directly related to the present experimental study will be included.

The metabolism of cell lines considered to be carcinomas or sarcomas
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will generally riot be discussed. Reviews of all these areas have been

published (79, 72, 92). While specific comparisons can not be

expected to provide a basis of prediction or allow a reasonable

statement of consistency between data derived from avian and mam-

malian cell cultures arid these derived from fish cell cultures, the

general principles developed from mammalian and avian studies

have some implications for fish cells.

Lactic Acid and Carbori Dioxide Production
from Glucose

The primary route for the metabolic distribution of glucose

fragments is the EM? pathway and the citric acid cycle. The end

product of the former is pyruvate or lactate and of the latter carbon

dioxide. Pyruvate is an intermediate in glycolysis and a source for

replenishing the citric acid cycle.

The first cell lines established from fish tissue were by Wolf

(94). Since then many lines have been established and there are

more extant cell lines derived from fish tissue than any other class

of vertebrates except mammals (79). These lines have been used

predominently in virology or genetic research. Studies concerning

the metabolism of fish cells are rare (95). The first such study was

made by Pilcher with others (73). With the CE-119 coho cells the

use of glucose arid the productipn of lactic acid were examined.
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Plicher found that, on the basis of cell number, fish cells use only

9% as much glucose as human cells and on a dry weight basis, 45%

as much. The molar ratio of lactic acid produced to glucose

utilized indicates that the proportion of glucose used, which appeared

as lactic acid was 74%, 80%, 66% and 26% during culture days 2-4,

4-6, 6-8 and 8-10. The 1d of CO2 per mg of dry weight per hour

(Q value) was distinctly below that of human embryonic cells,

indicating a lower level of aerobic glycolysis in fish cell lines than

in human cells. Also the pH decline is smaller than the decline

in mammalian cell lines, perhaps due to a smaller lactic acid

production.

It has generally been found that lactate production has a greater

magnitude than carbon dioxide production in mammalian and avian

cell cultures (18). However, this pattern can be altered by experi-

mental conditions or the cell type being studied.

Eagle (28), with several cell lines including human cervical

carcinoma (BeLa) and strain L fibroblasts, found that the amount of

lactate produced was determined by the choice of substrate and the

availability of glucose-6 -phosphate or by cell type. He also found

that high concentrations of glucose yielded high concentrations of

lactate.

Jones and Bonting (47) found that with primary embryonic chick

cells In roller tube cultures, carbon dioxide production was greater
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than lactate production. Only under conditions of excess glucose

could glycolytic end products accumulate to a greater degree than

the mass of carbon dioxide produced. With a glucose concentration

of I mg/mi, the ratio of lactate found to glucose used was 0. 18

mg/day to 1.90 mg/day. About days 6 to 8, lactate as well as

glucose decreased so that the ratio became 0.10 mg lactate lost/day

to 2. 03 rug glucose used. With an initial concentration of 5 mg/mi

the early total lactate gain in the medium was 1. 54 mg/day with a

glucose loss of 4. 3 mg/day and at days 6 to 8 the relation did not

change markedly, the lactate gain being 1.38 and the glucose loss

4. 1 mg/day.

Suschny with others (84) using primary monolayer cultures of

chick embryo fibroblats with uniformally labelled glucose-UL-

found that at a glucose concentration of 1 mg/mi 8.4% of the

injected activity was incorporated into lactate while 7. 5% was incor.-

porated into CO2. With an increase in the glucose concentration to

21 rrxg/rril 0.48% of the activity was found in lactate and 0.13% was

in CO2. Thus the ratio of lactate to CO2 was increased approximately

three fold with the increase in glucose concentration.

The free energy of the reaction glucose to lactic acid was taken

as 36 g cal per millimole and that of glucose to carbon dioxide was

686 g cal per millimole. On the basis of moles of glucose utilized

per cell per hour the ratio of lactate to carbon dioxide formed
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decreased from 16.2 to 3. 8 as the cells increased from 5.8 to 14.6

X i0; the ratio of the calculated free energy from glycolysis to that

from respiration dropped from 0. 92 to 0. 21 while the total calculated

energy supply per cell per hour varied only from 4.11 to 3.33 X

g cal per cell per hour. While a greater mass of glucose per cell

per hour was glycolyzed than was respired, greater free energy was

derived from respiration than from glycolysis and total free energy

derived from glucose per cell did not change markedly as the supply

of ghicose per cell was varied (84).

Broda with others (12) also using chick embryo fibroblasts and

the same experimental conditions similiarly found that as the

number of cells per unit quantity of glucose increased from 5. 8 X
5 5 1410 to 14.6 X 10 the incorporation of C fromglucose fell from

11450 dpm/48 hours to 9940 dprn/48 hours and the incOrporation into

CO2 increased from 707 dpm/48 hours to 2630 dpm/48 hours.

Rucker and others (80) with chick primary cultures and

glucose-UL-'4C also found that the amount of glucose utilized per

cell per hour for lactate production decreased and for respiration

increased with increasing number of cells. With a low cell concentra-

tion of 5 X cells/tube, glucose utilized for lactate production and

for CO2 production was respectively 5160 and 332 X 1014millirnoles

per cell per hour; and at 7.8 X 10 cells per tube corresponding

figures were 3360 and 380 X 10 millimoles per cell per hour and
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at 1 X 1O4 cells per tube, 2440 and 492 X millimoles per cell

per hour for lactate and for CO2 respectively. At 36 cal of free

energy per miUimole of glucose cpnverted to lactic acid and 686 cal

per millimole of glucose converted to carbon dioxide, 55, 68 and 79

percent of total free energy (glucose to lactic acid + glucose to car-

bon dioxide) came from carbon dioxide production. Increased incu-

bation time gives an increase in numbers and the increase in cell

numbers caused a shift to increased carbon dioxide production as a

source of energy. Eight hours incubation with 5 X JO3 cells/tube

initially, resulted in 32% of the total free energy from CO2 produc-

tion and at 72 hours 65% was from CO2 production.

Warshaw and Rosenthal (87) using chick heart tissue primary

cultures and glucose-i, 6 and UL-14C found that the oxidation of

glucose per unit mass of cells was highest when cells were plated

at low densities. With glucose-i -14C and a plating density of

i x 106 per flask, the radioactivity appearing as CO2 per mg cell

protein was 30000 cpm per hour. At a plating density of 4 io6 cells

the radioactivity from metabolized glucose which ended as CO2 was

reduced to 5000 cpm per tug of cell protein per hour. For cells

plated at an equal density the glucose-1-14C metabolized to CO2

declines from 10000 cpm to 2500 cpm per mg cell protein during 3

days of culture. The glucose-64C ending as CO2 stayed nearly

constant at 2000 cpm per mg cell protein. Carbon dioxide from
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glucose-6-14C remained nearly constant with the same numbers of

cells at 4000 cpm per rag cell protein. Lactate production also

decreased as plating density was increased. Lactate production

declined from 3.0 moles/rng cell protein per hour at 1 X cells

to 1.0 rnoles at 4 X 106 cells. It was felt that the shift was due to a

marked reduction in the use of the pentose phosphate pathway at the

higher cell concentrations. This deduction seems unlikely if the cells

were growing in total mass because of the increased need for pentoses

(Lidgerding). If cell concentration is significantly high, cell growth

in size or number of both would be less and produce a lowered need

of pentose per rpg of cell protein but not necessarily of the total cell

mass of the culture.

Kruse and Miedeina (51) with a variety of mammalian card-,

noma and sarcoma cell lies as well as- several non-malignant lines,

state that in perfusion culture there was a direct correlation between

glucose uptake In imoles X 10 per hour per cell and the increase

in cell numbers. Further, non-carcinoma fibroblasts had a glucose

uptake of 380 pmoles X 109/hour/cell between days 3 and 4 while

non-carcinoma epithelial cells had only 93 imoles uptake during the

same period.

Danes with others (22) in a comparative study with human

fibroblasts (L), chinese hamster fibroblasts (YS), human fetal liver

epithelial cells (HLM), human cervical carcinoma cells (HeLa) and
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mouse lymphorna cells (Y.-5 178Y) concluded; (1) The O consumption

of cell cultures is dependent both on culture conditions just prior to

measuring and on the concentration of certain metabolites in the

medium, (2) There is a time course of development for each cell

type and these responses fall into two categories. In the first

category, L cells and Y-5178Y cells, there was a rapid decline in 02

uptake after inoculation into fresh medium. TheL and Y-5178Y cells

had 1.06 and 0.47 l of 02 used per hour per cell X 10' in the first

24hours. The HeLa, HLMandyS cells had 15.00, 7.50 and 3.80

l/hour/cell X l0. The decline could be prevented by the addftion

of Krebs cycle intermediates to the medium. With a medium supple-

mented with Krebs cycle intermediates, the 02 used per hour per

cell increased to 8.07 and 0.88 p.l for the L and Y-5178Y cells. It

was also found that fibroblastic cells leaked more Krebs cycle inter-

'mediates to the medium than the HeLa cells. In 24 hours, 31.6 g

of Krebs cycle intermediates as pyruvic acid, were lost per ml of

medium by the L cells. In the same time period, HeLa cells lost

13.8 pg per ml of medium.

In the second category, HeLa, HLM and Y5 cells, a marked

reduction of CO2 production and an increase in lactate production

was shown. However, the increase was not as great as in the L

cells. It was concluded that the membrane of fibroblast cells is more

permeable to intermediate rnetaboljtes compared to epithelial cells,
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This opens the possibility of greater excretion to the medium of

metabolites made by fibroblasts.

Munyon and Merchant (66) with a suspension culture of L

strain 929 n-iouse fibroblasts examined the inter-relationships of

metabolites and glucose. The rate of glucose decrease was most

rapid in the first hours of growth. In the first 24 hours, glucose

decreased at a rate of 33 igX 106/cell/hour, in the second 24 hours

-6a decrease of 10 g X 10 /cell/hour was found. With a glucose

concentration of 0. 2 mg/mI, lactate was also taken up at a rate of

3 g X 106/cell/hour. At the end of the log growth phase lactate was

again taken up at a rate of 0.25 g X 106/cell/hour, and glucose

uptake stowed to 3 ig X 106/cell/hour. At the end of the plateau

phase glucose was exhausted and lactate was used at a rate of 0.2 1.g

X 106/cell/hour.

Cristofalo and Kritchevsky (19) using the human diploid cell

strain WI-38, examined growth and lactate production in monolayer

cultures. After an jnitial lag phase lactate production proceeded at a

rate which paralleled the rate of cell division and the ratio of glucose

used to lactate formed was 1:2. They also found that when the culture

cells were confluent more lactate was produced than could be accoun

ted for from glucose utilized and that other hexoses could be sub-

stituted for glucose.

Crockett and Leslie (20) using human fetal liver cells (HLM)
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and glucose.UL-14C found, at a glucose concentration of 2 rng/rril,

a molar ratio of lactic acid and a oxo-acids formed to glucose used

of 1.64. The molar ratio was 0.61 when the glucose concentration

was increased to 5 mg/mi. At a glucose concentration of 2 mg/mi,

9% of the metabolized glucose was found as CO . When the glucose
2

concentration was increased to 5 mg/mi, 25% of the metaboiize4

glucose was converted to CO2.

Paul and Pearson (68, 69) in studying the transition period from

in vivo to in vitro of heart and liver cells from embryonic chicks con-

cluded that, in heart tissue, in the first few hours more lactate was

made than could be accounted for by available glucose used. After 24

hours the lactate found was 70% of the glucose used and in the final

growth phases lactate, pyruvate and glucose were used. In the liver

cells, the medium lactate concentration decreased 0. 165 mg/mi in

the first 24 hours and there was an increase in the concentration of

glucose in the medium from 1.451 mg/mi to 1.524 mg/nil. Simul-

taneously there was the production of 12.5 mg/mi of pyruvate by the

tissue. Use of O was high at the start but decreased to a low level

and remained there as the cells continued to grow. It was felt that

the increase in hexose and pyruvate concentrations came from

endogenous carbohydrates. Later in the growth cycle 0.107 mg/mi

of glucose and 4.5 mg/mi of pyruvate were used per24 hours and

0.014 mg/mi of lactate were produced. With both the heart and liver
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tissues, it was felt that the alteration of environmental conditions in

establishing the cultures played a vital role in the metabolic shifts.

De Luca and Nitowsky (27), in a study with human cell lines,

examined the variation in enzyme activities during growth. They

found regular, sequential variation in lactate acid dehydrogenase

(LDH). The concentration of cellular LDH steadily increased and

then declined. LDH was also found to leak out of the cells into the

medium. At the end of nine days 39% of the LDH, present in the

medium, had beenlost. This loss was not enough to explain the

decrease in cellular LDH. During growth large amounts of lactate

also accumulated in the medium and the possibility of feedback

inhibition or repression might occur. However, early in the growth

period lactate and LDH were both increasing and lactate was there-p

fore discounted as a modifier of the LDH activity. The variation

could also not be correlated with glucose utilization. It was felt that

since cells in culture lack several enzymes for the generation of

nicotinamide adenine dinucleotide (NAD) the cells depend on LDH to

fulfill this role. The decline in LDH wa felt to be due to a balance

between the amounts of NAD and reduced nicotinamide adenine

diiucle otide (NADH2).

Pyruvic and Other Organic Acids

Little information, from cell culture studies, is available
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concerning changes in pyruvate concentration or radioactive incor-

poration from glucose precursors. Wilson (93) with chick tissue

found that pyruvate was rapidly used by the cells and the concentra-

tion fell almost to zero in 28 hours either with or without glucose

present. Hence, for the cells to remain viable pyruvate must under-

go a rapid turnover.

Abdel-Tawad with others (1) using primary chick embryo fibro-

blasts found that the average amount of each keto acid within the cell

increased in parallel with the supply of glucose. It was also found

that pyruvic acid diffused from the cell-s to the medium where lactic

acid dehydrogenase (LDH) converted it to lactate. The medium

receives the LDH from dying cells. The total quantity of pyruvic

acid was always found to be higher in the medium than in the cells,

but due to the volume of the cells relative to the volume of the

medium, the concentration of py-ruvic acid is always less in the

medium than in the cells.

Mounib (65) using the ovarian tissue of the cod examined the

utilization of pyruvate. He found in many intermediates of the

tricarboxycyclic acid cycle. In studies using singly labelled pyruvate,

the ovarian tissues oxidized C-i of py-ruvate in preference to C-2 or

C-3. This indicated that oxidative decarboxylation of pyruvate was

taking place. Pyruvate was also reduced to lactate. Both the oxida-

tive decarboxylation and reduction of pyruvate do not account for all



25

pyruvate utilized by the ovarian tissue; thus suggestingotherreac-

tions are taking place. Carbon-14 pyruvate labelled in any position

could incorporate the radioactivity into malate, oxaloacetate, and

ketoglutarate, aspartate and glutamate; thus suggesUng a CO2

fixation with pyruvate.

Westfall and others (91) with eleven mammalian cell strains

found that cells excrete excess ketoacicis to the medium, In the

absence of cells little change occurred in the a keto acid concentra-

tion of the medium. With L-929 mouse sarcoma fibroblasts, 430

moles of keto acids per 100 X 10 cells enter the medium presum-

ably by leaking through the cell membrane. Since the a keto acids

produced had to come from the cells they may be an index of

metabolic activity of the cells.

Be sides the study of Pilcher and others (73), Kleeman (50)

produced the only other study of the metabolism of fish cell cultures

encountered. He found that salmonid cells can grow in free gas

exchange with atmosphere derived from room air. This sets them

apart from mammalian cells which are frequently grown in 5%

carbon dioxide in room air. Also it was demonstrated that oxalo-

acetate supplemented medium did not markedly enhance growth.

Therefore Kleeman suggested that pyruvate or phosphoenolpyruvate

condensation with CO2 to oxaloacetate is not an active mechanism

in fish cells.
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Pentose Phosphate Pathway

Crockett and Leslie (20) using human fetal liver cells and

glucose-i, 6}4C found, that 10-20% of the glucose was utilized by

way of the pentose phosphate pathway and 4-8% to CO2 by the Krebs

cycle. More actively respiring cultures with higher rates of carbon

dioxide production also incorporated a higher proportion of the

glucose carbon into cell components.

Pledger and Polatriick (74) using bovine kidney cells and glucose-

1, 2 and 6i4C state that 4% of the glucose was metabolized by the

pentose phosphate pathway. Small amounts of activity were found in

pyruvic acid and the relative molar specific acUvity of lactate to

specific activity of glucose was between 0. 3 nd 0.5. Only slight

radioactivity was found in CO2. (As most CO2 would come from C-3

and C-4 of glucose very little radioactivity should be expected. More

important would be the mass of CO2 formed (Lidgerding).) By corn-
14 14parison of the rates of glucose-i - C and glucose-6- C incorpora-

tion by mouse fibroblasts into CO2, 22-27% of the glucose metabolized

appeared to go th-ough the pentose phosphate pathway.

Glucose Isomerases

Rheinwald (77), using mammalian cells, demonstrated that

serum supplements provided enough enzymes, principally arnylases
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and maltase, to permit rapid growth from sources other than glucose.

Some carbohydrates were supplied in the serum supplements as well

as by specific inclusion in the medium. Due to the slow liberation of

glucose from secondary sources the cell cultures produced less

lactic acid if glucose had not been specifically included in the medium,

and the medium did rtot become as acidic

Amino Acids

It has been gene rUy established, by nutritional studies in vivo

in mammals, that the carbon skeleton for alanine, glycine, serine,

glutamic acid, aspartic acid and proline can come from glucose

(52). The results of studies with labelled metabolic precursors are

generally in agreement with the nutritional studies (56).

Fischer (30) found labelled alanine, glycine, serine, glutamic

acid, aspartic acid and proline in cultures of chick fibroblasts con-

taming
glucose-UL-14c. Markert (59) in explants of chick tissue

found that cysteine could also be labelled from glucose. Lucy with

others (56) in cultures of mouse myoblasts found radioactivity from

glucose precursors in the following metabolites in order of

decreasing incorporation: glutarnic acid, aspartic acid, glycine,
14serine, alanine and proline. Eagle (28) with glucose-UL- C in

cultures of mammalian cells found that the same amino acids plus

cysteine were labelled. However, the order of maximum
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cultures and a high degree of glucose specific activity added throenine

to the list of amino acids able to incorporate a glncose fragment.

Chung with others (16) examined 16 different mammalian lines for

amino acid synthesis. He found all lines synthesized at least six

amino acids from glucose; alanine, glycine, aspartic acid, glutamic

acid, serine and threonine. Also one line of mouse fibroblasts,

L-929, synthesized cysteine.

Hence, cell lines appear to have the capacity to synthesize

various amino acids from glucose and variations are most likely a

reflection of cell type cultured and composition of the medium. How-

ever,, generally glutarrtic acid, aspartic acid, alanine, g].ycine,

serine, and proline are produced. Occasionally cysteine, cystine,

and threonine can also have carbons incorporated from glucose.

