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Attompts were made to maintain adult mammalian liver
explants or cell aggregates in vitro hy modifiontions of the
Trowell organ culture tecinique., Tissue preparaticns swrvived
for periods up %o 6 days but results were not consistent enough
0 permit biochemical study of hormone action, Advantages of
the use of the organ culture method in studies of hormone action
are mentioned and a posalble reason for the dAfficully of maine
tadnding liver in vitro is suggested,

Owing %o the mmerous advantages of ocell strains for
metabolic studies and investigations into the mechanisms of
hamone action, these were employsd for subscquent experiments,
Additdon of insulin %0 the cultwe medium induced an inorease
in the carbolydrate content of cell strains isclated from foetal
human (HM) and foetal oalf liver, Possible mechanimms involved
in this effect are disgussed, Addition of prednisolone led
to decreases in the cellular carbolydate content and in cell
multiplioation, It is suggested that these effects may be se=-
condary %o other efffects obperved, This steroid also induced
an inoreage in the content of DNA in HMIM cells and in the lipid
oantent of a strain of mouse fibroblastic cells,

Insulin addition led %o a marked inowesse of glycolysis
in cultuwres of HIM cells, It is suggested that the hormone
nay act by increasing the activity of an engyme catalysing the
phogphorylation of glucose and/or by inoreasing the mate of
conversion of fructose=-G-phosphnte to fructose~1, G-diphosphate,



-

Addition of prednisolone led to an inhibition of glucose uti-
lisation, but the keto acid content of the medium was increased
in oultures containing this storodd, It is suggested that the
latter affect may be primayy %o the foarmer, sinoe pyruvate ine
hibits glycolysis in isolated muscle,

Addition of insulin did not alter the levels of any
engyms consdstently but inmeases in hexoldnge activity were
found on 2 out of 5 ccoasions, The induction of hexckinase
or gluociinase could explain the insulineinduced increage in
glycolysis, Addition of predulsolone caused a consistent ine
arease in the esterase levels in HIM ocells, The levels of other
engymes, such as glucose=G-phosphatane, glucose=bephosphate
delydrogennse, lantic dehydirogenase nnd hexokinase were not
consistently affected,

A ®clnique for the study of glucose transport into
MM cells was developed, This invelved the msasurement of uptake
&N-w&]-wmﬂmamm“m
Bxperimenta %0 determine the influx of labelled glucose and
efflux of radionctivity over longer periods of time were also
performeds The lovel of intragellular radioactivity approached
a plateau after 20=30 nimites of exposwre %0 labelled glucose.
The efflux of mdionctivity, following a 30 minute influx period,
was more repid than influxe Evidence is presented suggesting

that 2 camponenta ean be distinguished duwring measwenent of
efflux of radioactivity, One of these was readily diffusible,
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but the other remained within the cell even after a 30 minute
efflux period,

Exposwe of cells %o insulin for perdods as short
as 10 mmites brought about a 2-fold inorease in the rate of
entry of glucosess An effect of insulin could be demonstrated
under certain conditions at Lmsulin concentrations as low as
10™ unita/nl,

The effect of physical factars en the rate of glucose
transport and on the action of insulin was investigated, pi
had no marked influence while increases in teperature from
20=30° induoed dncreases in rte of transport of both control
and insuilinetreated cell oultures, 7The basal rate of glucose
wwmn&mwmaow(%m
of 1,7 was oaloulated, Below 30° the effect of insulin was
absent but abowe this temperature insulin had an increasing
.MWMMan(zT_’f)Cummw
The rate of glucose entyy was increased in solutions of inoreased
osmolarity in both control and insulin-treated cell cultures,

Omissian of Ca™ or Mg™® did not affect the rate of
glucose transport nor the effect of inmulin, Omission of K*,
however, lod to an increnso in the mate of trangport of glucose
into control cell cultures to levels cbserved for insulin-treated
onese Reversing the molar ratio of Na' %0 K* led to a marked
inorease in the mte of glucose transpord and the effect of
ingulin, No change was noted on emission of phosphate ar ine



G

ocreasing the phosphate concentration by a faotor of 10,
Glucess transport Anto inswlin-treated and control

08l cultures was found o obay Michasliseilenten iinetioss
MMMAW&&.“&WM\-
mmtitwhnmumvcumm
rwmanmmmwrmAm
thenselves, ﬁm&mm-omtmam
dMMMW&W‘-N‘.

Degalactoss o D-or L-axabinose could not be shown

0 exort any Lnhibitery effect on the rate of gluwome transport
 into eontrol or dnsulin stimilated cells, It is suggested that
an inhibitory effect of these sugnrs may have been maghed Yy
.mmtm-mwem.muww
osnalarity,

- Subatanoss which inhidit glycolysis, such as flucride,
icdonoetate and pyruvate, induced an inoresse in the rate of
glusose trangport and masked or abolished the effect of insulin,
Ithmmutwmﬂﬁmt'mhm
ving regilation of gluooss Grnsport in other insulinesensitive
ocell fypes, Similarities anl differennes between this insuline
sonsitive osll fype and others are disoussed, The effects of
a mmber of othar metabolic inhibdtors wore also iluvestigated,

' The rate of transport of glucose inte cells grow:

in the pressnoe of predniselone was found %0 be decreased,
nuwuzqwxmmwum
utiligation, carbolydrate storage and oell maltiplication observed
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in prednisolone Weated cultwres, Insulin had an equally stie

mulasory effect on cells grown in the presencs of prednisoclone
as on calls @own in its abpenne,
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In spite of persistent attempts to elucidate the means
by which hormonal effects an cell systems are brought about,
the primary mechanisms remain unknown, Hypotheses have been
put forward implicating the cell membrane, mitochondria, riboscmes,
the nucleus and other intracellular structures as the site of
action of different hormones., It is generally agreed that hormones
alter the rates of limiting reactions to initiate a sequence

of events producing a recognizable change in cellular metabolism,
The effect on rate limiting reaotions may be direot or indirect.

It may involve alterations in the availability of substrates,
coengynes or activating substances, alterations in amounts of
apoenzymes, or changes in the structwe of enzymes, thus altering
their catalytic capacity. Thus hoxmonal effects on cells may
involve changes in intracellular substrate availability by alter-
ations in membrane permeability and/or changes in various enzyme
activities, Both general effects could regulate cellular metabolism,
This study is primaxrily concerned with such actions
of insulin and the anti-inflammatory steroid, prednisclons, on
oells in culture, Since insulin is also known to have a general
anabolic action in vivo, attempts were made to determine if a

similar response is promoted in this system,

The passage of sugar molecules from extracellular fluid



to the cell interior has been known for some time to involve
more than simple diffusion, Red blood cells and muscle have
been used most extensively in defining the nature of the process
and have provided information from which a partial model of the
* transport mechanism” can be visualized, Monosacgharide trange

port in muscle and erytirocytes is not an active process; appar-
ently no energy is expended during the transfer of the sugar
from the extracellular to the intracellular space, It is an
example of a type of transfer which is cammonly referred to as
facilitated diffusion, It is thought to involve the transitory,
stoichiometric essociation of a sugar molecule with a specific
site on the cell swrface, these sites being limited in mumber,
By virtus of this association the sugar is able to pass through
the hydrophobic cell membreane barrier, It is generelly believed
that the sugar molecule combines with the oell receptor or carrier
and that this complex diffuses across the membrane to release
the free sugar to the cell interior, The entire process is ree
versible and formation of the sugarecarrier complex obeys Michaelis-
Menten kineticss Competition far the hypothetical cesrieresugar
complex can be shown to exist among different sugars as well
as between enantiomorphs, The evidence from which this concept
has been derived is reviewed by Wilbwandt, (1961, 1963); Randle
(1961)3 Randle & Morgan (1962); Le Pevre (1961); and Hokin &
Holcin (1963).

Conclusive evidence that insulin exerts an effect on



the transpart of sugars into muscle cells was cbtained by Levine
& Goldstein (1955). These workers showed that insulin inoreased

the galactose space of eviscarated-nephrectomised dogs and suggested,
therefore, that the primary action of insulin on muscle involved
an acceleration of sugar trensport.

Since these experiments were reparted an overwhelming
body of evidence has acoumilated in support of their hypothesis,
It is now accepted that insulin acts on muscle %o pramote increased
nenbrane transpors not anly of galactose and other “non utiliszable"
sugars but also of glucose. (Levine, 19613 Park et al. 1959, 1961;
Randle & Mowgan, 1962).

The insulin effect on sugar transport in muscle was
further defined Wy Randle and Smith (1958 a, b). They found
that anoxia or inhibitors of exidatiwe phospharylation increased
the D xylose and D glucose space in yat disphwagn, Morgan, Randle
& Regan (1959) reparted similar findings of inoreased entry or
exit rate of D.zlucose o L arabinose with the perfused rat heart
undsr conditions whese oxidative phosphorylation was impaired,
Morgan, Henderson, Regen & Papk (1961) studied the effects of
dinsulin on the kinetics of glucose transport in the perfused
mmmutuwmumuguvm
in this preparation., The mechanism by which insulin increases
glucose transport is still highly speculative and indeed the

very nature of the glucose trangport system is uncertain, Never-
theless an ingight into the possidble chemical definition of the



aystem was provided by Walans, Borreback, Kristiansen & Walaas
(1960). These workers separated from rat diaphragm a glucans
peptide into which labelled glucose is yapidly incorporated,

mmm-.mmmwwum.
the authoars suggested that the glucanepeptide may be part of

the glucose transport system,

Tomking & Mexwell (1963) have sugzested that an inter=
relationship between sugar transport and amino acid transport
nay exist, Thus insulin-induced alterations of sugar transport
could produce alterations in amino acid transport and vice versa,

Kipnis & Noal (1958) reported that insulin enhanced
the rate of accumulation of o amino isobutyrate in rat diaphragm,
Manchester & Young (1961) suggested that such an effect may be
secondary to the insulin stimulation of protein gynthesis, More
recent work (Akedo & Christensen, 19623 Frits & Knobil, 1963)
however, supports the conclusion that insulin stimulates amino
acid transport independently of its effect on protein synthesis.

Since the trensport of sugars (Bhattacharya, 1961)
and amino acids (Christensen, 1960) is influenced by certain
ions, it is conceivable that the effect of insulin on these pro-
cesses and on ion transport might be related. Zierler (1959 a, b,
1960) reported that insulin inareased the resting potential and

the intracellular potagsium of rat skeletal muscle in vitro,



Since this was demonstrable in the absence of added glucose it
is probably not secondary to the effect on glucese transgport,
The uptake of potassium by the perfused liver is also inoreased
by insulin (Kestens, Haxhe, Lembotte & Lembotte, 19633 Mortimore,
1961).

Effeqt on pinoqytosis

Ball, Martin & Cooper (1959) and Bammett & Ball (1959,
1960) ebserved that rat epididymal fat tissue cells in vitre
MahstMtMMﬁde
ginations at the plasma membrane following the addition of insulin
to the incubation mediume A system of cammalicular channels
and vesicles develuped deeper in the qytoplasm and changes in
muwmmmnuuvimmm
Paul and Pearson (1960) reported that insulin prometed pinecytic
vacuole formation in the human cerivical carcinoma cell, strain
Hela (Gey, Coffman & Kubloek, 1952).

A% present there are serious objections to the hypothesis
that increased pinogytosis could explain the stimulatory effect
of insulin on oell permeability to sugars (Levine, 1961). The
recognised stereospecilicity in sugar %ransport, the apparent
necessity for simultaneous movemeat of water in pinocytic vacuoles
and the abgence of any stimulation of pinocytesis in the insulin
treated muscle cell fimly argue against such a mechanism, Moreover
studies reported by sSheldon, Hollenberg & Winegrad, (1962) indicate
that the presence of pinogytic vacuoles bears no censistent relation-
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ship to the glucose metabolism of adipose tissue,

Alterations in cell permeability as secondary
me 8 of i cti

The cellular permeability changes occurring in response
to insulin cannot readily explain all the effects of this
hormone and it could be argued that they represent secondary
events, For instance, the work of Larner, Villar-Palasi &
Richman (1959, 1960), Bessman (1960), Norman, Menozzi, Reid,
Lester & Hechter (1959) and others suggests that insulin
favours glycogen synthesis in muscle out of proportion to
other pathways of glucose metabolism,.

Cahill, Ashmore, Earle & Zottu (1958) demonstrated that
the hepatic cell is freely permeable to glucose. Neverthe-
less, there are many reports indicating effects of insulin on
glycogen storage and glucose uptake or output by the liver
(Krahl, 19613 de Duve, 19603 Miller, 19613 Leonards et =l,
1961y de Bodo, Steele, Altssuler, Dunn & Bishop, 19633 and
Mortimore, 1963).

Therefore, if a unitary concept of the mechanism of
action of insulin were to be proposed, it would necessarily have

to provide for the findings, cited above, which cannot be explained



selely on the basis of permeabidlity alteration.

§terodd Hormoness

Effects on pexmeability to sugars
Manchester, Randle & Young (1959) presented evidence

from glucose uptake studies suggesting that cortisol or growth
hormone administration reduces the sensitivity of the isolated
rat diaphregn to insulin,

Morgan, Regen, x«u-nn. Sawyer & Park (1961), studied
the effects of adrenalectomy and hypophysectomy on sugar transport
and phosphorylation by the isolated, perfused rat heart, They
concluded that no factor from either the hypophysis or the adremal
gland directly inhibits the transport of glucose in the diabetic
heart, They adid find, however, that growth hormone or hydrocortisone
depressed the rate of gluocose phosphorylation by the vat heart
if these hormones were administered in vive, It was also found
that the administration of these hormones in vivo reduced the
wﬁﬂvdhmmmhthMMnt
heart to insulin stimlation,

Mado & Rickenberg (1962) found that the artificial
estrogen stilbestrol inhibits the transport of galactose into
L cells cultivated in vitre, They suggested that this compound
competes with galactose for the carbohydrate receptor sites at
the cell surface,

Fain, Scow & Chernick (1963) reported that the 2«methyl
derivative of ocortisol and dexamethasons, a potent synthetic
glucocorticoid inhibited glucose uptake and its conversion teo
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002 by rat adipose tissue in vitro, Their results,
however, do not indicate whether this is an effect on
glucose transport, 'pho-phorylauon or some other step
involved in glucose breakdown,

A thesis Expla H e Aot

with Reference to Cell Permeability,

A general theory to explain hormonal sltbratiou in
permeability characteristics of a cell was proposed by
Hechter & Lester (1960). They suggested that the changes
in permeability may be secondary to alterations in internal
architecture of the cell, They pointed out that hormone
.ri.m which apparently result in alterations of cell
permeability, to sodium and potassium for instance, may be
a reflection of a general change throughout the cell, It
was postulated that “the high polymers of the cell are
arranged to fo:".l a metastable system of ordered lcttiou'
representing a continuum throughout the cell". Furthermore,
the existence of an interlayer aquooni region of bound and
ordered water ﬁolooulu was suggested, Hormones were
supposed to alter the geometry of the system, thereby

rendering additional volumes of the interlayer aqueous regions
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phosphorylating enzyme in liver (Walker, 1962, 1963) and

of an engyme involved in glycogen synthesis in muscle (Priedman

& Larner, 1963),  The former effect may involve an activation

of inactive engyme precursor (Vester, 1963; Vester & Reino, 1963)
or a stimilation of synthesis of engyme protein (Salas, Vinuela