Kitos and Waymouth (49) found with mouse fibroblasts and a

serum free medium that glucose-1-14C and glucose-6-'4C were

converted tolabelled lactate, CO2, glutarnic acid, alanine, lycine

and serine. After 14 hours of incubation with glucose-6.4C 3% of

the administered radioactivity was found as CO2, 11% was found in

the cells and 85% was still in the medium. On resolving the radio-

activity in the medium it was found that 53% of the activity was as

glucose and serine, 17% as lactate, 12% as alanlne, 11% as glutamic

acid and 7% as glycine. When the cells were grown in a medium
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deficient in glutamic acid, aspartic acid and glutamine, Z9% of the

administered radioactivity was found as CO2. Of the activity

recovered in the medium, lactate accounted for 28%, glucose and

serine 61%, glutamic acid and glycine 8% and alanine 3%.

Lipids

Few tissue culture studies have been performed to examine the

specific inforporation of labelled glucose into lipid material. This

probably depends on the concept that free fatty acids and triglycerides

in the medium provide most if not all the needs of cultured cells for

lipid synthesis precursors (3, 4, 45).

Bailey (4) after a study with mouse lymphoblast cells, stated

that cellular lipid is almost exclusively derived from medium free

fatty acids and triglycerides. However, he did find that a net syn-

thesis of 25% of cellular lipids could occur in the initial culture per-

lod if glucose was in excess. Under prolonged culture there was a

net 11% degradation of lipids by- the cells. Bailey with others (5)

found, with mouse fibroblast cells, that the cells did utilize serum

lipid precursors but under conditions of limited serum concentration

thernajor portion of cellular lipids was made by de novo synthesis

from glucose. In synthetic serum free media where de novo synthesis

was found to be active, the addition of serum diminished the lipid

synthesis.
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Howard and Kritchevsky (45) using the human diploid cell

strain WI-38 and fibroblast cells in monolayer cultures with

glucose-UL-MC found that only Z.2% of ceijular free fatty acids came

from serum triglycerides and 0. 49% from cell synthesis. Ninety-

eight percent of the cellular lipid was from serum free fatty acids.

Geyer (35) pointed out that excretion of lipids into the medium can also

occur and that with serum present lipids are rea.dil.y- lost from cells.

Hanes (38) using the CSE-119 coho salmon cells demonstrated

a selective cataboUsm and anabolism of fatty acids. The cultures

consumed saturated acids, removed monene acids from the medium

and stored them in cells while synthesizing branch chain and poly-

unsaturated fatty acids. Under reasonably comparable but not identi-

cal conditions to those used by Lidgerding, in this thesis, Hanes

found an increase in cell numbers of 195 millions in 10 days with a

gain of 36. 6 mg in dry weight and 3. 9 mg in fatty acids. On a weight!

weight basis the cells were 0. 898% water. Volume of media tovolume

f cells was 240:1 at the end of 10 days. Over 10 days 2.8 mg of

fatty acids were lost from med.um plus cells; 16 of the fatty acids

identified, in the medium and cells used by Hanes, decreased and

23 increased in amounts between day 0 and day 10 of the culture

period. The decrease in 16:0 approximated 2 mg and in 18:0 and

18:1 (1)9 one mg. Gains were 0.47, 0.40 and 0.22mg for 18:2a9,

18:3(1)9 and 1:1 u7; total gains of the 23 acids gaining were 1.2 mg.
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Overall during the period between day 0 and day 10 the medium lost

6. 5 mg of fatty acids and the cells gained 3. 9 mg of fatty acids. For

medium plus cel.s there was a nepformation of 1,2 mg of fatty acid

mass not present originally.

Pent3chlorophenol

Studies on the effects f pehtacblorophenol, involving intact

animals of many species, are numerous and an excellent review has

been published by Benevue and Beckman (9). The only cell culture

studies encountered, involving pentachiorophenol, were those of

Hanes (38).

It has been suggested that pentachiorophenol exerts its toxic

effect by uncoupling oxidativephosphorylati'on (88).:. Pentachlr:o-

phenol has also been reported to decrease enzymaic activity of fish

tissue (15). If pentachlorophenol interfers with the formation of

aclenosine triphosphat (ATP) it should alter carbohydrate metabolism.

I-lanes (38) found that pentachiorophenol, at 66 mg/liter, inhibited the

growth of CSE-119 coho salmon cells by 50% over a seven day period

and also that inhibition of growth was a 1i.nea function of the con-

centration of sodium pentachlo rophenol.

Dry weight, fatty acid content and organic matter of cells after

10 days growth were reduced by concentrations of 40 and 80 mg per

liter of sodium pentachiorophenol. Cell numbers, population volume,
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ash and nitrogen content of the cell mass were also reduced by 80

rng per liter of sodium pentachiorophenol. While the cell number

was reduced in populations exposed to 80 mg per liter the average

cell in these populations bad more volume, dry matter, ash residue,

idtrogen and fatty acid than did the average cell of the controls. Both

populations removed fats from the media.
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MATERIALS AND METHODS

The primary objective of the work here presented was to obtain

information on glucose metabolism in cultures of the heteroploid,

fibroblast-like cell line CSE-119 derived from coho salmon embryonic

tissue. Orientation experiments indicated that extensive limitations

had to be placed on. the data collected. The most significant lirnita-

tion was placed on the amount of glassware available and the time

required for its specialized preparation.

A second limitation was the time and materials required for the

maintenance and sub-culturing of large stock populations of cells.

Another limitation was the space available for the incubation of a

large number of 32 oz culture bottles.

Standard, 32 oz glass culture bottles were used for all cell

growth. Each bottle had a growth surface of 8. 7 x 16. 8 cm which

yielded an area of 146. 2 square cm per bottle on which cells could

attach and grow.

Two bottles were used for each growth period.

In the following paragraphs physical equipment and procedures

for the research will be discussed first; then chemicals, chemical

equipment and chemical procedures. Next the cell line, methods of

sub-culturing, and cell incubation will be covered. Last will be a

discussion of the chemical separations and activity analysis.
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Physical Equipment and Procedures

All glassware used with the cells was thoroughly washed in tap

water with Microsolv (Microbiological Associates) and rinsed ten

times with tap water. Seven final rinses were made with distilled

deionized water. Reduction in volumes of solutions was accomplished

by use of a Rinco Rotary Flash Evaporator with the water bath at

35 C. All samples harvested from the medium and the cell material

were stored frozen at -ZOC.

All optical density readings were made with a matched set of

four pyrex cuvettes (Beckman Instruments). One cuvette contained a

blank sample, the three remaining cuvettes unknown samples. The

Beckman DU-2 spectrophotometer was zeroed with the blank and then

the absorbance of the unknown samples was recorded. The cuvettes

containing the unknown samples were washed with a soap solution

and rinsed with acetone and dried. New unknown samples were then

added to the cuvettes and the process repeated.

Chemicals

All chemicals were A. R. grade if available. Amino acids,

vitamins, sodium pyruvate, glutamine, trypsin and fetal bovine serum

were obtained from Flow Laboratories. Penicillin and streptomycin

were obtained fromMic robiological As sociates. Crystalline
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glucose-6-14C was obtained from New England Nuclear in 50 micro-

curie (i.Ci) quantities. This amount was dissolved in 5. 0 ml of water

and filter sterilized through a Millipore membrane of 0. 22 i average

pore diameter in a Swinny filter. The final solution had an activity

near 1.0 1iCi per 0.1 ml.

CSE.il9 Cell Line and Culture Techniques

The cell line used was derived by Fryer, Yusha and Pilcher

(34) from minced, trypsinized coho salmon embryonic tissue

(Oncorhynchus kisutch, Walbam). The cell line had been designated

CSE-.119 (34). The CSE-119 cell line is heteroploid and fibroblast-

like and had goie through 95 culture passages when these experiments

were begun. When necessary, additional cultures were initiated from

stocks frozen in liquid nitrogen in 1967.

The following temporal sequence of events was adopted in

developing sub-cultures of the CSE-119's:

A. Separation of cells from medium. The spent medium was drawn

off from 10 day old successful cultures. The cells were

removed from the glass surface with 0. 2% tryp sin solution in

GKN and were concentrated by centrifugation at 1000 rpm (284

X g) for ten minutes in an International Centrifuge Series L,

Model U. One or more such cell pellets from mature cultures

were resuspended and distributed in 10.0 ml of Eagles Minimum
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Essential Medium with 10% fetal bovine serum (MEM + 10%)

by repeatedly passing the suspension 15 x through a 10 n-il

pipette (Table 1).

B. Preparation of sub-cultures. A 0.5 rnlaliquot from the 10.0

ml of MEM + 10% with cells resuspended was placed in a test

tube (A) and diluted with a further 4.5 nil of MEM + 10% to give

5.0 ml of a diluted suspension. The test tube (A) was shaken

and a 0. 5 ml. aliquo of the diluted suspension was removed and

placed in a test tube (B) with 1.5 ml of 0.2% crystal violet in

0. 1 M citric acid and shaken 25 times.

Portions of the suspension in tube (B) were placed in an.A-O

SperLcer Hemacyorneter. The nuclei appearing in all thne square

millimeter areas of the upper chamber and then the nuclei in all nine

square millimeter areas of the lower chamber of the hemacytorneter,

were counted with a light microscope at lOOx magnification. The

chambers of the hemacytometer were cleaned, dried, and filled

twice more. The procedure gave a total of six counts which were

ave raged.

On the basis of the average from the six counts with the hemacy-

tometer the remaining 9. 5 ml of the original suspension (Tube A) were

diluted withMEM + 10% to give a final concentration of 4 X 10 cells!

ml. Fifty ml of the diluted suspension, containing a total of 2 X IQ

cells, were run into a 32 oz prescription bottle. The bottle was
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sealed and placed on its flat surface in an incubator at 23 C. The

bottles were closed with white latex non-toxic stoppers (West Co.)

and the necks covered with aluminum foil. For maintenance, the

culture media was changed every three days and the cultures sub-

cultured every ten to twelve days.

It was determined, by microscopic examination, that virtually

all viable cells had attached to the glass surface after six hours.

This was taken as the initial sampling time. Some sub-cultures were

used to provide for contamination checks of the CSE-119 line, some

were used to yield control information and continue stock populations

and others for the study of the carbohydrate metabolism of the CSE-

119 line.

The sterility of each new cell suspension was checked by

inoculating 1 ml of the final suspension containing 4 X 1O cells/mi

into 10 ml of thi.oglycolate medium (Baltimore Biological Labora-

tories) and into 7 ml of Mycoplasma Broth (Pfizer Co.). Sterility

checks were incubated at 37 C for two and four weeks respectively.

The cell cultures were considered free of contamination if no growth

was recorded after two weeks in the thioglycolate medium and after

four weeks in mycoplasma broth.

Culture Medium

The culture fluid used was Eagles Minimum Essential Medium



(28) without phenol red and supplemented with 10% fetal bovine

serum. Penicillin at 100 units/mi and streptomycin at 100 g/ml

final concentration were included in the nutrient medium. Phenol

red was not included in the medium in order to prevent its interference

in ion exchange separations and the counting of radioactivity.

Radioactive Glucose

Introduction to Culture

When 22-24 simultaneous cell cultures were available, with

2 X 1O7 cell in 50 ml of medium, two microcuries of glucose-6-14C

were added to each of four cell cultures and facets of the distribution

of radioactivity were studied six hours later in two and 24 hours later

in the other two To allow studies of the glucose metabolism as the

cultures matured, at the beginning of each succeeding 24 hour period,

(24, 48, 72 , . . 216 hours after starting the subcultures) labelled

glucose was introduced into cell cultures in two additional bottles.

Facets of the distribution of the radioactivity in these cultures were

studied 24 hours after the introduction of the glucose-6)4C.

Harvestin of Cultures

The radioactive cultures were harvested by drawing off the

spent media and rinsing the cell layer in each bottle three times wfth
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10 ml of 1X Hanks Balanced Salt Solution (BSS) minus glucose (Table

1), The rinses were added to the spent media. The cell layer was

then removed with 0. 1% trypsin solution and/or a rubber policeman.

The surface of each bottle was rinsed 3 x with 10 ml of lx Hanks BSS

minus glucose and the rinses pooled with the harvested cells. The

cells were separated by ceiitrifugation at 1000 rpm (284 x g) for 10

minutes and the supernatant was retained for further analysis.

pration Sequence

Fractions containing proteinaceous material, lipids, amino

acids, lactic acid, pyruvic acid, other organic acids and glucose were

specifically isolated from the spent media (Figure 1). After the

removal of the proteinaceous material by cold 10% trichioroactic

acid (TCA), the lipids were removed by a sequential ether-hexane

extraction. The remaining isolates were obtained by Dowex 50

and Dowex 1 sequential ion exchange chromatography. Glucose was

specifically isolated as the effluent from the Dowex 1 iou exchange

resin.

Dowex 50 H+ cation exchange resin, 100-200 mesh, 8% cross-

linked (Sigma Chemical Co.) was used to separate the amino acids.

Dowex 1 (formate form) anion exchange resin 200-400 mesh, 8%

crosslinked was used to separate lactic acid, pyruvic acid and other

organic acids.



40

Dowex 50 Cation Exchange Resin

A quantity of Dowex 50 resin was washed and decanted

several times with water to remove the fine partiáles. The slurry

was then poured into a 25 n-il glass burette which was stoppe red at

the bottom with glass wool and the resin allowed to settle to a bed

height of 17 cm. The packing of the column was completed by rinsing

the resin with a volume of water equal to the colurne of water retained

by the resin. Tbi volume is the bed volume. Several bed volumes

of water were passed through the resin to complete the packing. A

filter paper disc was placed on top of the resin to prevent disruption

upon addition of samples to be separated into components.

Dowex 1 (Formate) Anion Exchange Resin

Prior to use the Dowex 1 resin was converted from the chloride

to the formate form. This conversion was made by repeatedly washing

a quantity of resin with 1 M sodium formate. The absence o

precipitation or cloudiness, in the water rinse, on the addition of an

acidic solution of 10% AgNO3 was used to indicate the absence of the

Cl ion (14). Approximately two liters of 1 M sodium formate were

needed to convert enough resin for six columns with 11 cm bed

height, After conversion the resin was washed several times with

water to remove excess forrnate and poured into a glass wool
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stoppered burette. Packing was completed by the passage of several

bed volumes through the column and again a filter paper disc placed

on top of the resin.

Separation of Spent Culture Medium into Components

The flowex 50 resin was eluted with 50 ml of 2 N HC1 at a flow

rate of approximately 1 ml per minute (17).

The Dowex 1 resin was eluted by a linear gradient of formic

acid (14). In the resin a linear gradient of acidity was achieved by

using an apparatus which consisted of a reservoir of 6 N formic

acid, a mixing Llas and a delivery tube to the resin column, The

reservoir contained 500 'p1 of 6 N formic acid and the mixing flask

210 ml o water. To insure complete mixing of the concentrated acid

with the water, the mixing flask contained a plastic coated magnetic

stirring bar and was placed on a magnetic stirring motor. Before

placing the delivery tube inside the resin column, water was allowed

to pass through to displace air in the tube. The tip of the delivery

tube was then placed just below the fluid level inside the burette with

its resin column. In this way a volume of several ml of fluid was

maintained above the resin. T his volume served as a small mixing

volume to insure a gradual increase in acidity in the resin column.

The top of the burette was sealed with non-hardening Plasticine

(Habutts Co.). The Plasticjne seal assured the system being air
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tight. The column was put in operation by opening the valves

between (1) the reservoir and the mixing flask, (2) between the

mixing flask and devliery tube and (3) the stopcock at the bottom

of the burette. The stopcock position was adjusted to deliver a

flow of 0.7-0.8 ml per minute. This flow rate was maintained for

the 300 ml of eluate. The magnetic stirrer was run at a slow to

moderate speed. After elution resins were removed from the

burettes rinsed with water several times and the columns repacked.

New iesin was used for each new set of 22 sub-cultures.

Analytical Sea rations

Proteins

The initial harvested volume of medium plus rinses was reduced

to approdmately- 30 ml by- rotary flash evaporator in conjunction

with a 35 C water bath. The 30 ml sample was deproteinized with

2. 5 volumes of cold 10% TCA. Maximum precipitation of protein

occurred in twenty minutes at room temperature. The acidified

sample was centrifuged for twenty minutes at 0 C in a Sorvall

Superspeed Centrifuge Model RC 2.-B. The protein pellet was

resuspended in water and examined for radioactivity. The super-

natant was evaporated to approximately 30 ml and will be referred to

as supernatant A.1
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Frequently, upon evaporation of the supernatant, additional

material was precipitated. This was removed by repeating the

centrifugation. This precipitated material had no radioactivity and

was discarded.

Lipids

Lipid material was removed by mixing supernatant A three

times with equal volumes of anhydrous ethyl ether and allowing phase

separation in a, separatory funnel after each addition of ether. The

phase remaining after three ether extractions was labelled water

phase A. The three ether phases were combined and evaporated to

10 ml. After evaporation the residual volume was increased approxi-

mately three fold with water and placed in a separatory funnel. Five

ini of normal hexane were added, and the mixture was shaken and

allowed to stand for five minutes at room temperature. The hexane

layer was drawn off into a scintillation vial and the hexane extraction

repeated. The hexane layers were pooled in the scintillation vial,

allowed to evaporate under a fume hood and the residue taken up in

10 ml of Aquasol Universal Liquid Scintillation Cocktail (New

England Nuclear). The residue from hexane was labelled lipid. The

residual water layer, after hexane removal, had no radioactivity and

was discarded.
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Amino Acids

Water phase A was reduced by- evaporation to approximately

5 nil; the pH adjusted to 2. 2 with 2 N KON; and the sample added in

aliquots to the column with Dowex 50 resin. After the sample was

absorbed onto the resin the column was rinsed with 40 ml of water

to wash through acidic and neutral substances (17). The completeness

of the resin washing was determined by monitoring the effluent for

radioactivity. The effluent was separated into a sequence of four

10 ml volumes (effluents A, B, C and D). One ml was removed from

each of the effluenta for radioactivity analysi.

The resin column was then eluted with 50 nil of 2 N HC1 to

remove the amino acids (17). The acid eluate was evaporated to

dryness, the residue taken up in water, and reevaporated several

times to remove the mineral acid. After the final evaporation the

residue was taken up in 2 ml of water and transferred to a scintil-

lation vial for 4C activity analysis of the amino acids (Procedure
A).

an alternate procedure, a 2 ml aliquot of the 2 N HCL eluate

was taken, placed in a scintillation vial and counted as the amino acid

fraction. Total incorporation into amiuo acids was then determined

by multiplication with the correct dilution factor (Procedure B).
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Glucose

The effluents (A, B, C and D) from the Dowex 50 resin column,

containing the neutral and acidic substances, were evaporated to

approximately 2 ml and neutralized to a pH of 7. 0 with 2 N KOH. If

several ml of 2 N KOH were required for neutralization the effluent

was reevaporated to approximately 2 ml. and the pH readjusted.