& Sols, 1963)s The latter involves an activation of the apparently
less active glycogen synthetase (Friedman & Larner, 1963). These
effects of insulin are discussed in more detail elsewhere,
S%eroid Hormoness

A wide variety of enrzymes in cell free extracts or
in a purified state are irfluenced by steroid hommones (Tomkins
& Maxwell, 1963). It is howsvoer, difficult to assess the physioce
logical importance of these offects since it is not possible
to demonstrate them in intact cells, Of'ten, very high hormone
concentrations are required to elicit the in vitro effect and
for this reason also interpretation is made very diffiocult,

Steroid hormones also regulate the activity of numerous
enzmymes of intact cells both in vitro and in vivo (Tomkins &
Maxwell, 1963), In many cases increases in enzgyme activity have
been shown tc be a result of protein synthesis,

Weber, Banerjee & Bronstein (1961, 1962) have reported
that cortisone administration to hypophysectanized or adrenalectomized
rats causes increases in the activities of certain liver engymes
involved in gluconeogenesis whereas othar engymes of carbohydrate
metabolism are not affected, The administration of the amino



acid analogue ethionine along with cortisone selectively inhibited
the stimulation of the activities of these engymes and this inhibitory
effect was reversed by methionine, Ethionine is known to inhibit
protein gynthesis and its effect is reversed by methionine, The
authors suggested, therefore, that the cortisone~induced increases

in the activities of these enzymes are the result of gynthesis

of specific enmyme proteins,

Greengard, Smith & Acs (1963) reported effects on liver
glycogen of the administration of cortisone or cortisone plus
puronycin or actinomycin D to starved rats. Puromycin is known
to inhibit protein aynthesis whereas actinomycin D inhibits the
deoxyribonucleic acid (DNA) « directed gynthesis of ribenucleic
acid (RNA) (Reich, Franklin, Shatkin & Tatum, 1961), The authors
found that the cortisone-induced rise in liver glycogen in these
animals, due presumably to gluconeogenesis, was inhibited by
puromyein or actinemycin D, Weber, Singhal & Stamm (1963) similarly
found that actinomyein inhibits cortisone induction of glycogen
gynthesis in rats, PFurthermore, the induction of gluconeogeniec
enzymes by certisone was also inhibited by this compound, The
author stated that this evidence is in agreement with the suggestion

that the stimulation of the synthesis of certain RNA species
may be one of the primary actions of this hormons,

Qther Hormanos

Gluoagon and epinephrine
Glucagon promotes activation of liver phosphorylase



and epinephrine prosotes activation of phosphorylases in liver
and muscle, thus stimulating glycogen treakdown, The mechamisn
of this regulatory action has been partially elucidated and is now
mnumuwm“ammhu(aum
& Stetten, 1960; Sutherland & Rall, 1960 and Haynes, Sutherland
& Rall, 1960), Friedaan & Larner (1963) sugiested that a similar
mechanisn may be invoived in the insulin-stimulated conversion
of the glucoge-S=phosphate dependent form of wridine diphesphate
glucones (=1, N=glucan & =4eglucosyl transferase (hereaftier glycogen
synthetase) to the independent form, This possibility is discussed
in more detail elsewhore,
ACTH

Haynes (1958) reported that ACTH induces formation
of cyclic adenylate by beef adrenal glani slices and that this
in turm stimulates adrenal phosphorylase activity, Since ACTH
also increases the pexmeability of the adremal gland to sugars,
Haymes et al, (1960) speculated that both of these effects may
be mediated thwrough produotion of cyolic adenylate, A similar
suggzestion might also be put forward to explain effects of insulin
on engyne activation and on cell permeability to sugars.

In this study some time was devoted to attenpts at

demonstrating specific cugyne induction by prednisolene or insulin
in cultured cells, Such a nystem would secm an ideal tool for
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influence of hormones on that process,
The hypothesis that hormones could act by regulating

the rate of gynthesis of specific "key" enzymes camnot be considered
recent (Hechter, 1955)s The elucidation of the steps involved
in the gynthesis of a protein, made in the last few years, provide
tqanﬁ.whdghthhtbpn.ﬁhhdfum
controle

 An'inarease in the synthesis of a specific enzyme protein

‘could be due to incveased production or avalilability of the specific

messenger RNA involved (Kawlson, 1963)s The mechanism by which
a given homone could act at the genetic ;& m~l %0 induce an increased
rate of formation of a specific messenger RNA species is still
obscure, |

Jacob & Monod (1961) have provided evidence indicating

: ltutm‘thphm&cndby'mw

genes, These regulator genes ave thought to influence the soscalled
WNme»mummmw
RNA synthesis, The regulater genes are thought to act by means
‘MWMNWMW‘
the fomation or availability of messenger Rl

This concept has arisen from studies with microorganisms
and was proposed to explain induction of enzyme synthesis, Never-
theless 1t is possible that homenes exert their influence om

‘similar genetic systems in manmalian cells. If such contrel



mechanisms are present, it would be possible to visualize an
interaction of a given hormone or a product farmed through its
influence, with the repressor substance, Such an interaction
could then prevent the repressar substance fram inhibiting the
formation of messenger RNA and thereby stimulate the synthesis
of a given protein,

A suggestion %o explain the simultaneous induetion
of several enzymes was presented by Jacob & Monod (1961). Several
structural genes grouped together constitute an operon and are
supposed to be controlled by another special gene, the "operator
gene™, In this case the repressor substance, produced by the
regulator gens, would act on the operator genc to alter production
of messenger RNA by all of the genes under its control, Thus
for example genes responsible for the production of gluconeogenic
enzymes might constitute an operon and be controlled by an operator
gene, The action of cartisone on the liver could be supposed
to interact in some mamer with repressors produced by the regulator
gene for this operon, Inhibition of the synthesis of specific
messenger RNA, involved in the production of these engymes, could
thereby be released, Hence gluconeogenic enzyme synthesis would
proceed at a greater rate,

Ssilard (1960) presented a somewhat different hypothesis.
He proposed that the repressor substance is gynthesised in the
cytoplasn under the influence of a regulator gene, The repressor
exerts its effect by causing the enzyme to adhere to the ribosome



thereby rendering the template messenger RNA unavailable for
further engyme gynthesis, The repressor is thought to combine
with a specific controlling site on the enzyme meolecule remote
from the active catalytic center, Induction of engyme synthesis
is envisaged as a result of competition of the inducer with the
repressor for this controlling site, The hypothesis that hormones
may aot in this mamnner is reflected by the explanation suggested
by Feigelson, Feigelson & Greengard (1962) to explain twyptophan
pyrrolase induction by cortisone, This might be accomplished

by the direct action of the inducer on the engyme attacihment
site (Halvarson, 1960) or by an action on engymes which catalyse
the removal of the polypeptide chain from the ribosome (Chantremne,
1961)

The more general amabolic action of such hormones as
the estrogens, androgens, growth harmone, insulin, thryroid hormones,
and the insect hormone ecdysene may also prove to be due, at
least in part, %0 a general stimulatory effect of these on messenger
RNA and protein gynthesis (Tepperman & Tepperman, 1960; Karlson,
1963; and Tamkins & Maxwell, 1963),
MWMWWMWWM
in target organs but this does not necessarily reflect gynthesis
of messenger RNA specifically.
Wool (1963) studied the effect of insulin on the incorporation



of label from 8 '’ adenine ana "o glucose into total micleie
acid and RNA of isolated rat diaphragn, Although insulin did

not affect the incorporation of these compounds into DNA 4t did
stimulate the incarporation into the RNA frection, It alse caused
an increase in the actual amount of RNA which could be extracted
from the tissue affter a two hour incubation period, This worker
suggented that the stinulation of RNA synthesis may be the primary
point at which insulin sots to increase protein synthesis, Insulin
has been shown to exert this effect on RNA metabolism even in

the absence of added substrate (Wool, 1960), It was suggested
mhtitmth’ardhcuonfmmm

on the sugar transport mechanimm, Weol & Munre (1963) repertéd
experiments which indicate that insulin can stimulate the formation
of a rapidly labelled mucleic acid having the characteristics

of messenger RNA., In other instances insulin was found to effect
the persistence ar appearance of messenger RNA from the isclated
rat diaphragn, These findings were, however, reported to be somewhat
variable, although a consistent inorease in the total ribonucleo -
protein RNA synthesis as a result of insulin stimulation was
observed, The authors postulated that RNA synthesis is the molecular
site of action of insulin in the promotion of protein gynthesis,

They also suggested that this action may explain other biochemical

and physiological effects of the harmone,

Eboue=Bonis, Chanbaut, Volfin & Clauser (1963), however,
present evidence arguing against this hypothesis. These warkers
studied the effects of pwomycin and actinomycin D on the insulin



stimulation of incorporation of 8= g adenine into RNA, incere
poration of labelled amino acids into protein, and of glucose
uptake and 2P inoarporation into high energy phosphates of

rat displragm in vitro, They reported that although actinomycin
D inhibited insulin-stimdation of RNA synthesis it had no such
inhibitory effect on the insulin-gtimlation of amino acid incore
poration, Nor did it cffect the insulin-stimulation of incorporetion
of P into high energy phosphate compounds, Similarly puramycin
blocked the incorporation of awino acids into protein, It aid
not affect insulin-gtimulated glucese transpart or the enhanced
incorporation of ’22 into high energy phosphate, The authors
concluded that it is therefore improbable that the actions of
insulin on these processes can be explained on the hasgis of an
effect on messenger RNA synthesis.

It is however conceivable that the longer term amabolic
effects of insulin could still be explained on the basis that
the hormone influences nucleic acid stability, synthesis or turnover.
Ingulin is known to cause increased amino acid incore
poration into muscle, fat and liver protein as well as into protein
of subcellular structures under certain conditions, It seems
very probable that this reflects a direct action of the hormone
on the protein synthesizing systems of the cell (Manchester &
Young, 1961; Krehl, 1961)s

: *"m!‘."_m l'j ‘.:[L.’.if";;u{
As indicated in the faregoing outline, the present




undergtanding of the loci and mechanisms of homone action evelved
through a variety of general experimental avenues of investigation,
One category of experimental approach has involved the destruction
or extirpation of the endoorine gland or cells producing a given
hormone, Subsequently, studies of a physiological, morphological
or biochemical nmature were performed either on the intact animal
or on organs, organ segments or subcellular fractions prepared
from it, The findings were then compared with those obtained
from studies performed with similar material fram control animals
which had received replacement hormone injections,

The main difficulty in this type of experiment is intere
pretation, No single organ is exposel to the administered hormone
alone and the presence of mmerous tissue types may be involved
in its action on the whole animal, It is therefare very difficult,
if not imposaible, to interpret any single effect as being induced
primerily or directly by the hormeone involved,

Amexmnhmﬁﬁnml
of an organ or tissue, believed to be influenced by a given hormone,
from a nomal donor animal, Direct effects of the hormone were
then determined by adding it either to a perfusing mediwm or
%o medium maintaining fragments or slices of the tissue being
examinede

mmwsgmabthMﬁcM
of a biological regulator in a system removed from the complexities
of the whole animal are obvious,



Although there are considerable advantages to this
type of in vitro study, certain disadvantages should also be
recogniged, Perfused organs such as the heart and liver are
excellent tools for short term experimentation and have certainly
yielded much valuable information, The effects of some hormones,
however, require a considerable time to become apparent, These
preparations and indeed the tissue slice and diaphragn preperations
also, do not swrvive for extended periods of time, For this
reason they camnot be used for the elucidation of the mechanisa
of lenger term hormonel effects, Some hormones do not appear
to exert any influence on these systems when applied in vitreo
but do exert an effect when administercd in vivo over lenger
periods of time, While these effects could be manifestations
of an indirect action, it would also be poasible that they ocour
only after longer periods of exposure of the tissue to the hormones
involved,

The use of organ or cell culture techmiques has long
been recognized as a valushle tool in the study of the effects
of metabolically active compounds on whole cell preparations,
The main advantage of these techniques is the precision with
which it is now possible to define the conditions under which
the cells are studied, With other in vitro study methods the
tissue preparations have a very limited survival time, Results
are often extremely variable owing perhaps to tissue trauma on
being excised from the donor animal or to differences in these



animals themselves, The preparations often require complex nutrient
solutions containing largely blood plasma or other material of
unknown composition,

With a recently developed organ culture technique,
however, it is posaible to maintain a given target organ or ergan
segunent in a completely synthetic medium for extended periods
(Trowell, 1959). In this and older organ culture methods the
tissue is in a healthy state throughout the study, FPurthermore
it is possible o agcustom it to culture prior to exposwre to
a given hormone, This enswes that hamonal effects persisting
at the time of removal of the tissue from the animal due to endogenous
hormone, are minimized, This of cowrse is not always possible
with shart tem in vitro preparations,

Difficulties are also encountered with this technique
however, The possibility that hormone and mutrients do not penetrate
the tissue and effect all cells present to the same extent must
be recognised. Purthermore, while many tissues can be maintained
by these methods certain tissues do not survive,

Several main advantages of cell as opposed to organ
culture techniques for biochemical studies should be emphasized,
Cell strains can be cultivated permanently in vitro as monolayers
or in suspension under well defined conditions, Their growth
stages can be readily recognized and their metabolimm is readily
studied, Cells in a given culture can be equally exposed to
hormones and mutrients alike, Conversely, with the organ culture



technique the problem of imnward diffusion of hormones or mutrients
and outward diffusion of end products of metabolism may complicate
interpretation,

Certain difficulties must also be acknowledged in this case.
Cellular characteristics may be lost or altered dwring adaptation
to growth in vitro, One metabolic change commonly observed during
this tyansition is an inorease in aerobic glycolysis as compared
to complete oxidation of glucose, PFPurthermore the identity of
the cell type eventually isolated fram a particular target tissue
may be uncertain, Nevertheless certain cell strains must possess
the necessary "reactive asites" rendering them responsive to hormonal

of hormones, carcinogens and vitamins on organ cultures, The
emphasis was plaged on morphological changes and influence en
growth and development, Moat of the studies referred to were
perfarmed using media of non defined nature containing high con-
centrations of serun, plamma or tissue extracts, More recently
developed organ and cell culture techniques however, allow use
of media which are either campletely synthetic or require only
slight fortification with serum, These techniques can undoubtedly
be of value in studies of metabolic alterations following hormone
addition,



Growth stimulatory effects of insulin on chick embryonic
heart explants cultured in vitro (Leslie & Davidsen, 1951; Leslie
& Paul, 1954) and on argan cultures of embryonic bone (Chen, 1954g
Hay, 1958) have been reported. Similar studies with established
oell strains however, have given negative or inoconsistent results
(Leslie, Pulton & Sinclair, 1957; Paul & Pearson, 1960), OCrockett
& Leslie (1963) reported a consistent growth promoting effect
of insulin on a styain of cells, designated MIM, derived frem
human foetal liver (Leslie, Pulton & Sinelair, 1956). They suggested
that the previous variability of results may reflect differences
in the response to the hormone due to differences in media employed,
The growth rate of established cell types is markedly effected
w;_gl(rnx.1msnnda.m.mannn.1m).
M1tuwmthmuammpnhm
mammmmmmmmmqu
interpretation,

Lieberman & Ove (1959) reported that insulin addition
a.anmmmummm'm.mmum
of Hela cells and of cells (strain A1) isclated from normal
human appendix (Chang, 1954). The authars claimed that this
was not a nonespecific effect since the addition of inactivated
insulin did not enhance growth,

Franks (1961) reparted that orgen cultures of mouse
ventral prostate grown in either a chemically defined medium



or medium containing serum showed marked epithelial hyperplasia
after 5 to 7 days exposure to insulin,

The addition of insulin to medium maintaining adult
mouge ear fragments caused a doubling of the mitotic reate if
glucose was used as the substrate but was ineffective if fructose
or lactate was used, It was suggested that the effect of insulin
was due to an increase in entry and/or phosphorylation of glucose

(Bullough, 1954).
Effecta on petabolism

Perhaps the most consistent observation made with cultured
cells and organs maintained in the presence of insulin has been
an increase in glucose utiliszation often with a concomitant increase
in lactate production, Paul & Pearson (1960) reported that
insulin consistently stimulates glycolysis by cultured strain
L mouse fibroblasts (Barle, 1943) and by primary cultures of
cells from the chick emlbryonic carcasse An increage in the utilie
sation of pyruvate from the incubation medium was also noted,
The authors were unable to deteot any effect of insulin on the accu~
milation of protein, 1ipid, RNA or DNA. Barlier work with other
cell strains indicated that increments in RNA phosphorus and in
glyocolytic rate coourred after insulin addition, No increment in
DNA phosphorus was found (Leslie, Pulton & Sincledr, 1957).