The sample was absorbed onto the Dowex 1 formate resin

column and rinsed with 40 ml. of water to wash through neutral sub-

stances. This effluent (E) contained the glucose fraction and was

retained for further analysis.

Glucose content was evaluated by the anthrone method of

Bartlett (8). An aliquot was removed from effluent E and increased

to 2 ml, and then 4 ml of 0. 2% anthrone in 95% sulfuric acid were

added. The sample immediately mixed, placed in an ice bath and

subsequently heated to 100 C for ten minutes. The sample was

allowed to come to room temperature and the absorbance at 630 m

read using a DU-2Beckman Spectrophotometer. The remaining

sample was slowly evaporated in a 35 C drying oven and transferred

to a scintillation vial.

TheDowex 1 resin was then eluted by a linear gradient of

increasing concentration of formic acid up to a total of 300 ml of

eluate (14). The linearity of the gradient was checiced by plotting



the pH in any 5 ml. against the eluate volume up to and including the

S ml selected.

Lactate

Lactate was found within the 35th and 50th ml. of eluate and

between an eluate pH of 2.45 and 2. 15. The position of the peak

was determined by the volume passed through the column and the pH

at the beginning of the peak.

The specificity of the lactate peak had been determined by

analyzing solutions which contained known amounts of lactate.

Lactate was evaluated using the technique of Barker arLd

Summerson (7). To a neutralized 2 nil aliquot of the lactate sample

(ml #35 to ml #50), of the eluate 1 ml of 20% CuSO4 was added. The

mixture was immediately shaken and allowed to stand at room tern-

perature for at least one half hour. The mixture was then centrifuged

at 1000 rpm (284 x g) for 20 minutes and 1 ml of the supernatant

carefully withdrawn keeping the tip of the pipette free from surface

film; to the 1 ml of supernatant 0, 05 nil of 4% CuSO4 was added and

with constant stirring 6 ml of 95% sulfuric acid was run in to the

mixture by burette, in order to convert the lactate to acetaldehyde.

The tubes were heated in a boiling water bath for 5 minutes and then

cooled to below 20 C in an ice bath. After cooling 0. 1 ml of a 1. 5%

para-hydoxy dipheny-iphenol (Eastman Chemical Co.) solution was
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added to react with the aldehyde, and the tube heated, with occasional

stirring, at 30 C for 30 minutes. The samples were then placed in

a boiling water bath for 90 seconds, removed, allowed to come to

room temperature and the absorbance read at 560 mi.. The remaining

lactate sample was placed in a 35 C drying oven and the water slowly

evaporated off before transfer to a scintillation vial.

Pyruvate

Pyruvate emerged at a pH between1.75 and 1.65 and at eluate

volumes between 108 to 120 ml. The specificity of the pyruvate had

also been determined by analyzing solutions which contained known

amounts of pyruvate.

Pyruvate was determined by the method of Freidmanu and

Haugen (33). A sample aliquot was increased to 3 ml and warmed

at 25 C for 10 minutes. After warming, 1 ml of a 1% solution of 2-4

dinitrophenol hydrazine (Eastmann Chemical Co.) was added. After

5 minutes at room temperature 8 ml of ethyl acetate was added and

the solution mixed for2 minutes by passing a stream of air through

a. pipette whose tiprested on the bottom of the test tube. The lower

layer, water, was discarded and 6 ml of 10% Na7CO3 solution were

added and the mixing repeated. Five ml of the carbonate layer were

removed and 5 ml. of 2 N NaQH added. This was shaken and after 10

minutes absorbance was read at 520 rn. The remaining samplewas



placed in a 35 C drying oven and the water slowly evaporated before

transfer to a scintillation vial.

Organic Acids

The remaining 273 nil of eluate after separating the lactic and

pyruvic acid fractions was combined as the organic acid fraction. A

2 ml aliquot of the combined eluate was taken to a scintillation vial

to be counted as organic acids. The total sample activity was ob-

tamed by multiplication with the correct dilution factor.

Since formic acid can interfere with the colorimetrc deter-

minations of both lactate and pyruvate a blank sample was assayed

to determine the degree of interference (14). The sham samplewas

placed on the Dowex 1 forrnate form resin column and a normal

elution performed. The eluate emerging at the peaks corresponding

to the lactate and pyruvate fractions were isolated and treated as

samples. In the lactate determination formic acid introduced no

interference but formic acid did give a positive reading in the test

for pyruvate. When appropriate, subsequent absorbance values

obtained in the pyruvate determination were corrected for the

formic acid absorbance.

Experiments were also performed to determine the amount of

glucose, lactate, and pyruvate that could be recovered using this

separation procedure. Standard solutions for each individual
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compound, were prepared and treated as samples. Aliquots were

taken at steps during the separation to determine loss and the final

product analyzed to determine the yield for each particular compound,

Combination samples were also examined. Also sham samples con-

taming a combination of lactate, pyruvate arid glucose were analyzed

to determine interference in the specificity of separate peaks.

Quantitative Values

Experimental quantitative values for glucoe, lactate and

pyruvate were obtained using standard absorbance curves. The

absorbance curves were developed by plotting the absorbanco against

increasing concentration of each compound. The absorbance of

blank samples was also obtained. Regression equations were

developed for the relationship between absorbance and concentration

for each substance studied.

Radioactivity Analysis for Beta Activity

From C Atoms

Analysis of the fractions for incorporation o was carried

out on a Packard TriCarb Liquid Scintillation Counter Model 3535.

Samples which were evaporated to near dryness were prepared for

counting by- adding 10 mi of Aquasol Universal Scintillation Cocktail

to the scintillation vials. Background activity was determined on a
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sham sample and the counter set for automatic background sub-

traction.

Queich curves were developed by adding 0. 1 Ci of glucose-6-

to 10 ml of Aquasol; next from 0. 1 to 1.5 ml of 0. 2% phenol red

was added. To insure an equal volume per sample vial water was

added to give all samples a volume of 11 5 ml. After counting,

regression equations were calculated for the relationship between

sample counting efficiency and the channels ratio and/or automatic

external standard value. Subsequent corrections for sample counting

efficiency were made using these regression equations.

The cell pellets were thawed and rinsed into scintillation vials

and 10 n-il of Aquasol added. Several hours at room temperature were

required for digestion of the cell pellet before the radioactivity was

determined.
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Table 1.. Cell Culture Solutions.

Hankst Balanced Salt Solution (BSS)

The terms 10 X and 1 X identify relative solution concentrations
with 1 X being the working concentration.

BSS (10 X) Without Phenol Red

NaC1 80.0 g

1CC1 4.Og

MgSO47 H20 2. 0 g

NaH2PO4HO 0.6g

KH2PO4 0.6 g

CaC12 1. 4 g (added last as a
solution)

Phenol Red 100 ml of 0. 2% solution

(Phenol Red ws added during routine propagation of
CSE-119 cells..)

BSS (1 X)

(10 X) BSS 100 ml

Glucose 1.0 g

Make to 1. 0 liter, aitoc1ave and store at 4 C.

Eagle's Minimum Essential Medium (MEM)

All components must be sterile

Hank's (1 X) BSS without phenol red 182 n1

l0%NaHCO3 4m1

(50 X) MEM essential amino acids-'1 4 ml
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Table L Cortinued.

(100 X) MEM non-essential amino acids' 2 ml

(100 X) Sodium pyruvate' 2 ml

(100 X) MEM vitamin mixture' 2 ml

Culture Medium Employed

All components must be sterile

Eagle's MEM 196 ml

Fetal Bovine serum 20 ml

Penicillin- St re ptomycin mixture 2 ml
(5000 units each/ml)!

Glutamine (50 X1 2 ml

(10 X) GKN Solution

NaC1 80.Og

KCI 4.Og

Glucose 10. 0 g

Make to 1. 0 liter, autoclave and store at 4 C.

Trypsin Solution Used

Trypsin (Difco 1/250 stock)' 2. 0

(10 X) GKN Solution 100 ml

Rinse reagents into 1 liter volumetric flask and add water to
approximately 900 ml. Add 10% NaCHO3 till pH near 7 and
stir; hold and stir overnight at 4 C; make final pH 7. 4 with
additional 10% NaHCO3, bring volume to 1. 0 liter, filter,
sterilize and store frozen.
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Table 1. Continued.

Analysis of 100 ml of MEM + 10%

Glucose 107. 8 rug

Lactate 5. mg

Pyruvate 16. 6 rug

Protein 439. 0 mgi'

Lipid 127. 0 mg

Specific activities of Glucose-6)4C as purchased"

(1) 100 iCi/Z0pM of glcos

(2) 100 iCi/27 M of glucose

(3) 100 iCif 24 .tM of glucose

(4) 100 jiCif 22 iM of glucose

'1Acquired from Flow Lahbraoies, Inglewood, Caljfornia

b/Acquired from Difco Laboratories, Detroit, Michigan

Olmsted (67).

Acquired from New England Nuclear, oston, Massachusetts.
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OBSERVATIONS AND DISCUSSION

In order to more accurately interpret the metabolic data col-

lected when cells were present, several orientation studies, on

medium containing no cells, were required. Thus, it was important

to determine the initial glucose in MEM + 10% (Eaglet s Minimum

Essential Medium + 10% Serum). It was also necessary to determine

the recoverability of both glucose and radioactivity from glucose-
146- C in the medium without cells. As the fractionation of the

medium, in order to evaluate selected glucose metabolites as

modified by the cells, was complex, it was necessary to investigate

points at which igucose, metabolites or radioactivity might be lost

Orientation Studies

Anthrone Estimation of Glucose Initially in Medium

Initially 100 ml of Hankst BSS minus glucose and serum

contained 0. 4 mg of ghcose; with glucose added at 1 mg/ml the

starting concentration was 100. 4 mg per 100 ml of BSS. After

preparation the BSS was autoclaved; this reduced the volume fzom

100 ml to approximately 85 ml. After autoclaving, essential amino

acids, non-essential amino acids, sodium pyruvate, glutamine, a

vitamin mixture, antibiotics and sodium bicarbonate, in solution,



55

were added to make complete BSS, and increased the volume to

approximately 103 ml. In 100 ml of BSS with glucose a 1 mg/mi,

which was subsequently autoclaved and made to complete BSS, 97. 2

mg of glucose were found on anthrone analysis.

After autoclaving, 10 ml of serum was added to the complete

BSS to make MEM + 10%. A 100 ml aliquot of BSS without glucose or

supplements, which was not autoclaved but to which 10 ml of serum

was added, contained 12, 8 mg of glucose when alayzed. Olmsted

(67) had found 15.8 mg of glucose in 10 ml of commecial1y prepared

fetal bovine serum. } The 10 ml of serum would have 12. 4 mg of

glucose; 12. 8 mg less 0. 4 mg present in the 100 ml of BSS initially.

Therefore, the medium here assembled contained 109, 6 mg of

glucose (97. 2 mg 12.4 mg) in 113 ml (103 ml -t- 10 mi). Hence

MEM + 10% serum contained 96. 9 mg of glucose per 100 ml of

medium. [The concentration of glucose in the medium was not

significantly altered by the mass of glucose associated with the

a.ddi.tlon of radioactive molecules. ]

Recoveof Glucose and Radioactivity From Medium

Ir the separation of medium, when monolayered cells were

present, radioactivity could still be recovered even in a fourth and

a fifth rinse of the culture bottle. However, after more than three

rinses the cell sheet was fragmented and disrupted. The disruption
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decreased the radioactivity associated wtth the cell mass. Because

of the fragmentation of the monolayer, three was chosen as the

maximum number of rinses acceptable for both estimation of glucose

and maintenance of the monolayer's integrity.

To estimate the recovery of glucose radioactivity when no cells

were present, 50 ml of MEM + 10% with glucose-6-14C were placed

in a culture bottle, mixed and allowed to stand for five minutes. The

medium was removed, the bottle rinsed three times with MEM minus

glucose and aliquts taken from the combined vohme of medium plus

rinses to determine the glucose content and radioactivity. The addi-

tion of anthrorie reagent and the reading of the absorbance at 520 m

gave a value of 107. 8 mg of g1'icose in 100 ml, and 107. 8 mg was

taken as the starting concentration of glucose in MEM +10%. Qf the

administered radioactivity 97.7% could be found. [Data in this

paragraph correspond to procedures as ised. This data varies

from the orientation studies described on page 55 in several details.

P9jnts of Alteration in Glucose and
Radioactivity Readtrgs

The specific ppints at which a loss of glucose might occur dur-

ing chemical fractionation of the medium were also studied. With

the separation scheme outlined in Figure 1 a volume of medium,

containing g1ucose-64C but without cells, was subjected to
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FIGURE 1

SCHEME USED IN FRACTIONATION OF SPENT MEDIUM
FROM CULTURES OF CSE-199 CELLS

M+IO% SERUM ®J

MEM+ 10% SERUM +2.5 VOLUMES TRICHLCROACETIC ACiD
20 minute.s at Room Temperature

Centrifuged at 12,500 RPM for 20 minutes at 4°C

(SUPERNATANT
a) Evaporated to 30 ml with

Rotary Evaporator at 35°C
b) Reduced volume extracted three

times with euol volumes of Ether

PROTEIN PELLET ©
a) Rinsed with TCA
b)Dissolved in Water

and Radioactivity
determined

ETHER PHASE J IWATER PHASE
a) Ether evaporated a) Evaporated to 5 ml
b) Volume increased 2-fold b) pH to 2.2

with Water c) Sample washed through Dowex
C) Extracted 2x with 5 ml Hexane 50 H Resin with 40 mIs Water

1
WATER- Discarded

_______________ Dowex 50 H Resin
FFLUENT eIutedwithSOml2N HCI

a) Evaporated to 2 ml
b) pH to 7.0 ____________________
c) Rinsed through Dowex 1 Resin [AMINO ACIDS 0

1

with40ml of Water

Dowex 1 Resin eluted with
linear gradient of Formic Acid

ORGANIC ACIDS ®<
0-35 ml

LLAcTATE1
35-50 ml p11 2.15-2.45

I1
50-108 ml

EVATE
1O8i2Ornl pH 1.25-1.65

LP.RGANIC ACIDS
120-300 ml

Figure 1. Separation scheme employed to fractionate the spent
culture medium.



fractionation. In steps involving several techniques, if possible, the

individual techniques were monitored to locate more precisely the

loss of glucose. The data are shown in Table 2. Data are

schematically presented on the basis that Initially there were

1,000, 000 counts per minute (cpm) of radioactivity and the Initial

amount of glucose was 100 mg. This allows visual estimation of

percentages.

Protein Precipitation and Trichioroacetic Acid Removal

Of 1, 000, 000 cpm initially 886, 100 were found in the TCA

treated medium ad 9942 in the protein; thus 89. 6% of the activity

available initially were at points (B) and (C) of Figure 1 and Table 2.

After centrifugation 931, 880 cpm (93. 2%) and 93. 1 mgwere found.

The supernatant was then extracted three times with ether. The

water phase (F) after ether extraction of the TCA treated medium

contained 967, 00 cpm (96. 7%) and 97.0 mg. The ether phase con-

tamed 24, 200 cpm and 0. 6 mg of the initial glucose. Since 1. 0% of

the activity accompanied the protein (C) and 2. 4% was found in

the ether layer(E)no loss occurred due to procedures between

administration of the radioactive glucose and the completion of

ehter extraction to remove lipids. The presence of TCA had

reduced activity from 1, 000, 000 to 886, 100 (B). Removal of protein

(C) allowed a count of 931, 880 and the ether extraction by removal of
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Table 2. Schematic Presentation of the Recoverability of Glucose
From the Medium Following Procedures in Figure 1.

SCHEMATIC PRESENTATION OF GLUCOSE ESTIMATED
DURiNG SEPARATION NDICATED IN FIGURE 1

I MEDIUM + GLUCOSE -6 -'4C
L I)O00000 CPM + )00

IO%4,TCA

886i0O CPM + 9L8mgj
Centrifu ga/ion

Ij9TE IN
______...J r' I AT'\ T I

9942 CPM+0.0 rnq

THERPHASE]-
24,200 CPM + 0.6 mg

(LtPIDS ©j Wi\TER-D(scarded
200 CPM+0.Omg

LJrI'e-kIJ-u\ I èJj

)31,850 CP +93J mg

1
Evaporation and Ether

-' Extraction

WATER PHASE ®j
967,200 CPM+ 97.0 mg

Evaporation, Dowex
50 I-f Resin

IEFFLUNT QiJ
981 600 CPM + 66.7 mg

Elution
Evoporat ion, Dowex I Resin

1' ______________________

LUCOSE1 Gradient [AMINO ACIDS D
658,200 CPM+6Omg flu/ion 16,500 CPM+ 0.6 mg

-
I

LACTATE @ J [RUVATE ©( IORGAN1C ACIDS
28,000 CPM 0.0mg 3,800 CPM +00mg I I,00 CPM + 0.0 mg



TCA yielded an increase in counts and the anthrone estimate of

glucose. The removal of protein and TCA from the mother liquor

both decreased quenchipg in the radioactive sample and thus enhanced

counting efficiercy and apparently also decreased interference with

the optical density determinations. While the ether layer contained

2. 4% of the administered activity, the hexane extract of the ether

layer contained only 0. 02% of the administered activity (H).

Glucose solubility. in ether may be involved.

Passaje Through Dowex 50 Resin

After evaporation of water phase (F), the reduced volume was

passed through Dowex 50 exchange resin. During passage the amino

acids are bound on the resin. The resin was then rinsed with 40 ml.

of distilled water to wash through unbound material (H). Subsequently

the aquaeous effluent, sample plus rinse, contained radioactivity

equivalent to 98. 2% of the radioactivity administered initially. The

HCI eluate from the Dowex 50 resin contained a further 1. 65% of

the administered activity. The total recovery of radioactivity at this

point is 103. 2%. As only 96. 7% was found before reduction of volume

of phase (F) and passage of the reduced volume through Dowex 50,

there was an apparent gain in activity equivalent to 1. 44% of the

adninistered activity. Thus at some point after ether extraction,

after reduction of volume and Dowex 50 passage identification of
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radioactivity as glucose improved by a factor of 1.015. Possibly

this was due to a smaller error in evaluation of the solution with

radioactivity more concentrated. If a fresh sample of MEM, with-

out serum, is passed through the Dowex 50 resin column, anthrone

estimation yields a glucose value of 95.0% of the added material.

Thus only a slight loss occurred from the passage through the amino

acid separation.