Crockett & Leslie (1963) confirmed that insulin stimulates
glycolysis in cultured HIM cells, They also showed that insulin
does not alter the distribution of labelled carbon atoms from



glucose in various camponents of the cell, Furthermore insulin
was not found %o alter pentose shunt activity significantly,

Vam, Nerenberg & Lewin (1963) determined the effeoct
of temperature, ommotic pressure and various incubation media
on glucose uptake and insulin action on Heia cells, These variables
affected basal glucese uwptake and insulin-stimulated uptake to
different extents, Insulin stimulation was negligible in the
absence of bicarbonate,

The anthors interpreted these results as indicating
that two patimays for glucose utilization exist in Hela cells,
one dependent and the other independent of insulin, Their suggestion
is similar to that of Shaw & Stadie (1959) who proposed that
two independent patiways of glucese utilization exist in mat
diaphragm, Accarding to these workers, an insulin dependent
pathway operates only in the presence of bicarbonate while the
insulin independent pathway ocowrred in either bicarbonate or
phospha te -buffered nedia,

Insulin has also been found to influence the wetabolism
of adipose tissue cultured in vitro (Sidman, 1956b)., Typical
adipose cells were shown to differentiate from the mesenchyme

of the interscapular region of late foetal rats within a few
days after culture in vitro (Sidman, 1956a)., The addition of

insulin was found %o stimulate the synthesis of glycogen, hasten
the deposition of fat and inorease the swrvival time of this

preparation,



Insulin is one of the hormmones required for optimm
maointenance and secretary activity of mouse mammary explants
in argan culture (Rivera & Barn, 1961). This tissue in culture
was recognized 2s being very suitable for the study of effects
and mechanisms of action of insulin, cortisol, mammotrophin and
sama to trophin,

It should be emphasised that in the majority of these
studies concentrations of insulin have been employed which are
considerably in excess of that to be expected in vivo, This
factor must be borne in mind when the results are assessed,

ftereld Hormoness

Effects on organ cultures
Pell & Thomas (1961) studied the effects of hydrocortisene

on organ cultwes of the cartilagenocus long bone rudiments from
chick embryos and on well ossified limdb bones from foetal mice,
The chick bone rudiments were found to grow well in culture,
ofinmnuhrnmland‘ﬁu size of the hypertrophic cells
of the bone shaft, The mouse radii grew very slowly in culture
but hydrocortiseone was found to arrest the resorption of cartilage,
a process which was very evident in the control cultures,

It was also noted that hydrocortisone partially ivchibited
the effect of vitamin A to cause disintegration of chick or mouse
cartilage and of mouse bone in culture,

The effects of cortisone or hydrocortisone on skeletal



tissue in culture is qualitatively similar to effects on the
growing sieleton of the intact animal, However the interaction
of vitamin A and hydrocortisone in vitre is opposite to the intere
action in vive, It was emphasiszed that this apperent dlscrepancy
can probably be explained on the basis that cther aystemic factors
mvinvd.wdinﬂuhuwm

A suggestion as to the rale of the hydrecortisone in
Mﬁ“ﬁﬂﬂﬂn&mmuwm
Dingle (1961) reparted that vitemin A premotes release of at |
thwmn-ntnmw. Laay,
Dw.&l'dlh”ﬂmcbdmmmmlm@
chick cartilagenous rudiments which is capable of producing effects
on cartilage matrix similar to those produced following vitamin
A treatment, Fell & Thams (1961) therefore suggested that hydroe
cortisone may inhibit the release, synthesis or activity of the
lyscsomal proteases. mmmmemﬂ%ﬂ
and Weissman (1962) presented evidence suggesting that hydrocortisone
retards the release of potentially harmful engymes from lysosomes
of rat or rabbit liver,

Riv-u,&n"u (1961) reperted that cortiscl is necessary
to pramote optimum maintenance and secretory activity of mouse
moamary tissue in organ culture, As mentioned earlier, other
hommones were also required and appear to act synergistically
in vitro as they do in vivo,



Effeots on gqultured oells

- (a) Srogth Tubibiticn
Corticoid harmones and related compounds inhibit multde

plication of mmerous cell types (Holden & Adams, 1957; Grossfeld,
1959; Wellington & Moon, 1962; Cox & Macleod, 1962). Gabourel
& Aromow (1962) using cultured mouse lymphoma cells (MI=388)
(Herzenberg & Roosa, 1960) found that the growth inhibitory potency
of various stercids generally paralleled their antieinflaamntory
activity, Cell multiplication was inhibited hy 508 in the presence
of 10”7 Molar hydvocortisene. Stereid concentrations used by
other workers with other cell strains were usually much highere
Jaffe, Fisher & Welch (1963) determined the growth
inhibitory potency of a variety of glucocorticeid derivatives
on cul tured mouse leukemic ocells (strain L5178Y) (Fischer, 1958),
They reported that methylation at 16, halogenation at C6 or
€9 and introduction of a 160, 170 «0= propylidene derivative
to the basic cortisol molecule enhanced the growth inhibition
properties.
{b) Morphologigal changss
Holden & Adams (1957) reported that L cells grown in
the presence of hydrocortisone aprear swollen and more transparent
than controls, Treated cells were also found to have enlarged,

irgegular shaped maclei and mmerous cytoplasmic vacuoles, Cox
& Macleod (1962) also noted increases in the volume of steroide

treated epithelial cell strains but no increase was found in



the volume of L cells. This disarepancy may be due to the large
differences in steroid concentrations used in these two studies.
Wellington & Moon (1951) found that the muclei of a
strain of epithelial cells isolated from human liver (Chang,
1954) were larger and more irvegular after growth in the presence

of hydrocortisons, The cytoplasm was mare abundant but less
dense,

{o) Gbanges .0sl) Compositisn ani Netsholim
Low concentrations of adrenal and related steroids
decreased the cellular protein, DNA and aminoe acid content of
mouse lymphoma cells (ML=388), Protein synthesis, as judged
wwauma"ommw(wam.
1962)e Conversely, increases in cell protein, RNA and DNA were
found in styains of lman epithelial cells eultivated in the
presence of prednisolone (Cox & MacLeod, 1962).
Greenberg & Stewart (1961) found that hyadrocortisene
decreased glucose uptake and glucose starage by Hela cells,
Gropsfeld (1959) on the other hand, reported that massive doses
of hydrocortisone had an inmediate inhibitary effect on respiration
and a stimulatary effect on glycolysis of styein L fibroblasts.
However, cells cultivated in the presence of smaller doses of
the howone for 2, or 96 hows respired more actively than controls.
These qualitative differences emphasgize the probability
that stercid aotion varies with concentration and cell type used.



Cox & Macleod (1962) determined the alkaline phosphatase
muvcmmcm.nmmmm
established cell strains, The primary cell oultures, several
human fibroblastic cell struins and the mouse filreblastic L
line did not contain alkaline phosphatase, Human epithelial
strains either contained these engymes constitutively ar could
be!nh.dbymum'ﬁ-.

Various other fagtors such as medium ocomposition (Cox
& Macleod, 1962; 1963), presence of substrate (Cox & Pontecorvo,
1961), and osmolarity (Nitowsky, Hersz & Geller, 1963) influence
the level of alkaline phosphatase in certain cell strains, Maio
& De Carli (1963) separated variants, having diverse alkaline
phosphatase levels, from a human, embryomic, epithelial cell
strain BUE (Maio & De Carli, 1962)., Variants with lower levels
of this enzyme activity responded to prednisoclone, hydrocortisone
and organic monophosphate with fommation of increased amounts
afth.pm The same compounds however, repressed fommatien
of alkaline phosphatase in variants with a high ensyme activity,

Gaillard (1963) studied the effects of parathyroid
and thyroid hormones on mouse embryo radius rudiments in organ
culture, Effects of a parathyroid extract on such parameters



as bone resorption, deorease in osteohblasts and bone formation,
increase in osteoclasts, together with effects on cartilage and
bone shaft commective tissue were observed, The effects of thyroxine
were very slight and inoonsistent, However, the production of
hypertrophic oells in the proximal and distal sones of the rudiments
was consistently and significantly depressed by thyroxine addition,
In spite of the vardability in the results, the author concludes
that thryraxine is able to induwoe a concentrationedependent, mild
and linited parathyroid like effect

Mecca, Martin & Coldhaber (1963) studied the effects
of parathyroid extract on the metabolism of whole mouse ealvaria
in organ oculture, Marked bone resorption was observed by the
fourth day of culture in the presence of parathyroid extract,
Canversely, control cultures were virtually unchanged as judged
by total caleium and phosphorus analysis. Accompanying the ree
sorption of bone was an increased production of citrate and an
~ dncrease in glucose utilization and lactate and hydroxyproline
production, The authors interpret the results as supperting
the hypothesis that parathyroid hormene acts to cause increased
bone resorption by inducing increased citric acid formation,
The inoreased hydroxyproline appearance in the medium supporting
parethyroid extract treated calvaria, was thought te suggest
that arganic matrix was being destroyed at a greater mte.
(b) Effects en Qultured Cells

Halevy & Avivi (1960) observed effects of thyroxine
and trilodothyronine on primary ocultures of chick embryo cells,



They reported that these hormones at very low concentrations
induced an increase in the glyceolytic rate., Epinephrine, estradiol
and insulin had no effect.

Eaton, Adler, Bond & Scala (1956) reported that the
addition of small amounts of thyroxine to cells cultured from
the choriocallantoic membrane increased their oxygen consumption
af'ter a lag period of twelve houwrs, This effect was observed
in the absence of added substrate and in the presence of glucose
or pyruvate. :

Leslie and Sinclair (1959) examined the effects of
thyroxine and trilodothyronine on eells from foetal lung and
kidney and on several established ocell strains, No effects were
found if physiological concentrations of these hormones were
used but at higher concentrations glycolysis was stimulated,

In addition, the growth of foetal lung cells was inhibited but
no such effect was observed with the other oell types.

Since high concentrations of thyroid harmones have
been shown %0 uncouple oxidative phosphorylation in isolated
ni tochondria, the possibility of a similar action on cultured
oells was discussed, The inhibition of foetal lung cell growth
migh$ be explained on that basis, The authors suggest that ine
sensitivity to this action of thyroid hormene, shown by the other
cell types, may be due to alterations in their oxidative metabolism
cocourring during transition to growth in vitro,



Growth hormone
{a) Etfeots ou Ougan Culbues

Bullough (1954 ) studied the influence of growth harmone
on mitotic yate of mouse ear epidermis in organ culture, This
hormone depressed the mmber of mitoses if glucose was used as
substrate but had no effect if fructose or lactate was used,
m“ﬁwwwm»htwmnuatm
initial stage of the entry of glucose inte the cell metabolic
patinmys,

Bullough also noted an antagonism between growth hormone
and ingulin, The inhibitory effect of growth hormone on mitosis
could be partially offset by large doses of insulin and the stimue
latory effect of insulin on mitosis could be inhibited by large
amounts of growth hormone,

It is interesting that Henderson et al. (1961a) and
Morgan, Regen, Henderson, Sawyer & Park (1961) found a similar
antagonism of the insulin stimulatory effect on glucose uptake
by the perfused rat heart, In this case however, the effect
could only be demonstrated after administration of growth hormone
to hypophysectomized rats some time before removing the hears,
Their results indicate that growth hormone inhibits phosphorylation
of glucose rather than glusose transpart, Conversely, insulin
primarily affects glucose Weansport, The authors suggested that
the inhibitory effect of growth hoarmone (and corticosterecids)
on glucose phosphorylation may represent an indirect action,



The results of Sullough (1954) however, strongly argue against
mnuamAmuiﬂ.m. Although no direct measurements
«Mwm-&umt-w.'mw-mm
wum--rmmwmmﬁummwnm
hmnmultnummt—.

Hay (1958) studied the effects of growth hormone on
bone rudiments in organ culture, A slight stimilation in growth
of chick embryo tibia and femur was noted.

{b) Effects gn Quitured Oglls

Moon, Jentoft & Li, (1962) reported that growth hormone
caused an increage in nuclear proliferation in a strain of cells
wm&.t;mnnm- (Chang, 1954). This effect increased
with .MMdﬂnmmuﬁMw
tnes. Although the sell mmbers were dnsvesssd s was the fotal
protein per culture, the protein per cell wes decreased.

- A

Schaberg, De Groot & Gelpke (1959) and Schaberg (1961)
reported that adrenal cortical explants and pituitary explants
could be maintained in a combined ergan culture., Morpholegical
changes in the adrenal explants were induced by ACTH or by combination
with anterior hypophysis explants, T -/ direct measurement and
by inference, the authors concluded that these argan cultures
produce corticosteroids and ACTHe Stereid synthesis by the adrenal
explants was stlmilated by culture with the pituitary explants,



The abdlity to reproduce in vitro, effects of hormones
which are similar in essential details to those which occour in
vivo, would be of infinite value in the elucidation of primary
action mechanisms, The foregoing review emphasizes the fact
that numerous hommone actions have been demonstrated on cell
and organ culture systems, Many of these are very like effects
which coowr on isolated tissues and in the intact animal, These
teclniques were theref'ore put to use in this study, in an attaupt
wwwmmmammwamuh
cellular level,
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The cell strain used most extensively in these studies
was isolated from luman foetal liver and deaignated HLM (Leslie,
Pulton & Sinclair, 1956), The cells of this strain are epitheliasle
like in appearance., Other epithelial cell strains used were
the strain Kale isolated from foetal calf liver (Pieck & Kuyper,
1961), the human cervical carcinoma cell, strain Hela (Gey,
Coffman & Kubicek, 1952) and a substrein of this, designated
Hela (A.,P,)s This latter strain can be induced by hydrocortie
sone or prednisolone o produce inoreased smounts of alkaline
phosphatase,

A variant of the mouse subcutaneous fibroblast cell,
strain L, clone 929 (Sanford, Earle & Likely, 1948) which grows
in suspension was isolated in this laboratory and was used in
one experiment of this study. It was designated strain IS.

Cell cultures were maintained as described by Paul
(1960). All strains with the exception of the L oell variant
were grown in Waymouth's medium (see Appendix) supplemented
with 5% (V/V) calf serum and 2% (V/V) humen serum, Unless othere
wise specified this wedium supplemented with serum, will be
referred to as Waymouth's medium. Calf serum was prepared from
blood obtained at a local abattoir and was sterilized by millipore
filtration, Human serum was obtained from the Hood bank, Sera



were tested for toxicity and cloning efficiency befare use.

| mmtdhwaNﬁmmW-
medium (see Appendix) supplemented with 5% (V/V) calf serum
anao.sx‘(\v/v) Bacto~peptone (DiFco, obtained through W, Be
Nicolson, Ltd,, Glasgow), Stock cells were grown as mono=
m.ﬁﬁhmﬂmflmm.mnmmlhmm
ing 50 ml, Waymouth's medium, When the monolayer had become
m,ummmwuw-i.eo.x
(W/V) trypsin solution (see Appendix) was added., The vessel
was then rocked gently to distribute the solution over the cell
W. Wh}“ﬂﬁammmm
and the cultuwre vessels were incubated for a further 5«10 minutes,
muﬁmwtnunmmmmum
the vessel wall, Cells were then suspended in Hank®s balanced
salt solution (BSS) ar trisecitrate buffered Bss (see Appendix)
mmmcmuuumamm
This cell sugpension was usually checked under low power objective
to enswre that it consisted of single cells, An aliquot was
taken forr a cell count which was perfoarmed using a Coulter Elec-
tronic particle counter, model D. :

MRmfhnhmme:_lﬂ:Sx'O‘umin

50 ml, of Waymouth's medium and incubated for 35 days at 37°.
After this perdod the medium was replaced and oultures were
incubated for an additional 3-5 days. At this time the cell

monolayer had usually became confluent and the culture gycle
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was repeated as described above.

With the LS strain no trypsinisation was necessary.
Instead of removing “spent" medium after 3=4 days as was done
with monolayer cultures, an additional 50 ml. of growth medium
was added for the second incubation period. Cell inocula

were prepared by centrifuging the LS cells and resuspending
the pellet in Hank's BSS,

ul Predniso .

Glucagon free insulin was obtained from Boots Pure Drug
Co.Ltd, as a sterile stock solution containing 200 units/ml.

Prednisolone-disodium phosphate was obtained from Glaxo
Laboratories, Ltd. A stock solution in Hank's BSS was made
to contain the equivalent of 250 ng of prednisolone per ml,
and was eterilized by millipore filtration.

Both stock solutions were stored at 4° C.



ANALYTICA, MITHODS
All reagents, unless otherwise stated, were prepared

using "Analay® (if available) or "laboratory grede" chemicals
obtained from British Drug Houses Ltd.

Colorimetric determinations were made using a Beckman
IE spectrophotometer or a Unicam S,P, 600 with a light path
length of 1 ome In some cases, which will be specifically men=-
tioned, a Beclman/Spinco spectro-colorimeter 151 was used, This
instrument is equipped with a capillary cuvette and can measure
the intensity of as little as 0,1 ml, of coloured sclution,
Reagent blanks containing water ar other appropriate solvent
instead of the tissue extract or deproteinized solution were
included with each series of estimations,

Methods of jnalysis for Gell Components

Haxveating procedure

Cell monolayers were harvested by the trypsinization
procedure described for stock culture maintenance, Cells in
tube cultures were harvested by the addition of 2 ml, trypsin
solution followed by an incubation peried of 5 minutes, The
cells, suspended in the trypsin solution, were then removed
by centrifugation before further Wreatment, The volumes of
reagents used in these cases were reduced as compared with those
employed for larger cell mmbers,

After trypsinization, the cells were suspended in
10 ml, Hank's BSS at 4° and an aliquot was taken for estimation



of cell number. The cells were then removed by centrifugation

at 4° and treated by the fractiomation procedure described by
raul (1958).

Fractionation procedure
T™wo ml. of an othanol=ether mixture (3 s 1 V/V) was

added to the centrifuge tube containing the pellet of
washed cells, The resulting mixture was thoroughly stirred
with a platinum wire and set aside at room temperature for
15«20 minutess It was then centrifuged and the supernatant
was collected. This procedure was repeated, first with 2 ml.
of an ether-carbon tetrachloride mixture (3 s 1 V/V) and then
with a further 2 ml. of the ethanol-ether mixture. The
gsupernatant liquids were combined and saved for lipid
estimation,

Two ml, of ice~cold N 328()4 were then added to the
residue in the tube, The contents were mixed and left in
an ice bath for 10 minutes with occasional stirring. The
residue was separated by spinmning in a refrigerated
centrifuge., This procedure was repeated twice and the
supernatant liquids were combined.

Two ml, of N perchloric acid was added to the material
remaining in the tube and the contents were stirred as before.
The tube was then placed in a water bath at T0° for 20 minutes

during which time the contents were stirred occasionally,
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The residue was again separated by centrifugation and the
supernatant ligquid was collected, This procedure was
repeated with a further 2 ml. of N perchloric acid and the
supernatant was combined with the first, This perchlorie
acid extract was used for ecstimation of DNA and RNA, An
aliquot of this fraction was combined with an aliquot of the
12304 extract and used for estimation of carbohydrate (CBH),

Two ml, of N trichloracetic acid was added to
the residue and the mixture was stirred as before., The
acid wash was separated by cemtrifugation and was discarded,



Protein wvas estimated in the remeining material,

Lipid sstination

Exinoiple
The lipid extract was analysed by a modification of

the method of Bloar (1947). This involved the oxidation of
lipids Wy Chromic acid and the determination of the intensity
of the green colowr produced hy reduction of the chromate ion.
Reagsats '

e~ T v

Clromic acid, Prepared by dissolving 12.5 ge of
silver diclromate or 8,5 g. of sodium dichromate in 500 ml.
d’al% (ermnzeobmu.mzuu
was formed),

Hthex,

Exogedurs
The ethanoleether-carbon tetrachloride layer was shaken

with 2 ml, of the Nell005, solution and 2 ml, of ether was added,
mw-uhutm-m-xﬂhm,lwm
waghed twice with 2 ml, of ether each time, The washings were
added to the organicesolvent fraction, The volume of this was
adjusted if necessary and aliquots were taken for total lipid
es tusation, .

The aliquots were placed in tubes and evaporated to
dryness in a hot air bath, Chromic acid solution (0.6 ml.)
was added to each tube and they were placed in a boiling water
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bath for 15 minutess The tube was removed, cooled in a corushed
ice bath and 0,6 ml, of water was addeds The green colour wae
measured at 620 mu, Standards were prepared by dissolving pure
lard in carbon tetrachloride. The range of the method was 50=
500 ug. of fat., Organic solvent motioh from individual cell
specimens wm divided into 3 aliquots. [Each of these was
analysed as described above m the 1ipid content was calculated
from the mean of the three estimations,. :
Carbohydrate estimation

Carbohydrate was estimated by the anthrone method
as described by Trevelyan and Harrison (1952).
Reagents |

Anthrone reagent. Freshly prepared by dissolving
0.2 g+ of anthrone in 100 ml, of 25 N léso4.
Erocedure

Five ml, of anthrone reagent was added to each of a
series of tubes and these were placed in a crushed ice bath,
After 10=15 minutes 1 ml, of the acid extract to be tested
was added to each tube so as to form a layer on the top of
the reagent. Each tube was then sealed with a glass stopper,
shaken thoroughly and returned to the ice bath. The tubes
were then transferred to a vigorously boiling water bath,
After 10 minmutes they were removed and plunged immediately into
an ice bath, When the solutions had cooled, the intensity of

the green colour produced was measured at 620 mu,
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Standard solutions were prepared from a solution (1 g./
litre) of glucose in saturated benzoie acid,  Standards, cone
taining 50 or 100 ug. of glucose, were includod with each series
of estimations, Results, oxpressed in terms of glucose, are
means of duplicate determinations., The range of the method
is 10=150 ug. of glucose.

In experiments where the number of cells available
was small, the volumes of anthrone reegent, acid extract,
standards and blanks were reduced to one~fifth of those described
above,

DEA ectimation

DHA was estimated by the colour produced on heating
of the cell extract in the presence of indole and HC1 (Ceriottd,
1952). ' '

Roagents

Indole solution (0«4 g¢/litre), The indole was die=
solved in 1 ml, of ethanol and this wos added to distilled water,

Indole=iCl mixture, Prepaved just prior to uso,

Fqual volumes of the indole solution and concentrated HC1l were

mixed, |

Chloroform. Anaesthetic grede (obtained from
MeCulloch Bros, & Wilson, Glasgow).
Procedure

Two ml, of the test solution were placed in a tube

and 2 ml, of the indole~HCl mixture were added, The tube was



placed in a boiling water bath for 10 minutes and then removed
and cooled, thﬁmm"umﬂjmnﬂa
4 ml, ohloroform and the chloroform extracts were discarded,
The tube was then centrifuged and the intensity of the coloured
soluticn was measured at 490 mu, ﬁtandudnomtammiJB
or 3,16 pg. DNA phosphorus were included with each series of
estimations, The range of the method is =6 ygs of DA phosphorus.

In experiments where the mumber of cells available
was snall, the volumes of indole-HUL mivtture, perchlaric acid
cmt.m&hﬁmmmumcmmm
of those described above, In these cases the intensity of the
coloured solution was measured in the spectro-colorimeter,

RNA estimation

The ercinol method as demoribed by Ashwell (1957)

vas modified and used for RNA determination,

Reagsnts ‘

Eerrio Chlaride selutin. Prepered by dissolving
0.2 8o ‘M’.ﬁzo in 1 litre of concentrated HOl.

Qrginol reagent. Freshly prepared each day by dissolving
0s6 ge of areinol in 100 ml, of the ferric chloride solution,
Rrogedurg |

Equal volumes (2 ml,) of orcinol reagent and test
solution were placed in a tube, mlmw&lam
water bath for 30 mimites, removed and cooled. The intensity
of the coloured solution was measured at 665 myu,



A solution of ribose (3.33 )g./ml.) was used to pre-
pwosw-bythn-ue treatment used for test$ extracts.
S tandards wers included with each series of estimations, The
range of the method is 520 pig. of ribose and 10 jgs of ridose
was taken as being equivalent 0 4e13 jig. of RNA phospharus,

Erotein estimation

Protein wis sstimated ncoarding o the methed of Lowry,

Rogenbrough, Parr & Randall (1951) employing FolineCiocalteu's

w 20 go/litre,

= 10 go CusQy«5H0/litwe,
Potassim tariate resgente - 20 g./litres
FolineGiocalteu's reagent. This was obtained commer=
clally (B.D.H,) and diluted 132 before use,
NagHe TN |

Erogedurg
The oell residue was dissolved in N' NaOH ( 1 ml./
6

10" cells) so as to yield a solution containing spproximately
Joommtdwu mmmitmﬁmhbat
thdxﬂmtnaWnﬁnhﬁtoMM‘ﬁn
precipitated protein, In such instances the standards were
treated in the same mamner,

A solution consisting of 100 ml, of the sodium carbonate
reagent, 1 ml., of the copper sulphate reagent and 1 ml, of the




potassium tartrate reagent was freshly prepared each day. One
ml, of this was added to a tube containing 0,1 ml, of the protein
solution ia N WaOH, The solutions were mixed well and allowed
to stand for 10 nimites at roam temperature, Diluted Foline
Ciccalteu’s reagent (0,1 ml,) was then added and the solutions
were immediately mixed, After 30 mimutes the intensity of the
blue colowr produced was measured at 500 mp in the spectroe
colorimeter,

It was necessary to include standards for construction
of a standard cwrve in each series since this varied among analyses.
The standards were prepared using serum albumin, All estimates,
tests and standards, were perfarmed in triplicate and results
given are the means, :

The range of this method is 25«100 pg. protein,

Growth medium was taken from test cultures and centrie
fuged to remove suspended cells or debris, It was then stored
at «20%C until it was convenient to perform the analysese

Reproteinization

For glucose estimation an aliquot of medium was diluted
1310 with perchloric acid (0,55 N) to precipitate protein, For
keto acid and lactate estimations deproteinization was accome
pWWMRM‘MﬁﬁBM‘O-@IM
and 4 parts of 0,5 N NaOH.

!homa-dimtwghmouunﬁmm



diluted 1:5 before analyses while that for keto acids and lactate
m\-odwithm:twaimm

. Glugose estimation
<X
m-uu-udummom.m
mumm(xmmanam. 1945, 1948; Hugget & Nixen,
1957)« The method invelvaes he coupling of two engymic reactions.
First, glucose oxidation %o gluconic acid is catalysed by glucose
oxidase.

glucose + H,0 4 0,———— gluconic acid + H0,

The hydrogen peroxide formed in this reaction is then estimated

by another reaction which is catalysed Wy peroxidase, In the
presence of this engyme, hydrogen peroxide will oxidize a hydrogen
”Mn(n,)mwmmum

to a bwown dye (D).

B?zomz————hmfob

This is measured spectrophotometrically at 436 mp, The reagents
required were supplied in a "test combination® by C,F, Boehringer,

tained peroxidase (40 pge/ml.) Mghmm(@}u./nl.)
in 0,121 phosphate buffer at pH 7.



S-dianisidines An aquecus solution containing 6,67
e/ 11ke S

Resgtion mixture, Propared just prior to use by adding
1 ml, of the o-dianisidine solution o0 100 ml, of the buffer-
engyue wdxiures

Exoosdure
7o 5 ml, of the reagtion mixture was added 0,2 nl,

of the test solution, The molutions were nixed well and incu-
bated at room temperature for 35 minutes, The inSensity of -
the browa colowr produced was weasured at 436 mp, Standards,
prepared by adding 0,2 mls of glucose solution (91 ng./ml.)
wcmm«mmﬁ_wumm.w
eatinmations, The range of this method is 5-60 pg. glucose.
Koto acid estimtion

Exinoinle

The procedure described by Paul (1960) was adopted
without modification, The method involves the colorimetric
uﬁnﬁm‘hbth‘Mbymdbh

acids with 2, &4 dinditrophenylhydraszine,

dissolving 100 uge of 2, 4 dinitwophenylhydrasine in 100 ml,
of 2N HOL.
Zxisedhm phogmhates = 100 go of Naypo, o 121,0/1itwe.
Ghloroform.



&- 15N

Erocedurs
One ml, of dinitrophenylhydrasine reagent was added

to 4 ml, of deproteinized mediup, the solutions were mixed and
allowed to react for 10 minutes at 25°, The reaction mixture
was then extracted successively with 4 ml,, 3 ml, and 3 ml,
of chloroform. The chloroforn extracts were combined and exe
tracted with 5 ml, of the sodium triphosphate solution, An
aliquot (4 ml,) of this extract was removed and 2 ml, of 1,5N
sodium hydroxide were aaded to it, The intensity of the brown
colour produced was measured at 445 my,

Standard solutions were prepared from a stock solution
(18,75 g./1itre) of pyruvic acid, Standards, containing 15
or 30 pg. of pyruvie acid in the original 4 ml, used were included
with each series of estimations. The range of the method is
from 5 to 50 pg. of pyruvic acid. The results given are means
of duplicate deteminations,

Ipatlc agid entimetion
Eringiple

The estimation of lactic acid involved its conversion
to acetaldehyde by hot, concentrated sulphuric acid and the
subsequent reaction of this with pehydroxydiphenyl to yield
a violet colour (Hullin & Noble, 1953).