When the effluent from the Dowex 50 column is condensed and

passed through the Dowe 1 resin a very large loss, 32.9% of the

radioactivity occurs. Some loss may be due to the fact that the efflu-

eut from the Dowex 50 resin is a concentrated solution and any loss

of material would carry with it a high level of glucose activity. In

attempts to locate the specific points of loss anthrone evaluations

were made to determine the effectiveness of the Dowex 1 separation

of glucose and organic acids.

On a fres1 sample of MEM minus serum 94. 2% of the glucose

loaded on the Dowex column was passed through. In an attempt to

determine where the 5. 8% of glucose bound in the resin was eluted,

fractions were collected which corresponded to the lactate, pyruvate

and organic acids. In the lactate fraction 0. 3% of the glucose was

eluted, in pyruvate 0. 4% and in organic acids 1. 2%. Thus 1.9%

out of the 5. 8% of the glucose lost on the Dowex 1 column can be

accounted for in the specific fractions eluted. After eluting the
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column with formic acid, the resin was removed, repeatedly washed

with water and repacked. The first rinse of the repacked resin con-

tamed 0. 07% of the glucose loaded on the column. The remaining

3. 8% of the glucose lost on the Dowex 1 column was presumed bound

to the resin but not eluted and lost in the washing before repacking.

The initial 32.9% loss of radioactivity, minus the 5.8% associated

with the organic acid separation, left a remaining loss of 27. 1%

(32. 9%-S. 8%) whtch was not explained and possibly involves altera-

tions induced by use of TCA or other procedures before the passage

through Dowex 1.

The quantitative chemical recovery and recovery of glucose

radioactivity ip glucose without separation procedures are 100% and

97. 7% and at the end of a complete fractionation used 59. 4% and

67. 7% respectively. Final colorimetric estimations of glucose were

multiplied by 1. 69 and radioactivity values by 1. 48 to give indices

of the glucose and radioactivity remaining in the medium before

complex analytical procedures to separate glucose and glucose

metabolites were undertaken.

The fact that anthrone evaluation and glucose radioactivity

evaluation do not run parallel indicates better procedures are much

to be desired. However, the procedures used have provided much

valuable information on the metabolism of glucose in cultures derived

from coho salmon embryonic cells.
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Lactate Content of the Medium

The amount of lactate in MEM + 10% serum prior to separatioi

and exposure to cells was found to be 5. 2 mg per 100 ml (Table 1).

Munyon and Merchant (64) had found 5. 0 mg of lactate per 100 ml

of an Eagl&s Minimum Essential Medium supplemented with 5%

whole horse serum. To determine the recoverability of lactate by

the separation sequence employed MEM minus serum but containing

known amounts of lactate was separated into components. An aver-

age of 96. 67% of the initial lactate was recovered (Table 3). The

lactate was recovered in the elution peak between a pH of 2.45-2. 15

of the Dowex 1 organic acid separation resin. The separation not only

verified the specificity of the separation peak for lactate bit showed

a high degree of recoverability for lactate. Since only 3. 33% of the

lactate was lost, specific points were not checked to determine where

in the separation scheme the loss occured. Values for lactate

obtained at point K were multiplied by 1. 03 to give an estimation of

the lactate In the medium after removal of the cells and before

processing as outlined iu Figure 1.

Pyruvate Coutent of the Medium

Initially the MEM + 10% serum contained 16. 6 mg of pyruvate

per 100 ml. To determine the recoverability of pyruvate and the



specificity of the pyruvate elution peak, MEM minus glucose which

contained known amount of pyruvate, was prepared and analyzed

(Table 3). After fractionation only 46. 5% of the initial concentration

of pyruvate had been recovered in the elution peak between a pH of

1.75-1.65 on the Dowex 1 organic acid resirz (L). Because such a

large loss had occured studies were made to try more precisely

locate the point or points of loss. It was found that 47. 5% of the

initial pyruvate was in the ether layer. However, pyruvate could not

be detected in the hexane extract of the ether layer. During evapora-

tion, loading, rinsing and eluting the amino acid resin (Dowex 50) an

additional 5. 3% w.s lost. A final 0. 7% was not retained on the

organic acid resin (Dowex 1) and presumably lost to the rinse,

Pyruvate obtained at point L in the scheme of Table 1 was multi-

plied by 2. 15 to give an index of the amount of pyruvate in the

medium inimediately after removal of cells.

No quantitative studies were made to assay the amount of amino

acids, organic acids and lipids in MEM + 10%. Loss of molecules

from amino acids, organic acids and lipids with from a glucose-

64C precursor most probably did occur in the procedures adopted

and could account for a portion of the difference between total radio-

activity administered and total radioactivity recovered.
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Table 3. Recoverability of Lactate and Pyruvate From Medtum
Following Procedures in Figure 1.

1. Lactate

(a) A stock solution wjthout serum and media lactate was
prepared with 00 ig of sodium lactate per 10 ml of
Hanks BSS.

(b) Using a 10 ml sample and following the separation
scheme outlined in Figure 1, 193. 3 ig of lactate were
found in the fraction eluted between 35-50 ml nd a pH
of 2. 452. 15 Qil the Dowex resin column (K).

(c) Thus 96. 67% of the initial 200 g of lactate was
recovered.

2. Pjuvate
(a) A stock solution, without serum and media pyruvate

was prepared with 1. 0 mg pyruvate per 10 ml of
Hanks' BSS.

(b) A 10 ml sample was analyzed using the separation scheme
ou.tlthed in Figure 1.

(1) Water phase (F) contained 0. 525 mg of pyruvate;
thus 0. 475 mg of pyruvate were lost prior to
formation of water phase (F).

(2) The effluent from the Dowex 50 resin contained
0. 472 mg of pyruvate from the 0. 525 mg at F.
A loss of 0. 053 mg.

(3) The fraction eluted (L) on the Dowex 1 resin column
between 108-120 ml, pH 1. 75-1. 65, contained
0. 465 mg of the 0. 472 mg loaded on the column.
A loss of 0.007 mg.

(c) From the 1. 0 mg of pyruvate. only 0. 465 mg were
recovered resulting in a loss of 0. 535 mg following
the techniques in Figure 1.



Radioactivity Studies With Glucose-6-

The metabolic disfribution of containing fragments from
14 . 14glucose-6- C was examined after adthng 4 ijCi of glucpse-6- C to

100 ml of MEM + 10% containing 40, 000, 000 CSE-119 cells. As

production of replicate cell cultures over long periods often yields a

high variability in growth parameters (31, 36), the studies reported

here will sometimes be discussed independently of each other and dis-

cussions of combined results will be given when deemed appropriate.

Four runs or studies of glucose metabolism in cultures of CSE-

119 cells were made each over a ten day period and each involving

22-24 culture bottles inoculated simultaneously to allow harvesting

f two bottles 6 hours after cell transfer and 24, 48 . . . 240 hours

after the transfer. Radioactivity had been added at time 0 hours to

the bottles harvested at 6 and 24 hours, and 24 hours prior to harvest-

ing each of the remaining bottles.

In runs 1 and 2 no check of 1C activity was made after adding

the labelled glucose. The activity added was taken from he activity
1,4of the stock glucose-6- C as measured at the time of preparation.

A volume of the stock solution equivalent to 8, 880, 000 cpm (4 MCi)

was added to the seeded culture bottles at the time of preparation of

the stock solution. In runs 3 and 4 the ampunt of radioactivity

administered was checked by removing an aliquot immediately
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14after the glucose-s- C had been added and mixed with the medium

in the seeded culture bottles. Based on the radioactivity found in the

aliquot, run 3 had an average pf 10, 663, 870 cpm (4. 8 pCi) added to

100 ml of MEM + 10%. Run 4 had an average of 9,313, 144 cpm

(4. 2 Ci) (Table 4).

The increased amount of activity present in the 3rd and 4th

runs over the anticipated 4. 0 j.Ci was due to the passage of time

between making up glucose-6i4C stock solutions and their use. Dur-

irig this period slight evaporatiorial loss occurred and concentrated

the solutioi to a, specific activity of glucose higher than 1. 0 iCi/0. 1

ml. Also any small variation in pipetting a concentrated stock solu-

tion of '4C radioactivity could result in significant di.Lferences in

radioactivity added to the culture medium. In the stock soluttons

used in these studies an error of 0.01 ml in pipetting would change

the radioactivity a,dded to 100 ml of MEM + 10% by 220, 000 cpm.

Glucose Concentration in Medium
During Growth of Cells

The concentration of glucose in the medium as a function of the

age of the culture is given in Figure 2. The wide distribution of

the points suggests considerable variability in the data. However

if curve 7 is shifted one day to the right ard curve 3 one day to the

left, much of the suggestion of variability disappears. While the



Table 4. Total Radioactivity, as Glucose-6i4C, Administered
per 100 ml of MEM + 10% at the start of specific days.

Incubation Run #1 Run #2 Run #3 Run #4
Time (cpm) (cpm) (cpm) (cpm)

6 hours 8, 880, 000 8, 880, 000 10, 663, 146 10, 004, 004

1 day 8,880,000 8,880,000 10, 886, 776 9, 113, 448

Zdays 8,880,000 8,880,000 11,261,558 9,490,596

3 days 8,880,000 8,880,000 9, 56, 616 9,313, 144

4 days 8, 880, 000 8, 880, 000 10, 60, 864 8, 460, 200

5 days 8, 880, 000 8, 880, 000 10, 285, 176 8, 336, 136

6 days 8, 880, 000 8, 880, 000 10, 665, 700 8, 945, 496

7 days 8, 880, 000 8, 880, 000 10, 334, 100 10, 214, 560

8 days 8, 880, 000 8,880,000 11, 557, 316 8,843,496

9 days 8,880,000 8,880,000 10,796,732 9,927,048

10 days 8, 880, 000 8,880,000 10, 663, 250 9,796,452
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cultures were handled experimentally as consistently as possible,

an occasional set of cultures reached the period of rapid drop in the

amount of glucose present somewhat early and a few somewhat late.

Some cultures can be said to be physiologically older or younger than

other simultaneous cultures. In all S curves the amount of glucose

decreased slowly over the first 3 to 4 days and from the 3rd to the

7th or 8th day there was a rapid drop in the amount of glucose and

only small changes thereafter.

Residual Radioactiyities Recovered as Glucose

While the radioactivity, a8 glucose-6) C added to 1OQ ml of

medium in the presence of cells, ranged from 8. 8 to 11. 6 million

counts per minute (Table 4), theactivityrecovered associated.

with glucose once (out of 44 observations) was around 9 million,

twice around 8 million, 27 times between 4. 0 and 7. 4 millions and

14 times below 4 million (Table and Figure 3). The three higher

values were found in run 3. There was no consistent pattern of

recovery within runs or between runs. The recoveries did not

consistently increase or decrease in magnitude, but there may have

been some periodicity with two days of declining recoveries followed

by two days of increasing recoveries. Recoveries of activity as

glucose were generally lover n days 7-9 than on days l6.
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Table 5. Radioactivity Recovered, as cpm, as Glucose.

Incubation Run #1 Run #2 Run #3 Run #4
Time (cpm) (cpm) (cpm) (cpm)

1 day 5,398, 875 3,984,957 6,840, 451 7, 149, 500

2 days 4,83,059 3,970,959 9, 165, 129 7, 127, 054

3 days 7,354,814 3,956,982 3, 545, 008 5,334,461

4 days 7,444, 158 4,317,739 2,419, 234 7, 131, 447

5 days 5, 13, 799 3,491,800 4,993, 271 7,025, 261

6 days 4, 227, 959 4, 248, 017 7, 943, 420 6, 821, 090

7 days , 175,031 1,725,962 3,392,422 5,064,344

8 days 1,491,570 1,322,679 3, 108, 274 6, 318, 666

9 days 2, 167,632 2, 480, 430 2, 827, 670 5,351,087

10 days 3, 254, 088 3,054, 808 8,049, 771, 5, 959,775
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Recoveries of activity as glucose on day 10 were always higher

than on day 9.

Total Residual Radioactivities Recovered

Some of the radioactivity incorporated as glucose-64C was

recovered associated with glucose and some with cells, lactate,

pyruvate, organic acids, amino acids, lipids and protein. As all

the activity was administered as glucose, the total residual radio-

activity for which an account can be rendered gives a picture of

glucose and glucose fragments in the medium plus cells at t1e time

of harvesting (Table 6 and Figure 4). Except that the curves ride a

little higher in Figure 4, Figures 3 and 4 are very similar. In

that, with one exception, glucose recoveries were between 67 and

100% of the total recoveries (Figure 5) and that recoveries of

activities from the cells, amino acids, and metabolites associated

with the citric acid cycles were clearly related to glucose metabol-

ism (Figures 6, 7, , 9, 10), the similarities between Figures 3

and 4 are to be expected.

The radioactivity recovered, in four runs over 10 days each

(44 separate additions of activity with recoveries 24 hours later

and 4 separate additions with recoveries 6 hours later) varied from

19.94 to 107. 11% (Table 7 and Figure 11). Several factors partially

account for the radioactivity not recovered. One factor is the loss of
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Table 6. Total Radioactivity Recovered, in cpm, of the Radio-
activity Administered.

Incubation Run #1 Run #2 Run #3 Run #4
Time (cpm) (cpm) (cpm) (cpm)

1 day 5,461,433 4,030,370 7)011,965 7,934,234

2 days 4, 536, 964 4, 038, 488 9, 365, 299 7, 572, 694

3 days 7,449,339 4,035,955 3,910, 157 5, 622 548

4 days 7, 596, 210 4,437, 435 2,991, 196 8, 108, 827

5 days 5,304, 116 3,682, 164 5,669,985 8,451,045

6 days 4, 608, 196 4, 659, 642 9, 117,981 8, 658, 792

7 days 2,418,255 1,944,466 4,Z95,488 7,127,354

8 days 1,838, 541 1,770,853 4,032,838 9,472, 570

9 days 2, 462 860 3, 525, 669 5, 251, 073 7, 535, 024

10 days 3, 568, 655 4, 175, 276 10, 010, 330 7,874, 582

Total radio-
activity 45, 244, 565 36, 300, 014 61, 6s6, 308 78, 357, 670
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Table 7. Percentage of Administered Radioactivity Recovered.

Incubation

Time Run #1 Run #2 Run #3 Run #4

6 hours 60. 54 59, 69 55. 74 46. 19

1 day 61.50 45.39 64.41 87.06

Zdays 51.09 45.48 83,16 79.78

3 days 83. 88 45. 45 40. 89 60. 37

4days 88.54 49.97 28.16 95.84

5 days 59.73 41.46 55. 13 101.38

6 days 51.89 52,47 85.49 96.79

7days 27.23 21.90 41.57 69.78

8 days 20.70 19,94 34.89 107.11

9 days 27.73 39.70 48.63 75.91

10 days 40. 19 47. 02 93. 87 80, 38
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activity due to the prolonged and complex procedures employed.

Correction factors were available to adjust the recovery of activity

from the glucose, lactate and pyruvate fractions. No such correc-

tion was available for losses in radioactivity associated with the

amino acid, lipid and organic acid fractions. Most certainly

losses did occur during handling, evaporation and separation of

all fractions. The extent f some of these losses was not measured,

Of importance is our failure to have determined possible pro-

duction of CO2 from glucose and the possible loss of radioactivity

associated therewith. While CO2 production has been generally

found to be lower than lactate production in cell cultures, significant

amounts of CO2 have been formed by cells in culture (92). Carbo4

dioxide production is particularly increased under conditious of

lowered glucose availability (92). Thus production of CO2 would not

necessarily be constant over the 10 days of culture and unmeasured

fluctuation in CO2 production would lead to variation in total recovery

of radioactivity (see later discussion of carbon dioxide).

Fraction of Residual Activities Associated with Glucose

The percentage of residual activity, recovered as glucose, is

depicted in Figure 5 as a function of the age of the cultures.

Generally it can be said that the fraction of residual activity recov.

ered as glucose was high but clearly decreasing during the first four
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days, and there was a more rapid decrease in the traction of residual

activity associated with glucose from the 4th to 8th days, and that the

percentage of the glucose component increased on the 9th and 10th

days.

The greatest percentage of recovered radioactivity on any given

day was obtained in the glucose fraction. During the first three days

the fraction of total 'adioactivity recovered, obtained as glucose,

ranged from 90. 1 to 98. 9 percent. In general the glucose percentage

of the total recovery dropped, but irregularly, over days 4 through

8 to 9, to 54%, 70%, 81% and 67% in the four studie. The glucose

fraction of total recovery then increased slightly on the 9th and 10th

days (Table 8 and Figure 5),

Specific Activity of Glucose

In addition to the glucose radioactivity added at the start of

each day from counting an aliquot of the medium, the amount of

glucose at the start of each day could reasonably be estimated as the

amount of glucose found in other simultaneous cultires at the end of

the previous day. Thus, the mg concentration of glucose at the end

of day N was used s the mg concentration of glucose for the start

of day N + 24 hours. With the amount of glucose and the glucose-14C

activity known at the start of each day calculations could be made of

the specific activity of glucose at the beginning of each day (initial



Table 8. Percentage of Recovered Radioactivity Appearing as Glucose, Lactate, Pyruvate,
Organic Acids, Amino Acids, Lipids, Cells and Protein.

Incubation Organic Amino
Time Glticôse Lactate Pyruvate Acids Acids Lipids Cells Protein

Run #1

6hours 98.86 0.41 0.00 0.00 0.24 0.02 0.02 0.44

1 day 98.85 0. 28 0.00 0.01 0.31 0.07 0.03 0.43

2 days 98.82 0.00 0.02 0.06 0.31 0.03 0.23 0.52

3 days 98.73 0. 01 0. 09 0. 28 0. 36 0. 00 0. 31 0.32

4 days 98.00 0.36 0. 11 0. 46 0.23 0.00 0. 52 0 31

5 days 97.36 0. 25 0. 17 0.09 0.60 0.02 1.07 0.44

6 days 91.75 4.47 0. 23 0.27 1.22 0.02 1.53 0. 51

7 days 89.95 3. 24 0. 19 0.35 1. 20 0. 12 3.97 0.98

8 days 81. 13 8.74 0.30 0.48 1.67 0. 16 6. 23 1.29

9 days 88.02 3. 14 0. 26 0.35 1.24 0. 13 5.91 0.96

10 days 91. 19 1.26 0.06 0. 20 0.85 0.08 5.69 0.66



Table & Continued.

Incubation
Time Glucose Lactate Pyruvate

Organic
Acids

Amino
Acids Lipids Cells Protein

Run #2
6 hours 98. 25 0. 90 0. 21 0. 00 0. 13 0. 00 0. 04 0. 44

1 day 98.87 0. 23 0.05 0.02 0. 15 0.02 0. 06 0. 59

2 days 98.33 0. 27 0.06 0.07 0.26 0. 17 0. 24 0.59

3 days 98.04 0.34 0.07 0.11 0.32 0.04 0.46 0.59

4 days 97. 30 1. 02 0. 04 0. 10 0. 23 0. 01 0. 77 0. 53

5days 94.83 1.57 0.19 0.2 0.30 0.00 1.54 0.64

6 days 91 17 4 87 0 24 0 25 0 74 0 18 2 03 0 51

7 days 88.77 3. 62 0. 21 0.51 1. 14 0. 12 4.39 1. 22

8 days 74.70 9. 14 0.43 0.48 0.96 0.00 12.95 1.34

9days 7035 1492 032 050 214 001 1108 067
10 days 73. 17 12. 57 0.27 0.21 1.34 0.01 11.86 0. 57



TabLe 8. Continued.