Reagents
Peflydroxydiphenyl reagent. p-Hydroxydiphenyl was



obtained from L. Light Co, Ltds and was recrystallised fram

ethanol before use. The reagent was prepared by dissolving 1.5 ge

in 10 ml, of 1,250 NaQH and diluting to 100 ml, with water,

. zoog.orm:so‘.mzqfum.
Qopoer sulphate reagent (128), 120 ge of Cus0, <3 0/1itre,
Concentrated HS0,s Ordinary grade (BoPs )e
Ca(0i) oo Solid

Erogedure
One ml, of the 20§ copper sulphate solution was placed

mamungmm@o.sn.gwm

nediunm was added. The volume was then made up to 10 ml, with

'nwmwwig;xmoqm)amm The

solutions and powder were well mixed, allowed to stand for 30

minutes and centyrifuged,
mmmw&mmmtmw

to each of two ground glass-stoppered test tubes, The 12% copper
sulphate solution (0,05 ml,) was added to each and they weve
held in the am of a mechanioal shaker, The lower ends of the
tubes were immersed in an ice bath and 6 ml, of concentrated

H,80, was added dropwise while shaking vigarously., The tubes

were stoppered tightly and heated for 30 mimutes in a water

bath at 60° £ 1%, The tubes were cooled to 10=15° and 0.1 ml,

of the p-hydroxydiphenyl reagent was added, The contents were

thoroughly mixed and the colowr was allowed to develop for 20

minutes at 28=30 s The tubes were then placed in a boiling
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water bath for 90 seconds to destroy excess p=hydroxydiphenyl.
The solution was oooled and the intensity of the colour
produced was measured at 560 mu. The range of the method
is from 2 to 10 ug. lactic acid in th_o final ml. to which
the sulphuric aeid is added.

A solution containing 200 nc. of lactic acid per
ml., was used to prepare standards which were included in
each series of estimations,
Methods of lyses Ce for Enzymes.

Pr ion of

Cells were harvested by trypsinization as deseribed
previously and were washed twice by suspension in 10 ml, of
Hank's BSS (without phenol red) followed by cemtrifugation,
An aliquot was takem during the second wash for estimation of
cell number. The tube containing the cell pellet was drained
as thoroughly as possible and deionized water (0.1 or 0.2 ml./
107 cells) was added, Extracts were prepared by rapidly
freezing t-ho cell suspension to «70° (in aleohol=C0,) followed
by rapid thawing at 37°. This procedure disrupts cultured
cells sufficiently to permit reproducible recovery of the
enzymes studied (Fottrell, unpublished observations). The tube
containing the disrupted cells was them centrifuged at 15,000 g.
for 1 hour at 4° and the supernatant was used for enzyme assays.

Por estimation of alkaline phosphatase activity in
Hela cells (strain A.P.) extracts were prepared using 2% (w/V)
sodium deoxycholate (0.1 nl./106 cells) instead of water., Cox
& MacLeod (1962) reported that deoxycholate extracts of cells



contained 12«30 times as much alkaline phosphatase activity
as did extracts prepared by mechanical disruption.
Units of enzyme activity

Unless otherwise specified, a unit of engyme activity
was defined as the amount causing the removal of 1 jge of sube
 strate or yielding 1 jge of product per mimite, Activity was
Wumnmio‘ww?unawumunu.
protein, Protein was estimated by the method of Lowry et al,
(1951) desoribed earlier. In this instance, however, since
the protein was already in solution, it was added directly to
1 ul, of Nag00; solution, prepared by dissolving 20 g, Na 00
in 1 litre of 041N NeOH, In all other respects the procedure
was identical to that described previously,.

Estexese

Exinciplg
The enzyme=catalysed hydrolysis of  enaphthyl acetate

was followed by coupling the naphthol released with an aszo
dye, Fast blue B (Nachlas & Selignan, 1949). The coloured come
pound formed was extracted in ethyl acetate and the intensity
of the solution was measured at 540 mp,

Ugagents

Buffered substrate. Prepared by adding 5 mg. of
o Naphthyl acetate, in 1 ml, of acetone, to 100 ml. of 0,064
phosphate buffer at pH 6,3. This solution was freshly prepered
for each series of estimationse



East blue B (7. Guew, Ltd,, London), An aquecus eolution
(4 nge/ml,) was prepared just prior to use and was placed in
~ an ioce bath, imuediately,
Irichloragetic acid. <N

EShyl acetate,
Proocedure

Buffered substrate (0.6 ml,) was added to a specimen
tube (5 ml, capacity) and equilibrated for 5 minutes at 22°,
mm.wmmtmm'ithMMhmm
was allowed to proceed for 30 minutes at the same temperature.
The solution of azo dye (0.1 ml.) was then added and after 10
minutes 0,1 ml, of 2§ trichloracetic acid was added, The colour
was extraoted by shaking the mixture with 1 ml, of ethyl acetate.
Af ter mmu-u to separate the two solutions, the intensity
whmhﬂardthmutmwmh
spectro-colorime tar, !bmmtnrmrhmm'mul-
aﬂabatruamﬁmm. This was constructed from
results obtained By coupling 2-30 jig. of naphthol in 0.6 ml,
of buffer with fast blue B, The colowr was extracted with 1
Vnhxoﬂvlmhhandth.mv“-mdmthem
colarineter, '

~R.=glucuronidase

Principle
The engyme catalysed hydrolysis of phenolphthalein-P «
gluouronide was followed by colorimetric estimation of the phenole
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phthalein prodused (Telalay, Pishman & Huggins, 1946).

Reagents

Buffered substrate. A stock solution of the sodium
salt of phenolphthalein-Peglucuronide (0.003M) (L. Light &

Co. Ltd,) was diluted with an equal volume of phthalatesNaOH
buffer (001.) at ]’ 40,0

Glycine buffer. O0.2M at pH 10.4.

Progedure

Buffered substrate (0,1 ml,) was added to a specimen
tube (5 ml., capacity) and equilibrated at 37° for 5 minutes.
Ten uls of cell extract were added and the reaction was allowed
to proceéd for 30 minutes, Glycine buffer (0,5 ml,) was added
and the intensity of the coloured solution was measuved at 550
mi, in the spectro-colorimeter, The amount of phenolphthalein
liberated was determined from a calibration curve, This was
constructed by measuring the intensity of colour of solutions
consisting of 2 parts phthalate buffer, 8 parts glycine buffer
and containing 2«25 ug. of phenolphthalein per ml, The spectro=
colorimeter was used.

Gl o= hatase

The liberation of glucose from gluocose~G6=phosphate

wes determined using the glucose oxidase method for estimating

glucose which has been described previously.
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Reagents
Buffered substrate. Prepared by dissolving
04365 g. of the disodium salt of glucose=G6ephosphate in

10 ml, of 0,1¥ citrate-sodium hydroxide buffer at pH 6.5.

lcclg solution. 0O.,1M.

Erocedure

A reaction mixture consisting of 2 volumes of buffered
substrate and one part of magnesium chloride solution was pre=
pareds Twenty ul. of this were added to a specimen tube
(5 ml. capacity) and allowed to equilibrate at 37° for a few
minutes. Ten ul. of cell extract were added and the reaction
was allowed to proceed for 90 minutes, Five ml. of the
glucose oxidase~peroxidase reaction mixture were then added and
allowed to develop at room temperature for 35 minutes,

Extracts from HLM cells were found to contain
considerable amounts of glucose. It was necessary, therefore,
to estimate the glucose content of each cell extract after
incubation without glucose=6-phosphate as well as the glucose
present after incubation with glucose=f=phosphate., Glucose
produced was calculated from the difference between the two
estimations,

Clucose= sphate e
Prineiple
Enzyme activity was determined by following the reduction

of nicotinamide-adenine dinucleotide phosphate (NADP) in the



presence of glucose~bephosphate (Glock & Mclean, 1953). Eeti-
mations were performed immediately after preparation of the
cell extracts.

Reagents
Substrate, An aqueous solution of the disodium salt

of glucose=6=phosphate (0,02() was prepared and stored at =20"e

HADP (0,000M). Stored at -20°.
Buffer, Tris : maleate ; NaOH buffer was prepared

by dissolving 3.48 g. of maleic acid and 3.63 g. of tris in
50 ml. of deionizmed water, The pH was adjusted to 7,5 with
0.34 NaOH and the volume was made to 100 ml,

¥gol, solution, 0,35,
Exogedure

A veaction mixture consisting of 21 ml, buffer, 1
ml, HADP solution, 1 ml, Mg0l, selution and 1 ml. of substrate
solution was placed in a water bath at 37° A "hlank" solution
consisting of the same solutions but with water added instead
of substrate was also prepared and brought to 37°.

The reaction mixture (2.4 ml.) or "blank® mixture
(2.4 ml,) was added t0 1 ems quarts cuvettes and placed in a
Becknan DB spectrophotameter with water jacket warmed to 37
Cell extract (2 pl.) was added to the reaction mixture, the
contents were mixed rapidly and the cuvette was replaced in
the spectrophotameter, The change in the extinotion value at
40 mp, was recorded automatically, A unit of engyme activity
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was defined as an increase in optical density of 0,001/minute,

leatio dohydromanese
ringiple

The activity of this engyme was evaluated by measuring
the disappearance of pyruwvate in the presence of cell extract
and reduced nicotinamidewadenine dimucleotide (NADH,) (Cabaud
& VWroblewski, 1958).

Lot
| Buffered mibstrate. Pyruvio acid (0s2 g.) and KHPO,
(10 ge) were dissolved in 700 ml, deionised water, The pil was
adjusted t0 7.8 with N NaOH and the volume was made up to 1
litre, mmmammnmu“x.ﬁﬁ
at 4%,

dne, A solution (1 g./litre)
was prepared in 2N HCl. '

;%. An aqueous solution (10 mg./ml,) was freshly
prepared for each series of determinations,

HAGH Ouly N. |
Progedure. ,

Substrate (0.1 ml,) and NADH, (10 pl.) solutions were
added to a specimen' tube (5 ml. capacity) and placed in a water
vath at 37°. Ten sl. of cell extraot were then added and the
reaction was allowed to proceed for 30 minutes. 2, 4 « Dinitroe
phenylhydragine (0.1 ml,) was added and the solutions were
left at room temperature for 20 minutes, One ml, of NAOH
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(Ouk X) was then added and after a further 5-10 minutes the
mmvxﬁwmuﬂmmmmdat”oqum
the spectro=colorimeter, | |

| Reagent blanks provided estimates of the pyruvate
mmmﬂnnﬁulhrtothwmm Substrate
blanks, consisting of water instead of buffered substrate were
aholmhlbd. W&Wﬁmmﬂahdby
reference to a standard curve, |

Hoxolinage

Hexokinase activity was estimated by measuring the
uwlwmwuawwum
outlined previously, mmﬁmmmmw
to Eagle, Barban, Levy & Schulse, (1958),

Reagents

mo.mmm«mpamad.h-ﬂh‘l.‘v.
Mg, salution, 0,1,
1o solution. 0.1
Tris buffer (0,1M). Prepared with pif adjusted to 7.7.
Substmate. An aqueous solution (0.021) of glucose.

Erocedurg
A reaction mixture consisting of 2 parts ATP solution,

1partw12-ohﬂm.1mtwulnﬁm.5mmm¢
and 5 parts substrate solution was prepared,
Reaction mixture (10 or 20 ul,) was added to specimen




tubes of 5 ml, capacity and equilibrated at 37° for 5 minutes,
c,n.q;n‘aet(wu;zom.‘mum)mmmum
actior was allowed to proceed for 10 or 30 minutes, Five ml,
of the glucose axidasswperoxidase reaction mixture were then
added and allowed to develop at room Yemperature for 30 mimites,
Glucose was estimated as previously described,

c-nmhmmnmna'mfamwmw
Mm.#ghnmm‘lo‘uus. The glucose level was not
affected by addition of :aniin'a' preir’solone %o the growth
medium, 1imM.Wm.mnunhﬁ.um
mhtwmmdmthWWMm
:I.mu'hat:l.on. This was done by adding 10 or 20 pl, of cell exe
tract and 10 or 20 ul, of reaction mixture directly %o the glucose
oxidase=peroxidase reaction mixture, Dissppearence of glucose
was caloulated by subtraction, |

The activity of these enzymes was determined by esti-
mmmwwmwm-u.mump
nitrophenyl phosphate (Pujita, 1939).

Reagenty

gubstrate, p-Nitrophenylphosphate (Ou1 g.) was dise
golved in 25 ml, of water, The solution was freshly prepared
for each series of estimations, l

Buffer solutions, Citrate buffer (0.1M) at pH 49
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was used for alkaline phosphatase estimntions,

W Equal parts of substrete solution
mmwmhmnuumm

HAGHe 0.02 N.

Rxogedurs

Buffered mubsteate (1.6 nl,) was added to a test tube
and allowsd to equllilvate to 37° in e water bath, Cell extract
(2 pl, if MM oells; O,1 ml, if Hela oells) was added and the
reaction was allowed to proceed for 30 mimutes, The reaction
was terminated by adding 16 ml, of 0,02 NeOH and the intensity
of colour was neagured at 410 mu,

In the case of the deaxycholate extracts prepared
mnn«m.-wn':\.r..o.ux.tm-.mn
140 ml, of buffered substrate and after incubation 10 ml, of
| 0,02 NaOH was added, Extracts of cells grom in the presence
of prednisolone were diluted 135 before use to estimate alkaline
M‘nmnﬁﬁv.'

The acid phosphatase estlmations were perfarned by
mam.«munmxhoan.urmm
substrate at 57% After 30 mimites 1,0 ml, of 0,02 NeOH was
mmu'mwv&mwmwm
ﬂum&. The amount of penitrophencl liberated
was caloulated fron a reference standard prepared by adding 1
part of a stock standard to 10 parts of 0,02y NaOil. The sbock
standard wne an agueocus solution containing 42 mg, of pe-nitrephencl
per litre,



had been adapted %o growth in Waymouth's medium prepared with
tris-citrate BSS, were used, Cells from stock cultures were
harvested by trypsinization and were suspended in Waymouth's
medium prepared with trisecitrate B3S. The cell suspension,
containing 10° %0 2 x 10° cells per ml,, was dispensed into
25 ml. conical flasks (5 ml./flask) using a Cormwall syringe.
During this time the suspension was agitated continually with
a magnetic stirrer. The mouths of the flasks were covered with
amcwmmmﬁmmmunhmn
) off

In the majority of experiments the oultures used had
been incubated for 3 days (3 day old cultures). Cultures were
removed from the incubator and the overlying medium was discarded.
FPive ml, of tris-citrate BSS containing glucose (5.6 mdfolar)
was added, the flask was gently agitated and the wagh was dise
carded, Pive ml, of equilitration medium which had been warmed
%o 37°, was then added. Unleas otherwise stated, the equilie
tration medium consisted of tris-citrate BSS containing glucose
(5.6 niolar) and had been adjusted %o pH 7.h. The test medium,
unless otherwise mentioned, was of the same camposition as the
equilibration medium but contained, in addition, labelled glucose.
This was obtained from the Radiochemical Center, Amersham, Bucks.
Wy glucose was uniformly labelled while “H glucose was nominally



labelled on Cge After 30-45 mimites equilibration at 37°,
a culture wvas removed from the water bath and the equilibration
medium was discarded, The vessel was inverted and shaken vepidly
4 yamove as much of the residual fluid as posaible, It was
placed immediately in a shalking water bath and 2 ml, of test
medium at 37° was added far precisely 1 minmute, The test medium
was removed with a pastewr pipette and the culture was inmediately
washed 4 times in succession by the addition of aprroximately
5 or 10 ml, of tris citrate BSS at 4 containing glucose (5.6 i),
Itmmrum&tﬂﬁsm‘ooo&ﬁm;u@mm
of the residual labelled glucose, which was presumed to be extrae
cellular (Table 1), After removing the final wash, 2 ml, of
0.2¥ perchloric acid at 4 were sdded, The culture was then
placed in crushed ice for 30wi5 minmutes, The cold acid extract
was removed with a pasteur pipette and added to a tube containing
0.5 ml, of NN KOH %o precipitate perchlorate. The extract was
then kept aside for determination of radioactivity. Two ml,
of 2V perchloric acid were then added to the oulture flask and
the vessel was placed in a shaking water bath at 70° for 20
nminutes to extract DNA. Estimation of DNA was performed by
the method described earlier,
Determination of redicaotivity in the neutralized
extraot was acoamplished, in expexinents using ‘¢ glucoss,
through use of a Nuclear Chicage gas flow counter with a thin
endewindow and an automatic changing device, The extract (0.2 ml,)



TABLE 1

REMOVAL OF EXTRACELLULAR RADIOACTIVITY
FROM HLM CELL CULTURES AFTER EXPOSURE
TO LABELLED GLUCOSE

Experiment A1 Three day old cultures were equilibrated
and exposed to test medium oontauiu 35 glucose at a specifiec
activity of 3.5 mCuries/mlole. After 1 minute exposure, the
cultures were washed as indicated and extracted (see text).