Incubation
Time Glucose

6 hours

I day

2 days

3 days

4 days

5 days

6 days

7 days

8 days

9 days

10 days

98. 60

97.56

97. 86

90. 66

80. 88

88. 07

87. 12

78. 98

77. 08

53. 85

80. 42

Lactate Pyruvate
Organic
Acids

Amino
Acids Lipids Cells Protein

Run #3

0.81 0.01 0.07 0.04 0.05 0.03 0.39

1. 29 0.05 0. 13 0. 36 0. 13 0. 13 0.34

0.06 0.01 0.54 0.89 0.08 0.30 0.25

2.92 0.66 2.33 1.46 0.16 1.20 0.61

7.32 0.31 3.51 4.46 0.07 2.66 0.79

2.78 0.15 5.41 0.77 0.15 2.25 0.42

3. 50 1. 25 4. 12 1.45 0.03 2.26 0.26

0.89 3.30 8.52 0.87 0.10 6.09 0.55

5.55 1.06 7.23 0. 10 0.21 8.18 0.59

20. 73 0. 56 15. 13 0. 70 0. 24 8. 35 0. 45

4.07 0.73 9.58 0,34 0.09 4.54 0.23



Table 8. Continued.

Incubation Organic Amino
Time Glucose Lactate Pyruvate Acids Acids Lipids Cells Protein

Run #4
6 hours 96. 25 1.59 0.71 0. 51 04 12 0.23 0.09 0.49

1 day 90. 11 6.53 0.45 2. 17 0.23 0. 11 0.08 0.31
2 days 94. 12 2. 31 0. 19 2. 13 0.62 0. 13 0. 19 0. 30

3 days 94. 87 2. 58 0.31 0.71 0. 13 0.32 0.72 0.35
4days 87.95 2.27 2.86 5.52 0.31 0.09 0.71 0.29
5 days 83. 13 5.28 0461 9.26 0. 16 0l4 1. 14 0.28
6 days 78. 78 2. 10 2. 33 14. 04 0. 09 0. 04 2. 36 0. 26

7 days 71.06 11. 14 1.52 10.43 1, 15 0.03 4.32 0.35
8 days 66 70 11 73 1 62 13 85 0 76 0 08 5 00 0 25
9 days 71.02 7.41 0.86 12.31 0.92 0, 14 6,99 0.34

10 days 75. 68 6. 55 04 14 11. 24 0.72 0.08 5. 24 0. 34

03
'.0



specific activity, Table 9). The specific activity of glucose immedi-

ately after the inoculation increased with age of the cultures since

daily the same quantity of radioactive glucose was added to new

bottles of media whose glucose content had become more and more

depleted as the cultures developed. The concentration of glucose

in the medium was not significantly altered by the amount of glucose

associated with the radioactive molecules.

In run 3 the initial specific activities ranged from 100, 991

cpm/mg of glucose to 369, 738 cpm/mg at the start of the first and

10th day respectively. In run 4, initial specific activities ranged

from 84, 540 cpm/mg of glucose at the start of day 1 to 307, 968

cpm/rng of glucose at the start of day 10. The specific activities

at the start of day 10 were 3. 66 and 3. 64 times the specific activities

at the start of day one.

pecific Activity of Glucose After Contact With Cells

The mass of glucose in the medium at the end of any day being

known and also the radioactivity associated with this mass of glucose,

the specific activity of glucose at the end of any one day could be

calculated. On nearly every day the specific activity at the end of

the day was considerably lower than the initial specific activity

(Table 9 and Figure 12). The specific activities of glucose 24

hours after glucose-6-'4C was added to the medium were between



Table 9 Initial and FinalSpecific Activities of Glucose cpm/mg of glucose).

Incubation
Time

Run #3

Initial Specific Final Specific
Activity (I) Activity (F) F/I

Run #4

Initial Specific Final Specific
Activity (I) Activity (F) F/I

6 hours 98,916 52,025 0.53 92,802 42,351 0.46

1 day 100,991 64,618 0.64 84,540 73,268 0.87

Zdays 106,532 89,538 0.84 97,260 79,659 0.82

3 days 93, 421 35, 260 0.38 104, 092 59, 730 0.57

4days 105,638 26,773 0.25 94,728 98,121 1.04

5 days 113,824 56,073 0.49 114,696 102,858 0.90

6 days 119,772 94,456 0.79 130,974 132,835 1.01

7 days 128,088 73,973 0.62 198,920 166,316 0.84

8 days 252,013 117,072 0.46 290,427 194,600 0.67

9 days 406, 657 98, 047 0. 24 305, 730 168, 220 0, 55

10 days 369,738 326, 563 0. 88 307, 968 183, 096 0. 59
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24% and 88% of the specific activity immediately after the incorpora-

tion in run 3 and from 55% to 104% in run 4. While extensive

changes are possible due to culture variability changes of this

magnitude require an explation, if possible.

The non-uniform distribution of labelled and non-labelled glu-

cose molecules, prior to sampling could account for variation in

radioactivity mea sureci immediately after incorporation and possibly

for an altered specific activity oI glucose at the end of the day. A

preferential use of glucose-6-14C molecules over non-labelled

moleclules is unlikely, but if it occurred it could also account for

alterations in the specific activity of glucose. A neoformation of

glucose molecules is possible and could possibly account for same

of the decreaseinspecifi.c activities. [Paul and others (68, 69)

found that in cultures of liver cells the hexose concentration of the

medium rose at several ttmes during the development of the culture.]

Another possibility, of explaining the lowered specific

activity of glucose, that deserves consideration and may be very

important lies in the chemical breakdown of glucose arid other com-

ponents of the medium under the action of heat during reduction of

volumes. If significant amounts of aldehydes are produced during

the analytical procedures, these would react with anthrone and, by

altering the absorbance of light with wave lengths near 560 mp,

cause an apparent increase in the amount of glucose.



On day 4 and 5 of run 4 the end specific activities were 104

and 101 percent of the initial specific activities. The only easy

explanation is inadequate sampling for the aliquot taken initially.

it is possible that inadequate mixing of the culture after the labelled

glucose was added woi.i.ld allow excess utilization of non-labelled

molecules over labelled molecules.
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CELLS

To understand the metabolism of glucose in cultured embryonic

coho cells some information on daily cell number and cell weight is

needed. Due to the nature of the radioactivity and chemical analyses

and the amounts of material available, the daily changes in cell

number and cell weight could not be determined simultaneously with

radioactivity incorporation. Data on the changes in cell number and.

ceU. weight were obtained from cultures initiated at approximately

the same passage number as the cultures which were exposed to

radioactively labelled gluco se.

Cell Number

Initially 40 X 106 cells per 100 ml of media were seeded in

all growth experiments (Table 10 and Figure 13). A decrease

occurred in the number of viable cells till the end of the second or

third day. The decrease ranged from 72. 5% to 55.8% of the initial

number inoculated (Table 10). The decrease was due to physical and

enzymatic damage to the cells during routine sub-cultivation and has

been noted by other observers in various sub-culture techniques

(42). After the decline ceased, the number of viable cells continu-

ally increased till the termination of the experiment at ten days.

The day 10 number of viable cells per 100 ml of medium represented



Table 10. Cell Number, to be Multiplied by o6, per 100 ml of
Medium.

Incibation
Time Run #5 Run #6 Run #7 Average

0 hours 40. 0 40. 0 40. 0 40. 0

I day 21.63 25.85 23.30 23 59

2days 12.72 17.18 17.71 15.87

3days 11.01 20.84 23.52 18.45

4 days 13.02 33. 77 32, 20 26.33

5 days 23. 03 40. 63 45. 42 36. 35

6 days 30.04 53.53 51.06 44.88

7 days 38. 45 64. 34 54 6 52. 47

8da.ys 58.08 88.87 65.20 70.72

9 days 70,09 90.91 80.90 80.63

lOdays 120.16 97.37 11381 110.45
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Figure 13. Cell number as a function of the age of the culture.
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an increase to 2. 43 and 2. 85 times the initial inoculum number. In

the third study, in which viable cell number decreased the most,

72. 5%, the final cell number represented anincrease to 3.00 times

the initial inoculum number. In the three evaluations of changes in

cell a number was followed by the greatest final increase in cell

number and cell weight. The time required for the cells to reach the

initial inoculum number in run 5 was 7 days, whereas only 5 days

were required to reach the initial inoculum number in runs 6 and 7.

One of the important physical factors determining changes in

cell numbers is contact inhibition of movement and inhibiti,on of

replication (2). The term contact inhibition of movement is defined

as the reduction of cytoplasmic spreading as cells increase in num-

her and contact inhibition of replication is taken as the reduction of

cellular growth by increasing physical contact between growing cells

(60). Thus the decreased initial cell inoculum would allow those

cells remaining more space for growth and hence greater increase

in numbers before the cells reached confluency.

Degf Cells

Daily changes in weight of cells followed a pattern similar to

daily changes in cell number (Table 11). Figure 13 shows the cell

numbr and Figure 14 the cell weight a a function of the age of the

culture. The cell weight declined 79% in run 5, 27% in run 6 and 11%



Table 11. Dry Cell Weight in mg per 100 ml of Medium.

Incubation
Time Run #5 Run #6 Run #7 Average

Ohour, 19.48 18.80 16.47 18.25

1 day 7.86 14.76 15.92 12.85

2days 4.12 13.65 14.72 10.83

3 days 18.60 18.03 18.24 18. 29

4 days 24.36 16.92 19.44 20.24

5 days 32. 48 24, 27 26. 16 27. 64

6 days 36.76 29. 53 31.84 32.71

7days 39.12 36.59 39.44 38.38

8 days 47.90 37.92 40.88 42.23

9 days 47.86 45.34 44.88 46.03

10 days 58.44 47. 50 51. 20 52.38
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in run7 (Table 11). General experience suggests that the level of

decrease in run 5 is atypical and the values in runs 6 and 7 more

representative of routine passage loss in cell weight (42, 53, 89),

No explanation is available for the decrease in run S except excessive

cell loss due to excessive damage at the time of sub-cultivation.

The differences in the percentage of decrease in cell weight

as compared to the percentage of decrease in cell number is possibly

explained by procedures for measuring the parameters. Cell num- -.

bers were based on total viable cells present; however, the cell

masses were based on total cell weight harvested regardless of cell

viability. Thus a dead cell would contribute to cell weight but not to

cell number. In run 5 where extensive cellular damage and frag-

meritation occured both growth parameters decreased by greater

than 70%. It is possible that cell damage and fragmentation was so

extensive in this sub-culture that the fragmented cell material was

not centrifuged out with the cells. The cell mass values were thus

decreased by approximately the same degree as the cell number

readings, This is somewhat verified by the subsequent growth of

the cells in run 5.

Except for the çxtensive dip in run S on days 1 and 2 the three

growth curves for cell weight are quite consistent and suggest that

between slowly and rapidly growing culturs of CSE- 119 cells there

developed a time lag of about 30 hours (Figure 14). The time lag
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in cell numbers between the most rapid and the slowest run was

initially about 55 hours but this was largely eliminated between the

9th and 10th day (Figure 13).

Cell Number vs. Weight of Dry Cell Mass

Cell number as function of the dry weight of the cells over the

10 days of culture is given in Table 12 and Figure 15. he data

points from runs 6 and 7 are not widely displaced. The data points

in run 5 have a pattern considerably different from those of runs 6

and 7. In runs 6 and 7 the cell numbers decrease initially while cell

weight does not change markedly, and then cell numbers increase

more rapidly than cell weight. In run 5 both cell number and cell

weight decrease initially, then cell weight increases more rapidly

than cell number and from day 4 onward cell number increases more

rapidly than cell mass.

The Increase in cell mass with a decrease in cell number would

indicate some larger individual cells. This is in agreement with the

hypothesis that cell size is restricted by cell density. Fewer cells

wo.1d allow for a greater size per cell and thus greater weight per

cell before limiting conditions occured. Pilcher etal. (73) found

the CSE-119 cells had 0.229 mg dry weight per 106 cells after 10-12

days of growth. Currently the CSE-119 cells had an average f

0.474 mg of dry weight per 106 cells after 10 days of growth.
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Table 12, Mg Dry Cell Weight per Million Cells.

Incubation

Run #s Run #6 R.in #7Time

Odays 0,49 0.47 0.41

1 day 0. 36 0. 57 0. 68

2 days 0.32 0. 80 0. 83

3 days 1.69 0.87 0.78

4 days 1.87 0.50 0.60

5 days 1.41 0.60 0. 58

6days 1.21 0.55 0.62

7days 1.02 0.9 0.72

8 days 0. 83 0. 43 0. 63

9 days 0. 68 0. 50 0.60

10 days 0.48 0.49 0.45
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Generation Time

Generatioi time s psually taken as the time for the number of

individuals in a population to double. The concept can be extended to

include the doubling of weight. In the context of this thesis genera-

tion time is equivalent to doubling time. (Negative generation

times imply the time for cell number or cell mass to be cut in half.)

Generation times for CSE- 119 cell cultures were calculated, using

daily data on cell mass and cell number.

If there is a continuous fractional increase (F) in number dur-

ing several hours, and N is the number at T = 0 hours, the
0

iumber after T hours would be:

NT = N (l+F)T (1)

T (Log(l+F)) = Log N1 - Log N (2)

LogN - LogN
Log (l+F)

T
° (3)

When the number has doubled, generation time in hours (GT)

would be:

LogZ N LogN
GT =

0 0
(4)Log (1+F)

=
Log (l+F)



and frrn (3)

Generation Time (5)LogN LogNT o

106

Negative generation times were recorded with respect to cell

nunber during the first and second, and sometimes the third day,

after starting the cultures (Table 13). Positive generation times

were generally recorded for subsequent days. The time for doubling

in cell numbers between dy 4 and day 7, usually the period of more

rapid growth, ranged from 29 to 64 hours in run 5, 60 to 91 hours

in run 6 an4 48 to 244 hours in run 7.

Negative generation times were recorded with respect to the

weight of the cells on the first and second day, once on the fourth

day and once on the ninth day after initiation of the culture, Positive

times were recorded for the other days. The time for doubling the

weight of the cells between day 4 and day 7 ranged from 58 to 268

hours in run 5, 46 to 85 hours in run 6 and 53 to 174 hours in run 7.

The generation times calculated for each day in the period were

widely different (Table 13). The generation times based on cell num-

bers and cell mass varied markedly from day to day within the same

run. This daily variation could be expected to yield fluctuations in

the metabolic performance of the cells. Variation in generation

times would indicate a mixed population of old and young cells. Such



Table 13. Generation time, in hours, calculated from dry cell weights and number of cells.

Run #5 Run #6 Run #7
Incubation by by by by by by

Time Weight Number Weight Number Weight Number

0-1 days - 18.38 27.13 - 68.82 - 38.21 - 47.55 -30.87

1-2 days - 25.83 - 31.43 -213.23 - 40.84 - 97.49 - 60.71

2-3 days 11.07 -115.47 59.93 86.35 31.84 58.86

3-4days 61.84 99.45 -262.31 34.57 164.72 52.98

4-5 days 57.98 29.26 46.25 90. 16 53.55 48.58

5-6 days 134. 72 62.79 85.08 60.50 99.02 143. 33

6-7 days 268.39 64. 48 77.84 90. 75 104.37 244. 76

7-8 days 82.36 40.44 466.53 51.64 174.66 94.06

8-9 days -23, 171.00 88.78 93.31 731.72 193.63 77.32

9-10 days 83.75 30.95 358.31 243.05 129.21 49.94

4-7 days 105.41 46.17 64.70 77.42 70.54 94. 51

0-10 days 151.42 151.20 179. 52 187.01 146.76 159. 13

0
-J



populations have been shown to have varied metabolic rates (72). On

day 9 in run 5, the generation time of -Z3, 171 hours merely mdi-

cates an exceedingly slow rate of drop in weight for the cells inthis

period.

The generation times, based on cell numbers in run 5 are, in

general, shorter than the times in run 6 and 7 during the fourth

through eighth days. The generation times based on cell mass are

somewhat the reve'se, with r.in 5 having the longer geperation times

on days 4 through 7. Generation times calculated with equation (5)

over days 4 to 7 yield times of 46, 77 and 97 hours for cell numbers

and 106, 6s and 71 hours for cell weight in runs 5, 6 and 7 respect-

ively. Pilcher et al. (73) found the time for doubling the numbers

of cells, during the period of most rapid growth, to beapproximately

50 hours. Calculated over the 10 day cu1ture period generation

times were 151, 187, ard 159 hours for number of cells and 151,

180 and 147 hours for celiweight respectively. Times calculated

over days 4-7 are relative indices for the rate of growth over the

rapid period of growth and over the ten day periods are indices of the

degree of success in the husbandry of the embryonic fish cells.

RadioactivIty Found in Cell Mass

No attempt was made to in the cellular material,

the chemical compound or compounds which contained the l4
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carbon atom from the labelled glucose molecule. However, some

insight into the cellular metabolism of the embryonic coho cells

canbe gained from ecaminhtg the radioactivity incorporated into the

cell mass.

At the end of the 6 or 24 hour period, during which the cells

were exposed to media with glucose6)4C, the medium was removed

and the cell material harvested. Prior to harvesting, the cell mono-

layer was rinsed three times with BSS minus glucose to remove

radioactivity from the cell surface. The rinse also insures that the

radioactivity in the cell mass is associated with the cells and not

merely attached to the cell surface. Following rinsing and harvesting

the radioactivity associated with the total cell mass was determined.

The daily incorporation of radioactivity into the cell mass is

shown in Table 14 and Figures 16- 19 as a function of the age of the

culture. With two exceptions, the radioactivity that accumulates in

the cell mass during the 24-hours of exposure increases with the age

of the culture. One esception was a minor decrease of 10% in total

radioactivity incorporated into the cell mass in run 2 between days

6 and 7. The second exception was a 22% decrease in run 4 between

days 9 and 10. Both cell number and cell mass generally are

increasing at this time and lead to the ecpectattoi of increased

incorporation of radioactivity into the cells. Presumably maintenance

metabolism, rate of growth and amount of growth would all be factors
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Table 14. Radioactivity Recovered in the Cellular Mass.