Experiment Bs The procedure was identical to that
described for experiment A but the cultures were set up at a
different time.

The figures given in the table indicate the radio-
aotivity remaining in the cultures after washing as shown,

Counts/min. /ng. DNAP
Hoe of
washes Wash Volume
5 mle(Expe A) 10 ml. (Exp. B)

1 2440 610
2 935 95
3 636 69, 94
4 570 51, 48
5 554 122, 97
I3 400 92, 48
7 73
8 56




was plated out en a stainless steel planchet and was dried under
infra red lampss A 132 dilution (0.2 ml.) of the extrect was
also plated out and self absorption was minimal, At least 1000
counts were recorded for each sample,

When i glucose was used, 1 ml. of the neutralised
extract was added to 8 ml, of "Seintant” scintilliator made up
in dioxane, This was obtained from Nuclear Enterprises Ltd.,
Edinburgh and was designated NES72, size D, With experimentgs
eited in tables 19, 22, 34, 42 and 43, 0.5 ml. of neutralised
extract was added %0 4.0 ml, of "Scinstant" scintiliator and
counted,

Counts were performed using the Packard Tricard or luclear
Chicago liquid sointillation spectrometers. The efficiency
was determined by noting the ratio of counts obtained on 2 se=
parate chamnels, Efficiency was ap roximately constant at 8f
and no correction was ever necessary,.
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The ability to maintain liver tissue in vitro would
obvicusly be a omsiderable advantage in a study invelving ine
sulin or prednisolone action in vitro, Trowell (1961) was able
to maintain adult liver explants in culture for perieds up to
6 dayse The results wure not consistent, however, and not all
cul twres within a given axperiment survived, Attempts were
nade, therefore, to devise means of improving the oculture method
to promote consistent survival of liver tissue, These attempts
met with limited success only, and owing to the incensistency
encountered, the method could not be used for critical experie
ments, Since some modifications of the argan culture technique
showed promise, the methods and impressicas gained are described
below,

Qulture Appaxatus
The culture method was modified from that reported

by Trowell (1959). Perspex boxes of approximate dimensions
7 x 4 x 2% inches were used as culture chambers. In these were
placed petri dishes, 5 om, in diameter, containing the liver
explants and open petyri dishes containing water to humidify
the ateomosphere. The perspex box was sealed with cellotape
mmmnﬁ.mcc”ﬁoammmaww
the delivering tube through a small hole in the lid, The hole
was also sealed with céllotape after 1015 minutes gassing.
Within each petri dish culture vessel was a grid made
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by bending the ends of a strip (25 x 33 mm,) of stainless steel
expanded metal, These bent ends formed legs about 4 mm, in
length supporting the 25 ma, square grid., The petri dish was
filled with medium so that it just came %o the top of the grid,
A square of lens peper was then placed on $op of the grid so
that it just become wets The liver explants or cell aggregates
were placed on the lens paper, the petri dish was covered and
placed in the perspex culture chamber, This was then treated
as described above and placed in the inocubator,

Qulture Techuique

Animals were killed by exsanguination after stuming
or anaesthetiging with ether, The liver was immediately removed
and explants were prepared as rapidly as possible, Several
methods of explant preparation were tried.

Conventional explants were prepared by cutting small
portions of liver, especially from the edge of the papilliform
lobe as advised by Trowell (1961), Explants were also prepared
from liver which had been minced by pushing it tlhrough a fine
wire mesh, The disaggregated liver tissue was placed directly
on the cultwre grid so as to form an explant of about 1«2 mm.
in dlameter and 0,5 mm, thick, Alternatively the minced liver
was washed by suspension in Hank's BSS and, af ter centrifugation,
was plaged on the culture grid as before. One other method
of preparation of cell aggregates was tried, The minced liver
mmuw-mmhnhcw(zog./um)nu'.



Special agay "Noble" (Difco) was obtained through W. B, Niocolson,

x.u..m The mixture was poured into a petri dish and

mﬂdhm. "Explants" were then cut out of this with

a oork borer and were placed on the culture grid,

Histologioal and Iis*ochemigal Technique
Hasmalun - Hogin gtain

Beagents |

Bouin's fixative, A solution consisting of 25 parts
fawalin, 75 parts saturated picric acid solution and 5 parts
glacial acetic acid,

Mayex's Haemalum, Prepared by dissolving 2 g. haemaw
wnn(r.m.x;&).mg.maumo.bg.x
sodium iodate in 2 litres of deionized water, This was allowed
to stand overnight and 100 g. of chloral hydrate and 2 g, of
citric acid were added, The solution was boiled and lef't overw
night before filtering,

Ethyl eosin. Prepared by dissolving 0,5 g. of eosin
in 100 ml, of 95% ethyl alcohol,

Mayer's albumin, Prepered by mixing 50 ml. of egg
white with 50 ml. glyoerol. ‘

Bt alocel, Absolute, 0K, 70, 50%, 208 (V/V).

Xydene = Pareffin mixumwes. 796 50, 2% (VAV).

Lydene.

Baxaffin (T, Gurr, Ltd,).

Repex (T, Gure, Ltd,).
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Exogedurs . .

Liver explants ware removed from the culture vessels
and placed dirvectly into Bouin's fixative, After being left
for 2 howrs in this fixative, the explants were removed and
plaged in 70§ alochols The alcchol was changed every 2-3 hours
and the explants were left in fresh, absolute alcohol overnight.
They were then placed in pure xylene for several hours and finally
were Saken through the xylene-paraffin mixtures to paraffin,
(10=15 a1 thick) were mounted on slides which had been dipped
in Mayer's albumin solution and dried,

The slides were placed in xylene to remove paraffin
and were then taken tlrrough the peries of alcoholewater mixtures
to wvater, The sections were then stained with Haemalum by imnere
gion for 10 minutes. The slides were washed thoaroughly in water
and taken through the waterealcchol series to absolute alcochol.
They were stained in ethyl eosin by imnersion for 3 minutes.
They were washed in absolute alcohol, given two rinses in xylene
and mounted in Depex,

The method involves the selective ocidation of 1, 2 =
glycol groups with perdodic acid followed by detection of the
aldehyde groups fomed by reaction with Schiff's reagent,
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Eeagents

Sohiff's yeagent, Purchased from T, Gurr, Ltd.

Periodio agid. Prepared by disselving 0.5 g, of sodimm
periodate in 0,01 N HOl.

Sulphite rinse, Freshly prepared solution consisting
of equal parts of ¥ (W/V) potassium metabisulphite and 0,1 N HC1,

Haesalum, Preparation described earlier.

Fresedurs

This test for glycogen was performed on sections treated
as described above to the stage for staining with Haemalum,
mmmanmamu-mmumm
out at 4° to minimise loss of giycogen, The method was used
agoording to Casselman (1959).

The slides were placed in pariodic acid for 10 minutes
at room temperature, They were then washed for 5 minutes in
ruming water and were rinsed in distilled water. After being
dmnersed in Sohiff's reagent for 10 minutes, the slides were
 washed in suiphite rinse, They were then immersed for 2 mimtes
in each of three successive changes of the above rinse and were
waghed in tap water for § mimutes,

The sections were counterstained by immersion in Haemalum
and were dehydrated and mounted as described earlier,

This reaction was also used to demonstrate the existence
of polysaocharide in HIM cells, (Cells, grown on coversiips
in petri dishes, were washed in Hank's BSS, fixed in Pouin's



ol B

solution and treated in essentially the same mammer as described
aboves
Zupresgions and Jesults

The swvival of liver explants and aggregates under
mmerous different conditions was determined by histological
examination, The presence of glycogen was studied by means of
MMM‘W Some progress was made in
maintaining liver cell aggregates in culture, but inconsistengy
of survival was stll spparents

Preliminary studles indicated thnt explants prepared
fron the edge of the papilliform or larger lobes of mouse liver
m“m&n“.u-lln'mdmﬂybdﬁy
colls, The conditions which weve altered in an attempt to ime
mn&nﬂﬂnﬁmhmm
mmﬂtmdbdﬂ-'
dodiz vsed

The media tried were 199, Ragle's medium, Waymouth's
mediun and Trowell®s medium, both as described by Trowell in
1mwummmammm(hzow)
uumunwﬂ. ormm.m-n'-(te)ua
wmw-mmmmmzmmmm
mmw,umam‘mu.ut-mw
culture trials, ' '
fem
T o . gl &8 Sensanitiens Soas Siae” ST



were apparently deleterious in 4 experiments where serum was
addede

godium lactate

Addition of lactate (3,9 nM) to the growth medium
had no noticeable effect on survival,
Gasegus Phage

Auﬂ&,mzmquUgmuu
i 95% 05/9% 00,, 100% 0,, 50% aix/50% Nitrogen, or air alone.
mm»wmmmm.mwooemw
by trisecitrate BSS instead of Hank's bicarbonate buffer. The
cultures set W in trise-citrate buffered medium swvived as
well as did those maintained by the bicarbonate buffers
Yathod of prsparatien

Aggregates of liver cells embedded in Hank's BiSeagar
medium or used directly after preparation of the liverwmincs,
survived as well and of ten better than did the conventional
tintact"explants, However, the liver-minoe cell aggregates
survived only when used directly without washing in Hank's BsSS.
Jepayetue .

Cul tures maintained at 30° or 35° on a few occasions
showed less necrosis than did companion cultures at 37°.
gourcs o€ Mver

Liver explants prepared from the mouse, rat and guinea
pig were maintained equally well, An attempt at the maintainance
of yebbit liver was completely unsuccessful,



Culture situation
Partially submerged cultures and totally submerged

cultures which were continually oxygenated did not generally
survive as well as did those maintained on wire platforms as
described by Trowell,

Platform support

The use of filter paper or fibre glass pads instead
of lens paper on the stainless steel grids permitted somewhat
better survival on several occasions,

Survival time

Partial survival of cell aggregates and explants was
achieved for 2 to 3 days in 10 out of 30 experiments and rarely
for 6 day periods (3 experiments),

G sto :

Histochemical and chemicel analyses of 2 day cultures
indicated that no glycogen was present (6 experiments), No
effect of insulin (0.1 unit/ml,) or hydrocortisone (1.0 ugms,/ml,)
on this was ever demonstrated,

Selection of fat mice of mice fed on high carbohydrate
diets for liver tissue did not yield any different results,
Nucleic d i

Analyses of aggregates after 2, 4 and 6 days in
culture indicated progressive decreases in the amount of DNA

phosphorus as is shown overleaf.



mmu oy 20 " 1‘;8
(Unite/nl,)  Wie(nes) per 10 mg.

2 0 1249 Te3

1 12,5 5e7

5 0o 10,7 be7

1 12,9 Lol

6 0 10eh 1oh

8e2 1.8
1 6.5 1.3

9.7 0,2

The DNA present in these explants weas determined as
previously described af'ter extraction with 2 ml, of N perchloric
acid, mmuummnmmwm&umum»
seram and buffered with trisecitrate BSS. The incubation teme
pm%m}f“ﬁoﬂ“mwﬁ&m



EXPERIMENTAL PROCEDURES AND RESULTS
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OF INS SOLONE ON
GRO €O OF CELLS IN CUL

Insulin and corticosteroids are known to induce changes
in the composition of tissues in vivo and in vitro, Attempts
were made, therefore, to determine the effects of insulin and
prednisolone on the composition of cells in culture. The
results are presented in Table 2.

Experiments 2, 13, and 28, were performed using Roux
flasks which had been inoculated with 50 ml, of Waymouth's medium
and 5 x 10° HLM oells, In experiment 2, 0.1 unit of insulin
was added per ml., of medium where indicateds In all other
experiments the concentration of insulin was 1 unit/ml.
Prednisolone was added to the culture medium where indicated at
a concentration of 2.5 pg./ml. The medium was renewed every 3=4
days and insulin or prednisolone was added to appropriate cultures,
Cells were harvested by trypeinisation after 8, 9 and 6 days of
incubation for experiments 2, 13, and 28 respectively.

Experiments 18, 20, 22, 24 and 26 (Table 2) were

performed to determine the effects of insulin and prednisolone
on cells maintained in the absence of serum. In this group of
experiments HLM cells were allowed to become established in

culture vessels containing Waymouth's medium with serum added
as usual, After 24 hours incubation this medium was replaced

with a medium which consisted of Waymouth's medium supplemented

with Bactowpeptone (0.5% W/V) instead of serum. This procedure
was adopted in an attempt to eliminate possible variation owing

to difference in the serum used, Insulin (1 unit/ml.)
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or prednisolone (2,5 npg./ml) was then added as indicated.
Experiments 20, 22, and 24, were performed using baby feeding
bottles which had been inoculated with 10 ml, of Waymouth's
medium and 3 x 106, 32 x 106, or 2.9 x 106 HLM cells respect-
ively, After 24 hours the medium was replaced with 30 ml, of
the growth medium containing no serum, Insulin (1 unit/ml,)
or prednisolone (2.5 pg./ml,) was added as indicated, The medium
was renewed every 2«3 days and insulin or prednisolone was added
to appropriate cultures. Cells were harvested after total
incubation times (initial 24 hr, set up period and test period)
of Ty 5, and 4, days for experiments 20, 22, and 24, respectively.
Experiment 18 was performed using roller tubes which
had been 1nocglated with 2 ml, of Waymouth's medium containing
2% 105 HLM cells, After a 24 hour period of incubation the
medium was replaced with 2 ml, of the growth medium containing
no serum but containing insulin (1 unit/ml,) or prednisolone
(245 mg/ml.) as indicated, This medium wns renewed daily and
cells were harvested by trypsinization on the fourth day.
Experiment 26 was performed using 4 oz, perscription
bottles which had been inoculated with 10 ml. of Waymouth's
medium containing 106 HLM cells, After 24 hours of incubation
the medium was replaced with 10 mil. of Waymouth's medium containing
no serume Insulin (1 unit/ml.) was added where indicated,

After 24 hours incubation the medium was replaced with 10 ml,

of Waymouth's medium prepared using tris-citrate BSS, This BSS



- 80 -

was used in an attempt to minimise differences in pH which were
found to develop between control and insulinecontaining cultures

in less heavily buffered media, This medium cohtained no serunm

but 0,5% (W/V) Bacto-peptone had been added and insulin (1 unu/ll.)-
was added where indicated, The celle were harvested by
trypsinization after an additional 3 days of incubation.