Incubation
Time

Run #1
(cpm)

Run #2
(cpm)

Run #3
(cpm)

Run #4
(cpm)

6 hours 974 1,975 1,594 3,949

1 day 1,613 2,615 9,314 5,953

Zdays 10,622 10,032 27,861 14,104

3 days l, 601 18, 815 46, 899 40, 759

4days 39,605 34,204 79,709 57,625

5 days 56,655 56, 794 127, 456 96, 134

6 days 70,692 94,824 205,981 204,603

7 days 96,088 85,528 291,626 307,632

8 days 114, 532 229, 344 329, 747 473, 574

9 days 145, 571 390, 485 438, 360 526,650

10 days 202,953 495, 184 454,052 413,379
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determining the radioactivity incorporated and their magnitudes and

interactions could account for the drop. Very possibly the drops

may only be due to chance variation between the cultures in 22 dif-

ferent bottles.

The radioactivity incorporated into the cell mass usually

increased gradually at increasing rates up to the 8th day or longer.

With increasing cell numbers and increasing cell weights, there

should be an increased metabolic activity in the cell mass. This

implies a greater need of molecules for cell structure and cell rneta-

bolism and glucose probably is an important member of each group.

With the same amount of
gtucose-6-14c added each day, the specific

activity of glucose contiiues to increase daily; and if the number of

glucose molecules imported into the cell mass increases, the

radioactivity entering the cell must increase rather rapidly as is

indicated in Figure 16.

The radioactivity incorporated into the cell mass during day 10

was 30.8, 46.3, 11.9 and 17.0 times the radioactivity incorporated

into the cell mass during day 1 (Table 14). This compares to an

increase in cell mass on day 10 of only 2 to 3 times the day 1 values.

Also during the first 2 to 3 days of culture when the mass and number

of cells decreases, the radioactivity incorporated into the cell mass

rose steadily. This would indicate that the viable cells remaining

were highly active in the uptake pf glucose and that there is a
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greater movement of glucose than could be accounted for only by

an increase in cellular material,

Radioactivity in Cells vs. Radioactivity in Medium

The curves depicting the fraction of radioactivity recovered by

the cells as a function of the age of the culture can be considered

similar for runs 1, 2 and 4. The curve for run 3 suggests three

periods of increasing and decreasing radioactivity accumulating in

the cells (Table 8 and Figures 16-19). The fraction of radioactivity

recovered by the cells was less than 1% over the first four days of

run 1, 2 and 4 and over the first three days in run 3. The radio-

activity recovered in the cell mass represented 0. 03% to 6. 2% of the

total recovered radioactivity (cells plus medium) in run 1, 0 06% to

12. 95% in run 2, 0. 13% to 8.35% in run 3 and 0.08% to 6.99% in run

4 (Table 8 and Figures 16-19). The incorporation of radioactivity

into the cell mass was high in the last three days of the 10 day cul-

ture period. The highest percentages of radioactivity in the cell

mass were on days 8 and 9.

As CSE-119 cells are 90% water (38) the volume of the cell

mass in ml can be approximated by multiplying the dry weight in mg

by 9. 5. The average cell volume would range from 0. 103 to 0. 498

ml. or always less than i/zoo of the volume of the medium. Yet

after the third day, the fraction of the radioactivity recovered in the
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cells was 1/192 to 1/8 of the total radioactivity recovered in cells

Pius medium. Thus the cells often intensely concentrated the radio-

activity.

Daily averages of weights of the cell mass canbe calculated

from runs 5, 6 and 7 and by multiplying these averages by 9. 5 esti-

mates of the average volume of the cell mass can be obtained.

Daily averages of the fraction of radioactivity recovered by the cells

can be calculated from runs 1, 2, 3, and 4. The average cell vol-

umes increased from 0. 17 ml on day 1 to 0.49 ml on day 10 (Figure

20). The average percentage of radioactivity recovered in the cells

rose from 0. 08% on day 1 to 8, 2% on day 8 and declined to 6. 9% on

day ten. By calculating the average fraction of radioactivity per ml

of cells and comparing that with the average activity per mlof

medium the degree of concentration of radioactivity in the cells can

be obtained. On day 1 the radioactivity per ml was less in the cells

than in the medium. $ut the daily activity found in the cells increased

from 2. 4 times that of the medium on day 2 to 20. 4 times on day 8

and then dropped to 13. 9 times that of the medium on day 10 (Figure

20).

On day 10, with 0.49 ml of cells distributed over 292.4 square

cm of surface, the average thickness of the cell layer would be 1. 7

i.. With 6.9% of the radioactivity in the cells the volume of medium

cleared wpuld have been 6. 9 ml, which corresponds to a clearance
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of the contact surface of the cel's with a medium to a depth of 24

in one day or about one micron per hour. Even during the hour

much of this gradient over one micron would have been eliminated.
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LACTATE

In the routine metabolism of the cichlid fish, Cyclasoma

bimaculatum, the majority of glucose molecules are broken down via

the EMP or glycolytic pathway to yield pyruvate; some pyruvate is

converted into lactate, some to acetate and carbon dioxide; and some

of carboxyl carbons of acetate yield CO2 and later some of the methyl

carbons yield CO2 (54). Via the EMP pathway glucose specifically

labelled at the 6th carbon would yield the label in the third carbon

(methyl carbon) of halt of the lactate molecules formed (52).

Quantitatively one mole of glucose would yield two moles of lactate,

one molecule labelled arid one unlabelled.

Fewer glucose molecules in the ci.chli.d fish are metabolized

by the glucuronic acid aid the pentose phosphate pathway. About

20% of the glucose molecules go via the pentose phosphate pathway

and 20% via the glucuronic acid pathway (54). It is conceivable that

in cell cultures with rapid increase in cell size or cell number, and

the accompanying need for pentoses that more glucose molecules may

travel the pentose phosphate pathway and the glucuronic acid pathway.

If lactate is subsequeitly formed from glucose fragments generated

in the pentose phosphate pathway, some lactate molecules might

carry a label arid others not, if generated from glucose fragments
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from the glucuronic acid pathway, the lactate molecule would not

carry a label.

At the end of each 24 hour period, during which the cultures

were exposed to glucose-6)4C, the medium was removed from the

culture bottles and analyzed for lactate present and radioactivity

incorporated into lactate. Lactate was isolated between a pH of

2.45-2. 15 and between 35 and 50 ml of a gradient elution of the Dowex

1 resin. Aliquots were taken from the fraction for radioactivity

and chemical analyses.

Lactate in Medium

The four curves giving the amount of glucose found in the

medium as function of the age of the culture were somewhat similar

and mainly had negative slopes (Figure 2). The three curves giving

the weights of the cell mass developed as function of the age of the

culture also formed a group of similar curves but with mainly posi-

tive slopes (Figure 14). However, the curves giving the amount of

lactate in the medium as a function of the age of the culture provide

a picture of great variability within and between runs (Figure 21).

In all four runs lactate decreased during the first and/or the second

day, was higher on days 4 and 5 than on day 2, and was low on days

6, 7 and 8 in runs 1, 2 and 3. There is the impression of periodicity

in all four curves but with variation in period length and amplitude.
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Table 15. Mg of Lactate per 100 ml Medium.

Incubation Run #1 Run #2 Run #3 Run #4
Time (rug) (mg) (mg) (mg)

0 days 5. 23 5. 23 5. 23 5. 23

1 day 1. 68 0. 83 2. 45 6. 72

2days 0.17 3.18 0.50 2.92

3 days 0.34 9. EO 8. 58 4. 14

4days 6.32 8.00 9.68 3.52

5days 2.81 6.62 14.13 10.86

6days 3.29 4.42 4.66 12.53

7 days 2.99 3.89 1.65 15.54

8 days 2. 88 3. 87 3. 27 39. 19

9 days 3 30 16 24 28 31 30 24

10 days 1. 56 32. 06 13. 59 5. 94
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Lactate reached its highest values on day 4 in run 1, day 10 in run 2,

day 9 in run 3 and day 8 in run 4 (Table 15).

Radioactivity in Lactate

There was considerable variation in the radioactivity recovered

as lactate both within and between runs (Table 16 and Figure 8).

Generally, there was an increase in the radioactivity incorporated

into lactate as the cultures increased in age. The 14C activity in

lactate was usually higher on the last 4 days of culture than on days

1-6. Curve 1, which consistently had lower levels of lactate contain-

ing 14c activity, reached a maximum incorporatiox on day 6, with

the second highest level of incorporation on day 8. Curves 2, 3 and

4 indicate a maximum level of 14C incorporation into lactate on days

9, 9 and 8 respectively. Curves 3 and 4 show an overall higher level

of 14C activity incorporated into lactate than do curves 1 and 2. In

addition, curve 4 appears to be one day advanced over curves 1, 2

and 3, thus reaching maximum and minimum points 24 hours earlier

than do cultures l 2 and 3. Occillations between low and high values

of the radioactivity incorporated into lactate occur in each of the four

curves and provide the sggéstion of periodicity in 1atate formation.

Periods were of unequal length within and between runs.

Generally, the curves for the radioactivity incorporated into

lactate have a pattern similar to but not identical with the curves for
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Table 16. Radioactivity Recovered as Lactate.

Incubation Run #1 Run #2 Run #3 Run #4
Time (cpm) (cpm) (cpm) (cpm)

1 day 15,407 9,391 90,450 518,389

Zdays 198 11,005 5,391 174,965

3 days 624 13, 860 114, 223 145, 308

4 days 27,520 45,052 218,840 184,266

Sdays 13,504 57,730 157,822 446,308

6 days 206, 225 227, 371 319, 393 181, 841

7days 78,354 70,442 38,340 794,175

8days 160,718 161,798 223,984 1,111,964

9 days 77, 393 526, 169 1,088, 540 558, 666

10 days 45, 284 524, 498 407, 835 515, 733
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the lactate content of the medium. Lactate is present in the medium

initially and irregularly accumulates in amount. The specific

activity of lactate is zero at the time of addition of glucose-6)4C,

as lactate is generated from glucose, carbons are incorporated

into some molecules of lactate. One would expect a fairly direct

relationship between the weight of neo-formed lactate and the radio-

activity incorporated into lactate. But as the amount of lactate

initially present varies irregularly from day to day, one could

expect only vague resemblances between the curves for mass of

lactate and radioactivity incorporated into lactate as a function of

the age of the culture.

Fraction of Radioactivity Recovered as Lactate

The lactate fraction of the radioactivity recovered as a func-

tion of the age of the culture is given in Figure 22. Of the total

recovered radioactivity, the percentage of radioactivity recovered

inlactate ranged from a low of 0. 004% on day 2 to a high of 8. 74%

on day 8 (run 1), from a low of 0. 23% on day 1 to a high of 14. 92%

on day 9 (run 2), a low of 0.06% on day 2 and a high of 20. 73% on

day 9 (run 3) and a low of 2. 3% on day 4 to a high of 1 1. 73% on day 8

in run 4 (Table 8 and Figure 22). The total radioactivity recovered

as lactate, over the 10 days, was 1.4%, 4. 5%, 4.3%, and 5.9% of

the total radioactivity recovered over the same period.
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Glucose Needed to rovide Radioactivity in Lactate

An estimate of lactate produced each day can be found by

calculating the amount of glucose needed to account for thc radio-

activity in lactate (Table 16). The glucose required can be estimated

from equation (6)

Lactate Activity (cpm)
mg of lactate (6)Initial Specific Activity of Glucose (cpm/mg)
formed

These data are based on the initial specific activity of glucose and the

glucose specific activity was constantly changing. Therefore, the

values for the amount of glucose converted to lactate are only esti-

mates of the daily changes. Since one mole of glucose (180 gm) would

yield two moles of lactate (90 gm per mole), 1 mg of glucose would

yield 1 mug of lactate, The mug of glucose needed to account for the

radioactivity in lactate and consequently the mg of lactate formed

from the glucose are given in Table 17. The mg of glucose required

to provide the radioactivity in lactate ranged from 0. 05 mug to 2. 68

mg in run 3 and from 1. 38 mg to 6. 56 mg in run 4. The increase in

amount of lactate is not from the conversion of glucose alone. Over

the 10 days of culture the radioactivity incorporated in lactate suggests

that at least 17. 8 mg of glucose had been incorporated into lactate in

run.3 and 28.3 mg jn run 4.
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Table 17. Mg of Glucose Reqqi:redto Provtde Radioactivity of
Lactate.

Run #3 Run #4
Estimate of Estimate of

Incubation Lactate Lactate Mg
Time Accumulated Required Accumulated Required

1 day - . 7 0. 9 + 1. 5 6. 56

2 days 2. 0 0. 05 - 3. 8 1. 79

3 days + 8. 1 1. 20 + 1.2 1.39

4 days + 1.1 2.1,3 - 0.6 1.94

5 days + 4. 4 1. 39 ± 7. 4 3. 89

6days 9.4 2.67 + 1.6 1.38

7 days - 3. 0 0. 32 + 3. 0 3. 99

8 days + 1.6 0. 88 +23. 7 3.83

9 days +25,0 2.68 .0 1.83

lOdays -14.7 1.10 -24.3 1.67

17.78 28.27
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PYR1JVATE

Pyruvate i formed rear the end of glycolysis and as such

serves as a branch point either for the formation of lactate, oxal-

acetate or the formation of CO2 and acetate (52). Carbons from

pyruvate can be involved in the synthesis of amino acids, organic

acids and lipids (52). Via the EMP pathway the sixth carbon of

glucose would be found in the CH3 carbon or as C-i of one half of the

pyruvate molecules formed. Quantitatively one mole o glucose

would yield two moles of pyruvate (see first paragraph under lactate).

Pyruvate was isolated between a pH of 1. 75 and 1. 65 and

between 108 and 120 ml of the gradient elution of the Dowex 1 resin.

Aliquots were taken fromthepyruvate fraction for chemical and

radioactivity analyses.

Except for the very low value on day two of run 3, medium

pyruvate ievel dropped from 16. 6 mg per 100 ml initially toward

values between 3 and 10 mg in both runs. 3 and 4 (Table 18 and Figure

23). In comparison with lactate the variations can be considered

minor. Once the medium had been exposed to cells the initial

concentration of pyruvate in the medium was rarely reached during

the cu1tue growth.
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Table 18. Mg of Pyrivate per 100 ml of Medium.

Incubation Run #3 Run #4
Time (cpm) (cpm)

0 day 16. 60 16.60

I day 2. 53 14. 08

2 days 14.23 11.31

3days 9.10 10.34

4days 10.60 11.12

5 days 8. 21 10. 99

6 days 10.46 9.85

7 days 9. 38 9. 57

8days 9!58 11,47

9 days 7. 21 10.97

10 days 12.85 11,99
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Radioactivity Incorporated

The daily incorporation of radioactivity into pyruvate is shown

in Table 19 and Figure 9. Two different patterns of incorporation

were observed. In runs I and 2 only slight changes in the incorpora-

tion of activity ntp pyruvate are observed during the 10 days of

culture growth. both runs reached the highest incorporation of

activity on day 6 but the radioactivity incorporated into pyruvate was

never very great. In run 3 a small peak of j.ncorporation is seen on

day 3; the activity in pyruvate reached second higher peaks on day 6

and 7; the l4 activity in pyruvate declined till day 9 with only a

moderate increase on day 10. Run 4 generally has the higher daily

leyels of activity incorporated into pyruvate. The activity

has four peaks; days 1, 4, 6 and 8. The activity decreased on days

2, 5, 7, 9 and 10 thus suggesting a periodicity to the incorporation
14 activity into pyruvate. Generally, the higher levels of daily

incorporation into pyruvate were on days 4 through 8. The

curves for pyruvate concentration and radioactivity incorporated

into pyruvate, as a function of the age of the cultures, did not run

pa rail e 1.

Fraction of Radioactivity Associated with Pyruvate

The percentage of radioactivity recovered in pyruvate is shown
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Table 19. Radioactivity Recovered as Pyruvate.

Incubation Run #1 Run #2 Run #3 Run #4
Time (cpm) (cpm) (cpm) (cpm)

1 day 272 2, 009 3, 822 36, 249

Zdays 1,084 2,503 1,216 14,071

3 days 6,703 2,997 25,611 17,341

4days 8,365 1,871 9,399 231,614

5 days 8,891 6,851 8,550 51, 644

6 days 10,643 10,963 113,882 201,833

7 days 4 562 4, 276 141, 876 108, 479

8 days 5,431 7,789 42, 819 153, 225

9 days 6,301 11,301 29,166 64,632

10 days 2,276 11, 529 73, 491 10,976
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in Table 8 and Figure 24. The percentage of recovered activity

ranged from a low of 0.01% (day 1) to a high of 0.30% (day 8) in

run 1, alow of 0.04% (day 4) to a high of 0.43% (day 8) in run 2,

from 0.01% (day 1) to 3.30% (day 7) in run 3 and from 0. 14% (day 10)

to 2. 86% (day 4) in run 4. During the 10 day culture growth period

the total radioactivity récove red as pyruvate was in runs 1, 2, 3,

and 4 respectively 0. 12%, 0. 17%, 0. 73%, and 1. 14% of the total

radioactivity recovered. The curves for radioactivity incorporated

into pyruvate and for the fraction of the radioactivity recovered in

pyruvate and for the fraction of the radioactivity recovered in

pyruvate as a function of the age of the culture were very similar.

Probably involved was th relatively constait level and the small

variations in the concentration of pyruvate.

Glucose Needed to Provide Radioactivity in Pyruvate

In runs 3 and 4 it was possible to calculate the glucose needed

to account for the activity recovered in pyruvate (Table 20). The

mg of glucose accumulated as pyruvate are found by the following:

Radioactivity in Pyruvate mg of glucose needed toInitial Specific Activity of Glucose account for the activity in
pyruvate.

Since 1 mole of glucose yields two moles of pyruvate, 1 mg of glu-

cose would yield 0. 98 mg of pyruvate. Therefore, one mg of glucose
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Table 20. Mg of Glucose Required to Provide the Radioactivity as Pyruvate, Organic Acids, Amino
Acids, and Lipids.