£ on G i of
Composition
Addition of insulin to the growth medium consistently

led to an increase in oarbohydrgto storage by HLM cells whether

or not serum was present (Table 2). The effect of time of exposure
to insulin on the composition of HLM cells is shown in Table 3.

The increase in ceellular oarbqhydrnt. was evident after 3-4 days

of growth in the gro.cneo of insulin, As was found in previous
experiments (Table 2), no effect on DNA phosphorus or protein
content was observed, :

The 1ntraoollnlar‘oarbohydrato levels in both control
and insulin-stimulated cultures varied consideradly among
experiments, [Efforts were therefore directed towards further
clarification of the factors which govern oa:bohydruto storage.

Table 4 shows results of an experiment indicating that
different methods of harvesting ce}l. do not influence their
carbohydrate content. |

Table 5 presents results indicating that the glucose
concentration of the incubation medium does not affeect the

carbohydrate content at least over the range 3=-44 milclar and for
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DWFLUENCE OF INSULIN ON THE
COMPOSITION OF HLM CELLS

nmm-ksmmmuth5zi06mlodh
and 50 ml, of Waymouth®s medium with or without insulin, The
medium was renewed daily and each day cells from sample cultures

were harvested for analysis,

S Days Incubation
m - gt e sy - o
(MW') 14 2 ’ ‘
J8«CBE/ 0 33; 3. M3 68 613 82 8By 92
1EDNAP
1 39; 37 69; 60 1043 89 113; 112
pg.Proteln/ 0 250; 220 2503 300 270; 230 3003 300
1 2503 220 270; 200 2403 300 310; 290
N DNAR/ 0 1¢25 13 13 1eb 143 1.3 1,73 146
106 cells
1 133 16 1k 14 153 15 1.3; 1.2




TABIE Y

SRR T %

Baby feeding bottles were inoculated with 1o‘nnl
cells in 10 ml, Waymouth's medium, After six days incubation
the cell monolayer was removed by soraping (S), treatment with
trypsin (T) ar treatment with versens and soweping (V). The
Galls werw thew washed Ax ould Thnk's DON, cownted and analywel,

smple  yesm/10° cells JGCBR/

81 he5 11,9

2 16.2 TN
4 16.5 16,3
2 156 16,0
v %he9 : S

2 1545 16.5

-89~




ZABLE S

EFFRECTS OF GLUCOSE CONCENTRATION ON
CARBOHYIRATE STORAGE BY HLM CFLLS
6

Baby bottles were inoculated with 5.8 x 10 HIM
cells, Waymouth's medium (30 ml.) at pH 7.4, containing the
glucose concentrations indicated was added to the culture
vessels, The omotic pressure of the media had been adjusted
to that of Waymouth's medium normelly used. The culture
media were renewed daily and on the third day the cells were
harvested for analysis.

mw-mmuamw‘un-m

27 38+CBE/pg.DHAP.

T v s T AT B o o R T A

Glucose
s oell No. (10%) #ﬂ. w
in medium
0'“ﬂh'° . cells
3 8,25 8,73 10s6 1473 b3 1,3 573 543 59

" 846 145 5N
ks 11.2;5 113 133 1.3 653 56

—— - —y——

833
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three day culture periods. In contrast, Wu (1959) reported
that the carbohydrate content of Hela cells could be doubled
by increasing the glucose concentration in the incubation medium,
In the experiments mentioned, cultures had been incubated for
seven days before analysis,

The carbohydrate content of HLH cells grown in the
presence. of sodium lactate was slightly higher than that of
cells grown in its absence (Table 6).

Raising the pH of the growth medium from T4 to T.9
caused a marked reduction in the carbohydrate content whereas
‘no difference was noted between cultures maintained at pH 7.4
or at 7.0 (Table 7).

Analyses of cell samples taken at stages during the
growth cycle indicated that the carbohydrate content increased
at least until the sixth or seventh day (Figure 1), Bruni,

Gey & Svotelis (1961) reported that glycogen present in Hela

cells 24 hours after renewal of the medium disappears by 48

hours, It is possible therefore that depletion of glucose present
in the medium may lead to utilisation of carbohydrate stores,

In the experiments cited in figure 1, therefore, excess medium
wags used and this was renewed frequently.

The relatively small effects of pH, lactate concentration
and cell growth stage on the carbohydrate content of HLH cells
probably would not explain the large variation among experiments,
It is possible that the variation occurred owing to differences
in the carbohydrate content of the inocula or to differences

in the sera used,
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EFFECT OF LACTATE Oii CARBOHYDRATE
‘STORAGE BY HLM CELLS

Bnluhtﬂ.umimhﬂvﬂh’xﬂ‘m“lho
Waymouth's medium (30 ml.) at pil 7.4 containing sodium lactate
as indicated was added, The osmotic pressuwre of Waymouth's
medium containing lactate had been adjusted to that of Waymouth's
medium normally used. The culture media were renswed daily and

on the fifth day the cells were harvested for analysis,

Sodium Lactate Conon, (umifolar)

0 1a1 55 1.1

GeCBI/pgDIAP 1073 105 1275 99 119; 136; 123 1375 137; W

. - e e e e A W SR

Total ugelNAP 243 29 255 24  32; 313 30 263 263 25

\
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Baly bottles were inoculated with 5 x 10° MM ocells.
Waymouth's medium (30 ml.) at pH 7.0, 7« or 7.9 was added,

The medium was renewed daily and on the fifth day cells were
harvested for analysis.

pH

—

740 Th 7.9

D T -

PG CBH/pgDNAP 1125 100; 119 107; 105 64; 54; 77

Total jug.DIAP 173 183 19 23 29 12; 123 9




Experiment 7
Baky feeding bottles ware inoculated with 5 x 10°

HIM cells in 30 ml, Waymouth's medium, an-m-m
every second day, mm'mum..fu
oslls were trypsinised, washed in 0old Hank's BSS, oowted
and analysed. The cell mmber increased frem 5 x 10° %0 15 x
10° per bottle, Points, shown as open cireles, represent the
means determined from 2 replicate cultures. The vertical lines
give the total range of results. |
Experinent 8 |

This was essentially similar to experiment 7 but
10° cells in 2 ml, medium were incoulated into culture tubes,
Gells were harvested by treatment with 2 ml. trypsin solution.
They were suspended in this and counted, Points shown as fillede
in ciroles, represent the means determined fram 2«3 replicate
cultures, The vertical lines give the total yangs of results.
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Fig. 1.  Carbohydrate content of HLM cells

at stages during growth
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Srowth

It is apparent from the results of Table 2 that no
consistent effect of insulin on cell growth was found. Crockett
& Leslie (1963), however, presented indirect evidence indicating
that insulin has a stimulatory effect on the growth of HLM cells.
These workers set up replicate pultnru with cells which had
been grown in the presence of insulin, They found that the
omission of insulin from medium added to such cultures led to
a decrease in growth, A slightly modified fox'-n of Waymouth's
medium was used and this.was supplemented with 4% human serum.

In the experiments cited in Table 2, in spite of frequent
renewal of medium, the pH of the insulin-treated cultures was
often somewhat lower than that of controls, The rate of
multiplication of cells in culture is markedly influenced by
pH (Paul, 1959). Therefore a stimulatory effect of insulin
on the growth of HLM cells may have been masked by the decrease
in pH, It is also possible that the difference in the results
of this study and those of Crockett and Leslie is due to
differences in experimental design or in the medium used,



Preduisolone usually caused a dearease in the carbo-
hydrate content of HIM ocells and an apparent inarease in DNA
phosphorus per cell (Table 2). In this respect it was noted
that cells grown in the presence of prednisolons were larger
and contained larger nuclei than did cells of control cultures,
The 1ipid, RNA phosphorus and protein centents of HIM ocells
were not consistently affected by addition of this stercid,

Srowth
3 Prednisolone was obvioualy growth inhibitory as the
total cell mmber and total DNA phosphorus per culture were
deareased, The effect of this compound on cell multiplication
during a growth gycle is shown in figure 2, It appears that
the lag phase of the prednisolone containing ocul tures was ine
creased and the rate of growth was slightly decreased,

n-n&.«rmmtmmuwcm
2 but with the KalLe oell strain are shomm in Table 8, It can
hmhﬁﬂnmhtmlhaﬁynﬂu]mmm
tially sinilar to that of HIM ocells. A slight stimulatoryeeffect
of insulin en ENA phosphorus and protein content of these cells

was apparent,



Roller tubes ware inoculated with 2 ml, Waymouth's
mediun containing 10° HIM cells, One half of the cultures
were set up with medium containing 2.5 jug. prednisolons/ml,
Medium on all cultures was renewed dally,

Each day cell counts were performed, after trypsini-
sation, on two cultures containing prednisolene (filledein
circles) and two control cultures (open circles), The points
shown are means of the duplicate counts,
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Fig.2. Influence of prednisolone on growth

of HLM cells
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Lpis 8

INFLUENCE OF INSULIN AND PREDNISOLONE
ON Kale CELL GROWTH AND COMPOSTITION

Prescription bottles (6 os.) were inoculated with
6

142 x 10 Kale cells. Waymouth's medium (30 ml,) at pH 7.4
with or without insulin o prednisolone was added, The culture
medium was renewed every three days and on the tenth day the

cells were harvested for anmalysis.

o i e pon it qunilie potey

10" cells 10 cells

0 9.8;9¢5 2.032,0 32335 Le33keb 238327,
Insulin 10.5311.73 2.032.1 LO3L034T 5.035,0 29033283332
(1 unit/ml) 104

Prednisolone 6,2 22323 25321319 5.3 2623293299
(g e v iy Y Ty T

P e . i S el SR . T . S et~

9=



Effects ednisolone o ition of Oth
Stra

Hela oells (strain A.Ps)

Since prednisolone is known to induce considerabdle
increases of alkaline yhoojh.taao aotivity in certain strains
of Hela cells (Cox & MacLeod, 1962), its effects on the
composition and growth of these cells were investigated., The
results, presented in Table 9 indicate that cell multiplication
was again inhibited, No effect on cell protein or ENA phosphorus
was found but a slight increase in DNA phosphorus per cell was
noted after 14 days, However, this is perhaps questionable in
view of the scatter of the results. In contrast to these results
Cox & MacLeod reported incoreases in cell protein and RNA as well
as slight increases in DNA., The medium used by Cfox & MacLeod
was somewhat different from that used in this study. This could
perhaps acoount for the discrepancy.

LS cells

Results of an experiment using a etrain of L cells
which grows spontaneously in suspension indicated that growth
of this cell type waes also inhibited by prednisolone even at
a concentration of 0.1 ugs per ml. Although no increases in
DNA phosphorus or RNA phosphorus were found, a slight increase

in protein and a considerable increase in lipid was noted (Table 10).



ZaBiE 9

EFFECTS OF PREDNISOLONE ON COMPOSITION

OF HeLa (HLLS (STRAIN A.P.).
Roux flasks were inoculated with 5 x 4

6

0 HeLa oells

(strain A,P,) and 50 ml, Waymouth's medium with or without
prednisolone, The medium was renewed every 3 days. Cells of
sample cultures were harvested for analysis after times indie

6

cated, 5 x 10 cells from each eight day old culture were

used to seed fresh Roux flasks containing 50 ml, Waymouth's
medium nthaﬁthnxtmwmuwh. These cule

mmmﬁmtv;WGM-ﬁﬂdoh

medium on the fowrth day.

Prednisclone
concn, P ————
(Pge/ml.) 2 4 & W
Total cells 0 837 18;22 32335 19321
(10 " 736 16313  28;28 11313
238.DIAR/ 0 T3 1e5 19510 1.731.7 203147
10° cells
1 1.8‘1.7 1."107 2.0’1.‘ 3.2‘202
JiBeRNAP/ 0 3e333e1 2.633.2 3.033.2 3.432.8
28 DNAP
1eh32:1 3.333.5 346334 24733.6
JgeProtein/ 0 1903150 150  195;190 1703130
18 DNAP
1 1503130 1403160 2303230 1203170

=



ZABLE 10

INFLUENCE OF FREDNISOLONE ON THE
GROWTH AND OOMPOSITION OF LS CELLS

mmmm.mmuuﬂ:w‘m
cells in 10 ml, of Eagle's medium, Prednisolone was added
es indicated, On the third day of incubation 10 ml, of
fresh medium was added to each culture, On the sixth day

cells were harvested for analysis,

e B e I I TR A T CET Y T T T D M M . R BT U ——— T

mmr-u pa.tmr/ pg.mur/ m.rnwm.nw

m-/-lo no.(io‘)“’"u" 10° codls  10° oslls  10° cells
v M gAY
2,5 5¢634e2 1.&8-:1.56 0. 7830477 1773170 883113
0, 1 7.085:4  146931.52 0.88;0,85 1943165




Obgervations that insulin causes increased glycolysis
in cell cultures (Paul & Pearson, 1960; Crockett & Leslie, 1963)
were confirmed with this cell strein and medium used (Table 11).
No difference in the keto acid content of media from insuline
treated as compared to control cultures was noted in this ex=
periment, Paul & Pearson (1960) reported inoreased disappearance
of keto acid from the mediwm of insulinestimulated cultures,
Erednisoione

The media from predaisolone-ireated cultures contained
less lactate and more keto acid than did that from controls.
Although it is probable that glucose utilization was decreased,
the results were somewhat variable (Tables 11 and 12).

Inoreased keto acid levels in prednisolonestreated
cultures of the alkaline phosphatase indueible strain of Hela
cell and in the LS cell were also noted (Tables 13 and 14).
With the latter cell strain however, this effect was apparent
only if the keto acid produced wes expressed on the besis of
cell number present, Glucose utilization by these cell ypes
was decreased but again the results were somewhat variable,



ZABLE 11
EFFEOT OF INSULIN AND PREDNISOLONE
ON GLUCOSE DISAPPRARANCE FROM

mmmwm
SUFPPORTING GROWTH OF HIM CELLS

mmum«-ummnmz.’xw‘

HM cells in 10 ml, Waymouth's medium and allowed to establish
themselves by incubation overnight, The medium was then ree
placed with 30 ml, Waymouth's medium containing no serum but
supplement with 0,5% (W/V) bactowpeptone and with and without

insulin or prednisolone, After 3 days samples of the medium
were removed and analysed,

- pa— P— - S R——

Hormone Final Glucose Lactate Keto Acid
Cell Utilized Present Present
Addition (106)

(mg.) (mg.) (mg.)