Pyruvate Organic Acids Amino Acids Lipids
Incubation Run #3 Run #4 Run #3 Run #4 Run #3 Run #4 Run #3 Run #4

Time (mg) (mg) (mg) (mg) (mg) (mg) (mg) (mg)

1 day 0.04 0.45 0. 10 2. 19 0. 27 0.23 0. 10 0. 11

Zdays 0.01 0.15 0.67 1.66 0.79 0.49 0.07 0.11

3 days 0. 27 0. 17 0. 96 0. 38 0. 60 0. 07 0. 07 0. 17

4days 0.09 2.45 1.02 4.73 1.30 0.27 0.02 0.08

5 days 0. 08 0.45 2.69 6. 82 0.04 0. 12 0. 07 0. 10

6 days 0.95 1.54 3.14 9.28 1.11 0.06 0.03 0.03

7 days 1.81 0.54 3.05 3.74 0.31 0.41 0.04 0.01

8 days 0. 17 0. 52 1. 16 4. 51 0.02 0.25 0.03 0.03

9 days 0.71 0.21 1.95 3.03 0.09 0.23 0.04 0.04

10 days 0. 20 0. 04 2. 59 2. 87 0. 09 0. 19 0. 02 0. 02

Total 4. 33 6. 52 17. 33 39. 21 4. 62 2.32 0. 48 0.70
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yields approximately one mg of pyruvate. In run 3, the range of mg

of glucose required to supply the radioactivity in pyruvate was from

a low of 0.01 mg on day 2 to a high of 1.81 mg of day 7. In run4,

the range was from a low of 0. 4 mg on day 10 to a high of 2. 45 mg of

day 4. Over the 10 days of culture growth 4. 33 and 6. 52 mg of

glucose were needed to supply the radioactivity recovered as pyru-

vate in runs 3 and 4 respectively. When the glucose converted to

pyruvate is compared to the daily changes in pyruvate, it can be

seen that, even on days when the residual amount of pyruvate

increased, glucose alone is not the only factor responsible for the

increase in pyrivate concentration (Table 20). Whenever a decrease

in pyruvate 4eveloped, the magnitude of the pyruvate disappearing

should be augmented at least by the estimates of neo-formation of

pyruvate from glucose.
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ORGANIC ACIDS

In additioi to the specific isolation of glucose, lactate and

pyruvate several groups of compounds with similar chemical proper-

ties were o1lectively isolated and the radioactivity incorporated was

determined. The compounds were grouped as organic acids, amino

acids and lipids. The lipids were isolated, in hexane, from the

ether extract of the protein free medium (Figure 1-G). The corn-

pounds grouped as ami.nQ acids were eluted from a Dowex 50

cation exchange resin (Figure 1-I). The group labelled organic

acids was made up of the eluate from the Dowex I anion exchange

resin minus the specific volumes designated as lactate and pyruvate

(Figure. 1-M). Control experiments indicated that, due to procedures,

only slight contamination of these groups by initially added glucose

would occur (Figure 2). The final radioactivities reported for all

three groups. have been corrected by subtracting the estimated con-

tamination with glucose.

Busch with others (14) using a similar procedure identified

the compounds in the organic acid fraction as intermediates of the

citric acid cycle. The initial reactions, of the citric acid cycle are

fed by end products of glycolysis (52). Therefore, intermediate

compounds in the citric acid cycle would be expected to have some
14 . . 14 .C radioactivity from metabolized glucose-6- C. (It is recognized
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that lactic acid and pyruvi.c acid may need to be included with other

organic acids with only carbon, hydrogen and oxygen atoms and the

amino acids are also organic acids.)

Radioactivity Incorpoiated

The radioactivity incorporated into organic acids is shown

in Table 21 and Figure 10. Generally the activities increase with the

increase in culture age. Similar to the radioactivity incorporated

into lactate and pyruvate the radioactivity incorporated into organic

acids is higher in the last 5 days of the culture than inthe first 5 days.

The daily incorporation of activity into the generalized group of

C, H, 0, acids increased significantly from the 3rd or 4th day

onward but not until the 6th day were the extensive increases in

lactic acid obtained. The radioactivity incorporated was usually

greater than the incorporation of 14C activity into lactate.

Fraction of Radioactivity in Organic Acids

Table 8 shows the organic acid radioactivity as percentage of

the daily total recovered radioactivity. In run 3 the highest percent-

ages, 15. 1% and 9.6%, were on days 9 and 10 respectively. In run 4

the highest percentages, 14.0% and 13.9% were on days 6 and 8

respectively. The total radioactivity recovered as organic acids

over 10 days was 5. 4% and 8. 5% of the total radioactivity recovered
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Table 21. RadioactIvity Recovered, in cpm, in Organic Acids.

Incubaton Run #3 Run #4
'time (cpm) (cpm)

1 day 9,487 172, 727

Zdays 50,338 161,592

3 days 91, 189 39, 663

4 days 104,911 447,705

5 days 306, 751 782, 608

6 days 375, 508 1, 215, 646

7 days 365, 860 743, 519

8days 291,701 1,311,919

9 days 794,433 927,768

10 days 958, 532 885, 063
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in runs 3 and 4 respectively. The percentage of the total radio-

activity recovered over 10 days as lactate was only 3. 9% and 5. 6%

in runs 3 and 4.

Glucose Needed to Provide Radioactivity
in Organic Acids

The glucose required to sl3pply the radioactivity recovered in

organic acids (Equation 6) in run increased from 0. 1 mg on day 1

to 3. 1 trig on days 6 rd 7 and tFen declined onday 8 to 1. 2 mg and

increased to 2. 0 mg and 2. 6 mg on days 9 and 10. In run 4 the values

were high at 6. 8 and 9. 2 mg on day 5 and 6 nd otherwise varied

irregularly between 1.7 ng and 4. 7 mg. Over the ten days of culture

17.3 mg of glucose in run 3 and39. 1mg inrun 4 would have been

required to provide the radioactivity recovered in the organic acids

(Table 20).
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AMINO ACIDS

Numerous sttdies have dealt with the metabolic breakdown of

amino acids and the amino acid requirements of cells in culture (28,

56, 57). However, fewer studies with cell cultures, have been

undertaken to estimate the contribution of glucose carbon atoms in

amino acid synthesis. Since amino acids are essential for protein

synthesis, active and growing cells would be expected to be active in

the synthesis of amino acids and to incorporate glucose fragments

into some of the amino acids synthesized.

Radioactivity Incorporated

The large daily variation in the radioactwity recovered in

lactate and pyruvate was not seen in the radioactivity incorporated

into amino acids (Table 22 and Figure 7). While daily variation

occurs in the amino acid radioactivity, the absolute magnitude of

variation is less than in lactate and pyruvate, although the percentage

variations between daily radioactivity incorporations into amino acids

are high. With the exception of run 3, the amounts of activity

incorporated into amino acids were generally higher in the last 5

days of culture growth than in the first 5 days. The highest level of

activity incorporated into amino acids in run 3 were on days 4 and 6.
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Fraction of Radioactivity Recovered
in Amino Acids

The percentage of recovered radioactivity in the amino acids

is highest on day 8 (run 1), day 9 (run 2), day 4 (run 3), and day 7

(run 4). Over the total growth period of 10 days, the total radio-

activity recovered in amino acids represented 0. 63%, 0. 71%, 0. 95%

and 0. 51% f the total recovered radioaclivity (Table 8 and Figures

16-19). In general, the percentage of radioactivity recovered as

amino acids is lower than the percentage recovered as lactate but

higher than the percentage recovered as pyruvate.

The higher percentages of actiyity recovered in the final five

days when culture growth is slowed over the percentages in the days

of most rapid growth may be due to a turnover of cellular protein

(57, 92). Such a turnover could increase the demand for amino acids

even though the cultures were not increasing in mass or number as

rapidly as earlier in th growth period.

çllucose Needed to Provjd Radioactivity in Amino Acids

The daily amounts of glucose required to provide the radio-

activity associated with amino acids varied from 0. 04 t0 1.3 mg in

run 3 and from 0. 1 to 0. 5 mg in run 4. Over the 10 days of culture,

4. 6 and 2. 4 mg of glucose were needed to account for the radioactivity

appearing as aminp acids (Table 20).
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Table 22. Radioactivity Recovei-ed in Amino Acids.

Incubation Run #1 Run #2 Run #3 Run #4
Time (cpm) (cpm) (cpm) (cpm)

1 day 16,761 5,975 25,272 18,397

2days 14,165 10,514 83,756 47,611

3 days 26, 482 13, 238 57, 181 7,372

4days 17,457 10,048 133,290 25,496

5 days 31,848 11,006 44,000 13,430

6 days 55, 787 34, 533 132, 881 7,909

7 days 29, 122 22, 237 37, 378 82, 089

8 days 30, 636 17, 006 4, 185 71, 550

9 days 30, 500 75, 550 36, 634 69, 783

10 days 30, 181 56, 165 33,917 57, 206
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LJPIDS

Carbon 6 of glucose-h- 14C can be incorporated into lipids

through pathways involving pyruvate and acetyi-CoA (52). Serum

lipids and fatty acids have been found to meet most lipid and fatty

acid needs of cells in culture and synthesis of lipids is low in cell

cultures where the medium is supplemented by serum (3, 4, 5).

Ha.nes (38) studied the fatty acid composition of cells and medium

from cultures of CSE- 119 cells. On the basis of increased amounts

of some fatty acids and the presence of several fatty acids with odd

numbers of carbons he cpncluded that there had been a neo-genesis

of 0.8 mg among the fatty acids in the medium. Hence, low levels
14 .. ... 14..of C activity from initially added glucose-6- C might be expected

in the lipids generated durjzg the growth of a culture over a 10 day

period.

Iadioctivity Incorporated

The radioactivities incorporated into the lipid fractionlay

between 126 cpm and 17, 000 cpm in 4 runs over 10 days (Table 23

and Figure 25). The sum of the daily. incorporations were 19, 2,1,

71, and 86 X cpm over the 10 day period of culture. However,

the presence of 1'C activity in lipids every day of the culture period

indicates neo-synthesis each day. of some lipids and involves some
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Table 23. Radioactivity Recovered in Lipids.

Incubation Run #1 Run #2 Run #3 Run #4
Time (cpm) (cpm) (cpm) (cpm)

1 day 3,921 856 9,398 8,692

Zdays 1,453 7,034 7,837 10,472

3 days 126 1,748 E,275 17,712

4days 160 312 2,042 7,476

5 days 884 154 8,364 11,432

6days 797 8,604 3,145 3,512

7 days 2, 852 2, 266 4, 215 1,960

8 days 2,986 0 8,357 7,920

9 days 3,120 448 1, 499 10,920

lOdays 2,973 41Z 8,961 6,040 H
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fragments derived from glucose metabolism in that day.

F ra ction of Radioactivity Recovered in Lipids

The dailyincorporation of activity into lipids as a percent-

age of total radioactivity recovered are recorded inTable 8. The

highest percentages were 0. 16% in un 1 (day 8), 0. 18% inrun 2

(day 6), 0. 24% in run 3 (day9), and 0.32% in run 4 (day 3). The

total radioactivity in lipids, for the 10 days of culture growth, was

0.04%, 0.06%, 0. 12%, and 0. 11% of the total recovered radioactivity.

Glucose Needed to Provide Radioactivity in Lipids

No quantitative data were obtained on the amount of lipids pres-

ent inthe cultures.. However, inruns 3 and 4 it was possible to

calculate the amount of glucose required to yield the radioactivity in

the lipid fraction (Table 20). As expected only very small amounts of

radioactivity from glucose-6- appeared in the lipid fraction. The

total amount of glucose required to account for radioactivity

incorporated into lipids, over the 10 day period, was 0. 5 mg in run

3 and 0.7 mg in run 4. The relative degree of incorpoation of radio-
14 .activity from glucose-6- C into lactate was 36 (run 3) and 40 (run 4)

times that into lipids.



150

PROTEIN

On each day some radioactivity was recovered associated with

the protein fraction (the proteinaceous material precipitated by 10%

TCA; C in Figure 1). Sincethe literature suggests that negligible

amounts of protein are contributed by cells to culture medium the

proteins in the TCA precipitate are presumed to be contributed by

the serum supplement (71, 78, 91). Olmsted (67) found approxi-

mately 439 mg of protein in 10 ml of fetal calf serum used to

supplement MEM.

14When glucose-6- C was added to the methu.rn (without cells)

radioactivity was incorporated into the protein within 15 minutes.

The amount of radioactivity attached to the proteins inthe medium

without cells remained relatively constant (19-27 X JO3 cpm and

26-31 X 10 cpm) over the 24 hours of incubation(Figure 26).

When cells were present activity associated with protein of the

medium, after 24 hours contact with glucose-6-14C, remained

relatively constant from day 1 to day 10 (2O-6 X cpm). In the

presence of cells and 40 ppm KPCP the activity associated with the
3protein ranged from 19-38 X 10 cpm and with 80 ppm KPCP from

16-25 X JO cpm over the 10 day culture period.

Since the amount of protein remains approximately constant

while the specific activity of glucQse increases, an equal amount of
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glucose bound to protein on each day should result in higher activities

being associated with the proteins on each succeeding culture day.

The slight variations and relative constancy of the radioactivity

associated with the protein fraction suggests that the moles of bound

glucose are proportional to the glucose concetration of the medium.
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PENTACHLOR OPHENOL

In addition to studies on the metabolism of cultures of CSE-119

cells preliminary studies were made to investigate the effects of

potassium pentachlorophenol (KPCP) on the carbohydrate metabolism

of cultures of CSE- 119 cells. Pentachiorophenol may exert its

effects on metabolism by acting as an uncoup'ing agent between

oddation and phosphorylation (88). As such KPCP would be expected

to have measurable effects on carbohydrate metabolism. On the

basis of studies by Hanes (38), involving fatty acid metabolism of the

CSE-j19 cells, 40 and 80 mg per liter weze chosen astheconcentra-

ti.ons of KPCP to be tested for effects on glucose metabolism.

Preparation of KPCP Treated Medium

The KPCP was made up as a concentrated solution with Hankts

BSS, filtered through aSwinny filter with a 0. 22 i.t membrane filter

and added to the culture medium. The final concentration of KPCP

in the medium was 40 and 80 parts per million (ppm). Fifty ml of

medium was dispensed to each of two culture bottles and 2 X 1O7

cells were inoculated per bottle. The radioactive glucose was added

as in control experiments and the medium separated and analyzed

following the scheme outlined in Figure 1. No data was obtained

on the daily changes in dry weight or cell numbers.
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Total Radioactivity Recovered

The total radioactjvjties recovered from cultures of CSE-119

cells in the presence of 40 and 80 ppm KPCP were a greater fraction

of the radioactivity initially added than radioactivities recovered in

the controls without KPCP (Table 24-25 and Figure 27).

The averages of the daily radioactivities recovered in controls

were 51%, 41%, 58%, and 85% of the added activity in runs 1, 2, 3,

and 4 respectively. The average total recovery of radioactivity with

40 ppm KPCP was 83% and 94% with 80 ppm KPCP. The percentage

of radioactivity recovered ranged from a low of 58% to a high of

108% with 40 ppm KPCP and from a low of 86% to a high of 101% with

80 ppm KPCP.

Glucose

The radioactivity recovered as glucose when KPCP was present

is shown in Tables 26-27 and Figures 28-29. The glucose fraction

of radioactivity recovered was higher when KPCP was present than in

the controls with KPCP absent. More radioactivity was recovered

as glucose with 80 ppm KPCP than with 40 ppm KPCP (Figures

28-29).

The percentage of the radioactivities recovered daily in the

glucose fraction ranged from a low of 76% to a high of 95% of the total
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Table 24. Total Radioactivity Added, Recovered and Percentage
of Recovery in the Presence of 40 ppm.

Total Activity Total Activity % of Added
Added Recovered Recovered

1 day 10, 809, 548 9, 166, 556 84.80

2 days 9,356,312 10,127,220 108.24

3 days 10, 632, 008 10, 536, 812 99. 10

4 days 10,033,596 6,119,400 60.99

5 days 10,098,864 9,136,374 90.47

6 days 10, 423, 260 10, 154, 476 97.42

7 days 10,040,932 7,797,705 77.66

8 days 9,879,780 5,747,024 58.17

9 days 9,372,812 6,360,288 67.86

10 days 9, 504, 372 8, 376, 640 88. 13
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Table 25. Total adioactivity Added, Recovered and the
Percentage of Recovery in the Presence of 80 ppm
KPCP.

Total Total % of Added
Added Recovered Recovered

1 day 9,517,904 8,456,8Q 88.84

2 days 9, 533, 184 9,642,869 101. 15

3 days 10, 108, 324 8, 645, 561 85. 5

4 days 9,845,764 9,736,314 98.89

5 days 10,312,928 9,489,024 92.01

6 days 9,317,336 8,901,788 95.54

7 days 9,950,072 8,875,636 89.20

8 days 9,727,204 9,048,777 93.03

9 days 9,928,804 9, 217, 45 92 83

10 days 9,797,860 9,808,604 100.11
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Figure 27. Glucose-6-14C radioactivity added, recovered on each
culture day in the presence of 40 and 80 ppm KPCP
see (Figure 3).



Table 26. Radioactivity Recovered, in cpm, inthe Presence of 40 ppm KPCP.

Incubation Organic Amino
Time Glucose Lactate Pyruvate Acids Acids Lipids Cells Protein

1 day 8,448,484 128, 848 11,040 456,016 87, 400 160 8,880 25, 728

2days 9,577,048 169,136 13,504 259,032 82,000 536 6,944 19,O20

3 days 9, 754, 880 291, 056 1,056 354, 304 102, 568 2,248 8,128 22, 592

4 days 5,618,428 130, 768 3, 124 275, 868 38, 448 11, 176 8, 500 33, 088

5 days 7, 843, 816 578, 442 3, 572 630, 696 34, 168 9,624 4, 548 31, 508

6 days 8,613,372 323,948 3,428 1,150,616 25,020 3,088 8,292 26,712

7 days 6,430,944 641,088 9,392 596,832 69,616 9,768 10,624 29,441

8days 4,364,688 763,776 2,512 506,976 53,480 14,616 11,460 29,516

9 days 4,836,864 581,536 10,576 841,728 39,640 5,312 12,116 32,516

10 days 6, 596, 256 680,952 16, 240 960, 384 57, 304 14, 000 13, 504 38, 000

72,084,780 4,289,550 74,444 6,032,452 515,844 70,528 92,996 288,101



Table 27. Radioactivity Recovered, in cpm, in the Presence of 80 ppm KPCP.

Incubation Organic Amino
Time Glucose Lactate Pyruvate Acids Acids Lipids Cells Protein

1 day 8, 223, 208 40, 264 5, 584 110, 200 46,952 6, 528 304 23, 240

2days 9,335,376 11,776 3,808 214,976 49,480 3,384 317 23,752

3 days 8,201,728 149,872 3,376 225,040 15,872 3,056 381 21,996

4 days 9,402,448 21,776 6,000 232,440 38,416 5,592 2,214 22,428

5days 8,934,656 51,024 5,824 418,656 46,264 1,344 7,848 23,408

6 days 8,614,800 90, 880 3,344 96, 320 46, 664 1, 824 23, 376 24, 580

7 days 8,458,824 70,200 14,504 168,928 74,288 1,328 71,376 16,188

8 days 8,102,272 116,960 14,736 656,976 71,432 3,112 64,393 18,896

9 days 8,333, 288 118,784 14, 176 620, 656 45, 048 2,368 61,765 21, 160

10 days 8,790,048 102, 144 12, 464 767, 120 52, 688 2,688 60, 012 21, 440

86, 396, 648 773, 680 83, 816 3, 511, 312 487, 104 31, 224 291, 986 217, 088

U.'
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Figure Z8. 14C radioactivity recovered as glucose, lactate,
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radioactivities recovered with 40 ppm KPCP and from a low of 90%

to a high of 97% with 80 ppm (Tables 28, 29). In controls the per-

centage of total radioactivity recovered in the glucose fraction

ranged from lows of 81%, 70%, 54%, and 67% to highs of 99%, 99%,

99%, and 96% in runs 1, 2, 3, and 4 respectively. The average

percentage, of the 10 day radioactivities recovered as glucose, was

86% in cultures exposed to 40 ppm KPCP and 94% in cultures

exposed to 80 ppm KPCP. For controls, glucose percentages of the

total recovered radioactivity, over 10 days, averaged 95%, 90%,

85% and 81% in runs 1, 2, 3, and 4 respectively.

Cell Mass

The radioactivityin the cell mass in cultures exposed to 40 aud

80 ppm KPCP in the medium is shown in Tables 26-27 and Figure 30-

31. The levels of incorporation were much lower than in con-

trols. The level of incorporation increased somewhat in the last 5

days of culture growth.

The percentages of recovered radioactivity, in the cell mass

were greatly reduced from control values. The percentages of

activity in the cell mass with 40 ppm KPCP present ranged from a

low of 0. 07% (day 2) to a high of 0. 20% (day 7) and from 0. 004%

(day 1) to a high of 0. 80% (day 7) with 80 ppm KPCP present (Tables

28-29). Over the 10 days of culture, the cell mass accounted for
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Table 28. Percentage of Total Radioactivity Recovered in the Presence of 40 ppm KPCP.

Incubation Organic Amino
Time Glucose Lactate Pyruvate Acids Acids Lipids Cells Pratein

1 day 92. 17 1.41 0. 12 4.98 0.95 0.00 0. 10 0. 28

2 days 94. 57 1. 67 0. 13 2. 56 0. 81 0. 01 0. 07 0. 19

3 days 92. 5 2.76 0.01 3.36 0.97 0.02 0.08 0.21

4days 91.81 2.14 0.05 4.51 0.63 0.18 0.14 0.54

5 days 85. 85 6. 33 0. 04 6.90 0. 37 0. 11 0. 05 0.34

6 days 84.82 3. 19 0.03 11,33 0.25 0.03 0.08 0. 26

7 days 82.47 8.22 0. 12 7.65 0.89 0. 13 0. 14 0.38

8 days 75.95 13.29 0.04 8.82 0.93 0.25 0.20 0.51

9 days 76.05 9. 14 0. 17 13.23 0.62 0.08 0. 19 0. 51

10 days 78.75 8. 13 0. 19 11.47 0.68 0. 17 0. 16 0.45

I-

'It



Table 29. Percentage of Radi.oactivi.tyRecovered inthePresence of 80 ppm KPCP.

Incubation
Time Glucose Lactate Pyruvate

Organic
Acids

Amino
Acids Lipids Cells Protein

I day 97. 24 0.48 0.07 1.30 0.56 0.08 0.00 0. 27

2 days 96.81 0. 12 0.04 2.23 0.51 0.04 0.00 0.25

3 days 94. 87 1. 73 0. 04 2. 60 0. 18 0. 04 0. 00 0, 25

4days 96.57 0.22 0.06 2.44 0.39 0.06 0.02 0.23

5 days 94. 16 0. 54 0. 06 4. 41 0. 49 0. 01 0. 08 0. 25

6 days 96.78 1.02 0.04 1.08 0. 52 0.02 0. z6 0.28

7 days 95.30 0.79 0. 16 1.90 0. 84 0.01 0. 80 0. 18

8 days 89. 54 1. 29 0. 16 7. 26 0.79 0. 03 0.71 0. 21

9 days 90.41 1.29 0.15 6.73 0.49 0.03 0.67 0.23

10 days W962 1.04 0. 13 7.82 0. 54 0.03 0.61 0.22
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0. 11% and 0.32% of the total radioactivity recovered in the presence

of 40 and 80 ppm KPCP. In controls, over the same period, the

percentagesof activity recovered in the cells ranged from 1.7%,

3.9%, 3. 3%, and 2. 7% in runs 1, 2, 3, and 4 respectively.

Lactate

The radioactivity recovered in lactate from cultures under the

influence of 40 and 80 ppm KPCP in shown in Tables 26-27 and

Figures 28-29. The amount of activity recovered as lactate in

the presence of 40 ppm KPCP is reduced from control levels but

not markedly. With 80 ppm KPCP in the culture medium the levels

of activity in lactate are markedlr reduced from the control

values (Tables 26-27 and Figures 30-31).

The daily percentages of total recovered radioactivity as

lactate ranged from 1. 41% (day 1) to 13. 29% (day 8) with 40 ppm

KPCP. With 80 ppm KPCP the daily percentages ranged from

0. 12% (day 2) to 1.73% (day 3) (Tables 28-29). The percentage of

total recovered radioactivity, over 10 days, appearing as lactate was

5. 14% and 0.84% with 40 ppm and 80 ppm KPCP respectively. Con-

trol values ranged from 1.4%, 4.5%, 4.3%, and 5.9% in runs 1,

2, 3, and 4 respectively.



yr uvate

The radioactivity recovered, as pyruvate, in cultures exposed

to 40 and 80 ppm KPCP is shown in Tables 26-27 and Figures 30-31.

The level of radioactivity incorporated was markedly reduced at both

concentrations from the control values. Generally, more

activity is incorporated into pyruvate with 80 ppm than with 40 ppm

KPCP present.

The daily percentages of the total recovered radioactivity

appearing as pyruvate ranged from a low of 0. 01% (day 3) to a high

of 0. 10% (day 10) with 40 ppm KPCP and from a low of 0.04% (d3ys

2, 3 and 6) to a high of 0. 16% (days 7 and 8) with 80 ppm KFCP

(Tables 28-29). The percentage of total recovered radioactivity over

10 days, which appeared as pyruvate was 0.09% with both 40 and 80

ppm KPCF. This compares to 0. 12%, 0. 17%, 0.73%, and 1. 14%

in control runs 1, 2, 3, and 4 respectively.

Qganic Acids

The radioactivity incorporated into the organic acid fraction is

shorn in Tables 26-27 and Figures 28-29. Generally, the level of

incorporation is reduced from the level in control cultures. How-

ever, with 40 ppm KPCF, the reduction is not great. With 80 ppm

KPCP a marked reduction in the levels of activity incorporated
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is seen (Tables 26-27 and Figures 28-29).

The daily percentages of total radioactivity recovered ranged

from a low of 2. 6% (clay 2) to a high of 13. 2% (day 9) with 40 ppm

KPCP. With 80 ppm KPCP the range was from 1. 1% (day 6) to 7. 3%

(day:8). The percentages of total recovered radioactivity, over 10

days, which appeared as organic acids were 7. 2% and 3. 8% with 40

ppm and 80 ppm KPCP (Tables 28-29). In control cultures over 10

days the organic acid percentage of total recovered activity was

5. 4% and S. 5% in runs 3 and 4.

Amino Acids

The total radioactivity recovered as amino acids is shown in

Tables 26-27 and Figures 30-3 1. The activity iincorporated was

somewhat less than controls. Generally, with 40 ppm KPCP present,

the activity recovered is higher in the first days of culture. With 80

ppm KPCP present, the activity is higher in the last 6 days of

culture.

The daily percentages of recovered radioactivity as amino acid

ranged from a low of 0. 26% (day 6) to a high of 0. 97% (day3) with

40 ppm KPCP. With 80 ppm KPCP the range was from 0. 18% (day 3)

to 0.84% (day 7) (Tables 28-29). The percentaesof total recovered

radioactivity over 10 days which appeared as amino acids were 0. 62%

and 0. 53% with 40 and 80 ppm KPCP respectively. In control cultures
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the percentages of total recovered radioactivity was 0. 63%, 0.71%,

0. 95%, and 0. 51% in runs 1, 2, 3, and 4 respectively.

Lipids

The radioactivity incorporated into lipids in the presence of

KPCP is shown in Tables 26-27 and Figures 30-31. Generally, the

levels are lower than the levels of incorporation in control cultures.

When 40 ppm KPCP were present higher levels of incorporation are

seen during the later days of culture. With 80 ppm KPCP present the

higher incorporations are seen in the early days of culture. Also

wide variations are seen in the i.ncorporatèd activity with 40 ppm

K?CP present that are not seen in the cultures exposed to 80 ppm

KPCP.

The daily percentages of total recovered radioactivity ranged

from a low of 0. 002% (day 1) to a high of 0. 25% (day 8) with 40 ppm

KPCP. With 80 ppm KPCP the percentages ranged from 0.01% (day

5) to 0.08% (day 1) (Tables 28-29). Over the 10 days of culture

growth the percentage of recovered radioactivity recovered as Upids

was 0. 08% and 0. 03% with 40 and 80 KPCP. Control values, over the

wame period were 0.04%, 0.06%, 0. 12%, and 0. 11% in runs 1, 2, 3

and 4 respectively.



171

INTEGRATED COMMENTS

An effort was made to provide inform3tion on the metabolism. of

glucose in cell cultures derived from embryonic cells of coho salmon.

The methods selected were more time consuming and less precise

than the promise given .on first reading. However, in retrospect it

is unlikely that at the time the experiments were initiated, a better

selection could have been made, To establish the validity of the data

presented in this thesis, and many of the interpretations derived, it

would be helpful to have the experiments repeated essentially as

presented and then to devise ad hoc experiments to investigate

interpretations questioned.

Cell number, the weight of the cell mass,, and cellular metabol-

sim as indicated by' 14C activity accumulated in the cells although

interrelated are not parallel. The calculations of generation times

for number and mass were made to emphasize their partial inde-

pendence.

The glucose required to provide the radioactivity found associ-

ated with the cells increased, in run 3, from 0. 2 xng of glucose on

day 1 to 2.43 mg on day 7 with the last three days at 1. 1 to 1.3 mg of

glucose. In run 4 the increase ran from 0. 08 mg on day 1 to 1. 85

mg on day 9. Although glucose levels per 100 ml of medium had

been cut to 30 mg, the cells were still able to import larger and
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larger fractions of radioactivity.

In run 3, over the 10 day culture period, an account could not

be made for30% of the radioactivity incorporated and represents a

loss of 0. 30 times 108 or 32 mg. The residual glucose at the end

of day 10 was 25 mg. The glucose required to supply radioactivity

recovered in cells and in the non-glucose components of the medium

was 52 mg. These three components of the glucose concentration,

52 mg + 32 mg + 25 mg, equal 109 mg or close to the 108 mg avail-

able at time 0. In run 4, 19% of the radioactivity was not recovered

and was equivalent to 21 mg of glucose. Residual glucose on day. 10

was 33 mg. Radioactivity recovered in cells and non-glucose frac-

tions was 89 mg over the 10 day period. The three components of

the glucose concentration, 89 mg + 21 mg, + 33 mg, equal 142 mg

or considerably higher than the 108 mg available initially.

As cultures of CSE-119 cells are generally developed, the

bottles are left closed for the period of the culture and the later

phase has generally been considered anaerobic. Our procedure

differed and the bottles were opened to incorporate the gucose-6-'4

under a high flux of room air. Hence when the bottles were

closed, to allow 24 hours contact with glucose-6-14C, the air above

the medium was room air with water vapor pressure of 21 mm Hg

and at a temperature of 23 C.

With 948 ml as the volume of the bottle and 50 ml of medium,
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the volume of the atmosphere above the medium was 898 ml. The

oxygen content of this atmosphere at STP would be given by

(948 - 50) x (760-21)
x X 0.21 = 171 ml

Further, 180 mg of glucose requires 6 X 22. 4 ml of oxygen

for combustion or 1.34 mg of glucose can be oxidized to carbon

dioxide by 1 ml of oxygen;nd 171 ml of oxygen can oxidize 229 mg

of glucose. Thus, sufficient oxygen is available to oxidize all the

glucose available. However, only about 0. 3 ml of this oxygen would

be in solution in the medium at any given time. As oxygen diffusion

would be slow, the possibility of essentially anaerobic metabolism

f the cells must still be considered.

As the cells grow when the medium is at a pH bI 8. 0, the

question of activityin carbon dioxide could probably be solved

by adding small amounts of sodium carbonate to the medium initially

in order to trap the carbon dioxide in the medium, separate the

medium, and release entrapped carbon dioxide with dilute HC1 and

estimate activity in the gases released.
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SUMMARY

Prior to the studies initiated for this thesis, the only metabolic

information on CSE-119 cultures was that of Pilcher, Kleeman and

Fryer (73). Initially the increase in lactic acid was equivalent to 3/4

of the glucose lost. From days 8-10 the increase in lactic acid was

equivalent to 26% of the glucose lost. From the data derived in this

thesis, the glucose level in 100 ml of medium dropped 28 mg between

days 4 and 5 and the lactic acid increased 7 mg; the lactic acid

increase was equivalent to 25% of the drop in glucose. Between day

8 and day 9 there was no change in the amount of glucose in the

medium and the increase in lactate was 25 mg. A major difference

between the data of Pilcher and co-workers and the glucose lactic

acid data just described may lie in the fact that for the thesis

studies all culture bottles were opened briefly 24 hours prior to

evaluation of amounts of glucose and lactic acid with a consequent

increase in the amount of oxygen in the atmosphere of the culture

bottle. In addition to data on relationships between glucose and lactic

acid the data accumulated for this thesis provides the following new

information.

General impressions from handling many cultures of CSE-119

cells suggests that variability is not due to differences in mass

growth potential nor cell division capabilities. Because of general
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similarities seen between cultures the variation seems related to

the physiological age of cultures of the same chronological age.

Some variability may be inherent in the cells and some may be induced

by cell culture methods. However, there are also definite differences

between cultures in metabolic relationships such as in the rates of

formation, accumulation and destruction of glucose and selected

metabolite s.

The radioactivity recovered from cultures ranged frcm 20% to

107% of the activity incorporated. Loss of activity due to the pro-

longed and complex procedures and the possible production of radio-

active CO2 from glucose with associated loss of radioactivity may

explain the losses.

The greater percentages of recovered radioactivity were

obtained in the glucose fraction. During the first three days of cul-

ture development recovered radioactivity ranged from 90 to 99 per-

cent. The glucose fraction dropped, over days 4 through 8 or 9, to

between 54% and 81% and increased slightly on the 9th and 10th days.

The specific activity of glucose immediately after the inocula-

tion increased with age of the cultures since daily the same quantity of

radioactive glucose was added to new bottles of media whose glucose

content had become more and more depleted as the cultures developed.

The specific activities at the start of day 10 were 3. 66 and 3. 64

times the specific activity at the start of day one. The specific
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. . 14activities of glucose 24 hours after glucose-6- C was added to the

medium were between 24 and 104% of the specific activity immedi-

ately after incorporation. The non-uniform distribution of labelled

and non-labelled glucose molecules, prior to sampling could account

for variation in radioactivity sea sured immediately after: incorpora-

tion and possibly for an altered specific activity of glucose at the end

of the day. A preferential use of glucose-6)4C molecules over non-

labelled molecules is unlikely, but if it occured it could also account

for alterations in the specific activity of glucose. A neoformation of

glucose molecules is possible and could possibly account for some of

the decrease in specific activities,.

One of the more significant results obtained from these studies

was that the cel1s concentrated the radioactivity incorporated into the

medium even during periods of reduced glucose availability. The

radioactivity incorporated into the cell mass during day 10 was 12 to

46 ttmes the radioactivity incorporated into the cell mass during day

one. The cell mass on day 10 was only 2 to 3 times that of day one.

Day 10 levels of glucose were one fifth to one third the levels on day

one. The radioactivity found per ml of cells ranged from 0. 2 of the

radioactivity per ml of medium on day 1 to 20 times the radioactivity

per ml of medium on day 10. The viable cells were highly active in

the uptake of glucose and that there is a greater movement of glucose

than could be accounted for by the increase in mass of cellular
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material. Presumably maintenance metabolism, rate of growth

and amount of growth would all be factors determining the radio-

activity incorporated and their magnitudes and interactions could

account for changes. Very possibly some differences may only be

due to chance variation between the c1tures in 22 different bottles.

On day 10, with 0.5 ml of cells distributed over 292 square cm

of surface, the average thickness of the cell layer would be 1. 7

microns. With 6.9% of the radioactivity, in the cells the volume of

medium cleared would have been 6. 9 ml, which corresponds to a

clearance (as used in kidney physiology) of the contact surface of

the cells with the medium to a depth of 24 .in one day or about one

micronper hour. Even during the hoar much of this gradient over

one micron would have been eliminated.

For the media to have non-glucose radioactivity, glucose-6)'4C

must be metabolized most probably in the cells. While cells con-

stantly die and decay and thus conceivably place active enzymes in

the culture medium, it is highly unlikely that sufficient quantity of

enzymes would be active enough, without the patterns of cellular

organization, to account for the levels of glucose metabolized during

the 24 hours of exposure to the labelled substrate. Daily radio-

activity was found incorporated in lactate, pyruvate, organic acids.,

amino acids, and lipids. Relatively larger fractions of the added

radioactivity were incorporated into lactate, pyruvate and organic
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acids as the age of the culturesincreased. A more constantlevel

of activity was found in amino acids and the activity found in lipids

was relatively low throughout the culture period.

For radioactivity to be found in amino acids, organic acids

and lipids a metabolic route involving pyruvate is probably necessary

(52). The data would indicate that while only small amounts of

activity are found in pyruvate at the end of any given day signi.fi-

cant amounts of activity are found in compounds requiring the

metabolic turnover of pyruvate. Thus significantly more pyruvate

could be produced during a day than is indicated by the pyruvate found

at the enc of any given day.

In the presence of pentachlorophenol (KPCP) there was a

greater recovery of radioactivity inoculated into CSE- 119 cultures

than from control cultures without KPCF. The percentage of

recoveries were considerably increased with 16 of the 20 estimates

having g'eater than 85% recovery of inoculated activity. There was

daily incorporation of activity into all metabolites studied but at

a level below that of the controls. If KPCP acts as an oxidative

uncoupling agent, more radioactive carbon dioxide would be formed

and would not be incorporated into the radioactivity recovered by

the analytic procedres used. Hence greater oxidation to carbon

dioxide should have reduced the fraction of radioactivity for which

an account could be rendered. As greater rather than smaller
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fractions of the radioactivity administered were recovered with

KPCP than in controls without KPCP, KPCP may have significant

toxic effects other than merely interfering with oxidative phosphoryla-

tion.

Even the small amount of data collected in cultures exposed to

KPCP iidicates that KPCP alters carbohydrate metabolism of CSE-

119 cells and more extensive investigation of carbohydrate metabol-

ism, say on only the 6th or 7th day would provide some insight into

the mechanism of KPCP action, especially if radioactive carbon
. 14dioxide losses were studied. Glucose -1, -2, -3, 4 and 6- C

alternatives should each be investigated.
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