T W B R

2 - 61 0.0 1

Moo G THE Wi
(> g oo B < RS =SS ~ SR
lrell 27 242 19

-



| mEsi2
EFFECT OF PREDNISOLONE ON GLUCOSE
DISAPPEARANCE FROM AND KETO ACID
LEVELS IN MEDIUM SUPPORTING HLM
CELL CROWEH
Rmﬂuhmtmmhﬁdﬂﬂ:’stm“m
in 50 ml. Waymouth®s medium with or without prednisolone,
After 4 days incubation the medium on all cultures was rencwed,
Following a further 2 days inocubation samples of the medium

were removed and analysed,

Prednisolone  Pinal Glucose  Keto Acid
conan, Cell 6 Utilized Present
(pge/mls) No, (107)  (mg.) (3e)

3
g8 §§i




B D

EFFECT OF PREDNISOLONE ON GLUCOSE

DISAPPEARANCE FROM AND KETO ACID

LEVELS I MEDIUM SUPFORTING GROWTH

OF HeLa  CELLS (STRAIN AP.).

nmt:mhmmmnthsxtosma
cells (strain A,P,) and 50 ml, Waymouth's medium with or
without prednisolone, The medium was renewed every J days.
uwsms:w‘o-n-mmhmmmmu
seed fresh Roux flasks containing 50 ml., Waymouth's medium
with or without prednisolone respectively. After 4 days
incubation the medium was renewed, After an additional 2

days incubation samples of the medium were taken and analysed,

- ——— e . - e

Prednisolone  PFinal Glucose Keto Acid
conon, Cell Utiliged Present
(rgo/al.) Mo (10%)  (mg.) (re.)
0 19.3 374 540
215 46 540
1 10,8 35 770
12.9 15 820




TABIE U

EFFECT OF FPREDNISOLONE ON GLUCOSE

DISAFPEARANCE FROM AND KETO ACID

LEVELS IN IMEDIIM SUPFORTING GROWTH
OF LS CELLS

nwtmmummuumw‘m
cells in Bagle's medium with or without prednisolone, On
the third day of inoubation, 10 ml. of fresh mediwm was
added to each culture, Samples of the medium were taken
on the sixth day and analysed after cells had been removed
by centrifugation, Osell counts were performed directly
on cells suspended in known volumes of Hank's BSS.

I N DA B D 7 O T N R e S W T G P

Prednisolone  Fimal Glucose Keto Acid
concne Oedl Utiliged  FPresent
(pge/mls) No.(10%)  (mga) Cpesd)
8.7 13 400
: 8.8 100 460
92 1647 390
847 16.1 500
5.6 1249 360
2 ka2 thed 30




Tables 15 and 16 present results of enzsyme analyses on
extracts from HLM and Hela cells incubated in the presence or
absence of insulin or prednisolone.
insulin

No consistent effects of insulin were found with any
of the enzymes studied. On ococasions, however, increases in
hexokinase activity were apparent with HLM and with Hela cells
grown in the prouhoo of this hormone, The inconsistency may
indicate the existence in HLM cells of two glucose phosphorylating
enzymes as has been found in rat liver (Walker, 1962),

HLM cells were found to contain considerably greater
amounts of glucose~6w=phosphatase and alkaline phosphatase than
HelLa cells,

Results of an experiment to determine whether insulin
affected the hexokinase activity of HLM celles at stages during
the growth cycle are presented in Table 17, In this experiment
no significant increase in hexokinase level was noted although
by the third or fourth day the intracellular carbohydrate was
increased (see Table 3),

It should be emphasised that the reaction mixture in
hexokinase estimations reported in this study contained initial

glucose concentrations of 4 to 6 miMolar and final concentrations

(after incubation) of 2 to 3 mMolar. Since the Km for rat liver



LBIE 5
Experiments 24 13 Roux flasks were inoculated with 50 ml,
Vaymouth's medium and 5 x 10° HIM cells. Insulin (0.1 wnit/ul.
in experiment 2j 1,0 wit/ml, in experiment 13) ar prednisolone
(2.5 mge/ml,) was added as indicated, ledium was renewed every
3«l days. Cells of experiment 13 were harvested on the 9th
day, With experiment 2 cells were barvested by txypsinisadion

on the 6th day and 5 x ﬂ‘.mm-&m&mvmlm

to flasks containing 50 ml., Waymouth's medium and the appropriate
hormone, After a further 9 days the cells were harvested and
the enzyme analyses were performeds

Experinents 17 4 223 Baby feeding bottles were inoculated
u&n&mv.-&-an‘-waxw‘u-ﬂ-

for experiments 17 and 22 respectively. After 2\ hours the
mediun was replaced with 30 ml, of Waymouth's medium without
serum but supplemented with 0.5% (W/V) Bactowpeptone, Insulin
(1 unit/ul,) or prednisolens (2.5 jge/ul,) was added as Andicated.
The medium was renewed every 2«3 days, Cells were harvested
after total inowbation times of 7 and 5 days for mxperinente
17uzzm ”dﬁmw‘nﬂ‘

nnnanlpn-.m ﬂh‘lﬁm“hm
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TABLE 16

Roux flasks were inoculated with 50 ml, Waymouth's
medium and 5 x 10‘ HLM or Hela cells as indicated, Insulin
(0.1 units/ml.) or prednisolone (2.5 ng./ml,) was added as sho
Medium was renewed every 3«4 days., Cells were harvested by
trypsinization on the 14th day and 5 x 10° cells from cach
flask were used to seed fresh flasks containing 50 ml, of
Waymouth's medium and the appropriate hormone., The remaining
cells were used for enszyme analyses. On the 18th day, the
second series of cultures were treated with trypsin and umc
analyses were performed, Ensyme units are expreesed per

106 cells,
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EFFECTS OF INSULIN AND PREDNISOLONE ON ENZYME LEVELS IN HIM AND Hela CFLIS
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ZAEE A7

DFLUENCE OF INSULIN ON HEXOKINASE
ACTIVITY IN HIM CELL EXTRACTS

Rmfh.hmimﬂahdﬂﬁwasn
cells and 50 ml. of Waymouth's medium with or without
insulin, The medium was renewed daily and each day cells
from sample cultwres were harvested for preparation of en=
yme extracts,

" - e e ———

Hexolkinase Activity (mu/so‘ oeih)
Insulin iy, e
COncil. Wl Incubation
(und te/ml.)

et

o

1 2 3 b

e S -~ s =

0 0e8; 1.0 0,65 Ok 1,25 101 1.2

1 0s73 09 Oubj 0.5 12 0.9; 1.0
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hexokinase is about 37nM (Walker, 1963), this change in glucose
concentration should not have affected hexokinase assay, pro-
suning the engymes of liver and HIM ocells are similar, However,
if a glucokinase similar %o that found in rat liver (Walker,
1962) exists in HIM cells, the range of glucose concentrations
used for the hexcitinase estimations oould include assay of both
engyues, Purtharmore, sinoce the Km for rat liver glucckinase
is about 10 mfolax (Walier, 1963; Vimuela, Salas & Sols, 1963)
the changes in gluocose cawentration which occowred dwing ine
cubation of the engyme extract would influence considerably

the final total activity neasured,

Zxednisalane.

A consistent effect of predaisolome in inoreasing
the eaterage activity of extracts fram HIM and Hela  oells was
obsarved (Tables 15 and 16), In one experiment of long duration
a slight inorease in the alitaline phesphatase content of HIM
cells was also noted (Bxp. 2, Table 15). The inorements of
esterase activity varied considerably from one experiment to
another but the basal level was relatively constant.

None of the other engynes studied varied consistently
followdng addition of prednisolonse,

The significance of the increase in estorase activity
of extyacts fromn prednisclone treated HIM cells is not known,
Wellington & Moon (1961) by histoshenical methods showed that
the esterase activity of a strain of cells isolated from human



- T

liver (Chang, 1954) inoreased during growth in the presence
of hydrocortisones In that case there were also increases in

acid phosphatase and decreages in succinic dehydrogenase and
ww— !‘bdulefw
m.m.mm(mM)manm
concentration used in this study.

mmmwmmm-
phosphatege astivity of certain strains of Hela cells (Cox &
MacLeod, 1962). Therefore, the effect of this stercid on esterase,
Beglucuronidase and alkaline and acid phosphatase levels in
such a cell strain dwing stages of growth was detexmined (Table
18). While the alkaline phosphatase level was inoreased even
aumu-w-.um«r«m.p-gwn
and acid phosphatase were unaffected after two weeks of growth
in the presence of prednisolone,

AL \.,;_. T /B

Glucose utilisation by msele is accelerated by insulin
owing to a stimilation of glucose transpart, In cultured colls
glucase utilisation is also stimlated by insulin but the mechanism
is not lmown,

Steroid harmones, in contrast $0 insulin, inhidit
sugar utilisation by certain mammaliar. cells and oslls in oulture.
Sugar transport in the erytimoayte is Lnhibited by corticosteroids
(wilbrendt, 1954).

Experiments were undertaken, therefare, in an attemp$



ZABLE 18

INFLUENCE OF PREDNISOLONE ON FNZYME
LEVELS IN EXTRACTS OF HelLa: JalLS
(STRAIN A,P,) AT STAGES DURING GROWTH

lmﬂuhminmﬂatdﬁﬁ’xw‘m.a cells
(strain A,P,) and 50 ml, Waymouth's medium with or without
prednisclone, The medium was renewed every 3 days, Cells of
sample cultures were harvested for preparation of enzyme exe
tracts after times indicated, 5 x 10°cells from each 8 day
0ld cultures were used to seed fresh Roux flasks containing
50 ml, Waymouth's medium with or without prednisolons rese
pectively, These cultures were incubated for a further 6

days, with renewal of the medium on the fourth day,

Bgyme Activity (Units/10’ cells)

T i ————

Prednisolone
Engyme  conon, Days Incubation
(pg./nl.) &
2 [N 8 %
Alkaline 0 o 2.052,0 24333  2.933.0
Phosphatase
Esterase 0 0.630.6 0,630,6 0,730.8 0.53;0.5
1 0.5 0.630.6 1,030.8 0.5;0.4

B-Glucurone 0 Oe3ledi 0a730s6 0,8;0,9 0.830.7
1 12312  0.730.7 1:331.2 0.830.‘
Acid 0 3.31hel 440380 Ah35.3 40333
Phosphatase
1 ‘.olso‘ 30’3 ,o’ 800'609 &..5;3.0

—— or———



to charecterisze the process of glucose transport in HIM cells
and to detemine whether insulin and prednisolons influence

Pigure 3 illustrates results of an experiment to detere
mine the net influx of labelled glucose into HIM cells during
a 30 minute exposure period, It is apparent that a plateau
level of radicectivity was approached after 20 to 30 minutes.

Figure 4 presents results of an experiment to deterw
mine influx and efflux of radicactivity from labelled glucose.
umumu.hwmm.wmmtm
ward transport (entry mimus exit), has distinotly less slope
than does the efflux cwrve, The aysten apparently censisted
of two types of labelled camponents, One of these was readily
diffusible while the other did not diffuse out of the cell,
even af'ter a 35 mirute efflux period.

Wilhrandt (1961) pointed out that measurements of
sugar exit are preferable to those of sugar entrance in kinetic
amalyses of transport. The former can be determined under cone
ditions where transport is virtually unidivectional, The latter
measurement usually represents net imward transport under cone
ditions in which transport out of and inte the oell are ococcurring
simultaneously, With the technique used in this study, however,
it is difficult to take samples during the first few minutes
of efflux, PFurthermore, efflux measurement is complicated by



Throe day ol cultwes were oquililrated for 30
ninutes as usual, After the equililwation medium was removed,
coarvegponding test nedium containing ’l glucose at a specific
activity of 1.4 mCuriey/idiole was added, Sample cultures were
taken af'ter verious times, Poinds represent the means deterw
mined from 3 replicate cultures and the vertical lines give
the total range of results.



Counts/min. /ug. DNAP

500
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Time (min. )

Fig. 3. Influx of glucose into HLM cells
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FIGURE &

Details of procedure in this experiment are similar
to those for figure 3, In this case, however, the test medium
contained glucose at a specific activity of 0,7 mCuries/miole,
After 25 mimites influx, test medium was removed and the cule
tures were washed 5 times with 5 ml, of equilibration medium
at 37° and 5 nl, of this was added, After the times indicated
sample cultures were removed, washed in cold trisecitrate BsSS
and extracted as usual, Points shown are the means determined
fram 3 replicate cultures, The vertical lines represent the
total range of the results,
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the possibility that some of the radicactivity remaining within
the ocell represents products of glucose metabolism rather than
residual glucose itself,

Estimates of rates of inwerd transport can be made
by measuring the anount of labelled glucose entering the ocell
during very brdef exposwre perdeds, Errors introduced by becke
flow would decrease with decreasing exposure times, In this
study, therefore; the uptake hy HIM cells of labelled glucose
during a one minute exposure period was assumed to represent
glucogse entry. During this Wief exposure it is probable that
error due %o backeflow was slight,

Cultures were equilibrated for 30 minutes (see methods)
before addition of labelled glucose, From figure 3 it is apparent
that during this time the intracellulax/extracellular glucose
exxchange epproached equililwation, It is also apparent that
labelled glucose entering dwring the one minute period post
equilibration would be diluted out considerably in the introe
celiular, non~radicactive glucose pool, Aqueous extracts (see
hexokinase assay method) of HIM cells harvested by trypsinisation
ommaa-smmnw‘un-. Therefore only a
amall frection of the labelled glucose would be phospharylated
and otherwise trensformed during the one mimute period, This
is in support of the argument that glusose transport as opposed
to glucose metabolism was the process under study,



Sugar uptake by the perfused rat heart has been shown
%o conform $o Michaeleifenten kinetlos (Park et al. 1959) and
an approximate Km miue of 157 mg. per 100 ml, has been caloulated
(Morgan, Henderson, Regen & Park, 1961), Erytizocytes alse
conform to this fornmlation and Km values of a similer magnitude
have been found (Widdas, 195.).

Congidevably lower Km values for glucose (1 miiolar)
and galactose (0.5 mifolar) entwy was reported for the L cell
(Maio & Rickenberg, 1962)., Crane, Field & Cori, (1957) found
that the entry of a mmber of sugars into Bhrlich ascites tumor
cells was too rapid at 37°0 to pemit Km caloulation, At lower
tamperatures, however, it was posaible to demonstrate Michaclise

nmu«.m«wmaum&m
concentration on rate of uptake by HLM cells are illustrated
in figures 5 and 6, The specific activity of glucose used in
these cases was the same at all glucose concentrations,

Tt 4o appavent thut the rate of glucose entrance into
HIM celis did not increase linearly with inoreasing glucose
concentration. Although a platesu level of radicactivity was
suggested in results of Pigure 6 at about A4 miolar (8 ga./litre)
mach higher counts were obtained at the 88,8 mfolar (16 gm,/litre)
substrate level, The nomelinearity argues against an hypothesis
that glucose enters these cslls by simple diffusion or hy pinoqytosis,




IGURES 5 & 6

Three day old cultures were equilibrated in trise
citrate BSS containing glucose at the concentrations shown
Test glucose contained the same glucose concentyations with
% glucose at a specific activity of 3.5 mCurieg/uiiole, Test
medium was added %o cultures for one mimite only, prior to washe
ing and extrecting as usual, The points shown in figure 5 ree
present means determined from results of 3 replicate cultures,
The vertical lines give the total range of results,

The points plotted in figure 6 represent means deterw
mined from results of 6 replicate cultures. The vertical lines
represent 2 standard deviations of the means,

The dotted lines represent plots firom the weans core
rected for the effect of increased ommotic pressuwe (see Piguwe
10).
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Fig. 5. Effect of glucose concentration on the

rate of glucose uptake
by HLM cells
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rate of glucose uptake
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Rate of entry of glucose into HIM cells was not effected
to any great extent by pil changes from 6,8 to 7.8 (Table 19).
Paul (1959) reported that pH markedly influences glycolysis
in cultured cells, This effect was noted over an extended period
of time and may reflect other metabolic systems primarily.

Since fluoride is known to increase glucose transport
in rat diaplragm (Newsholme & Randle, 1961) its effect on this
process in HIM cells was detemined (Table 19). A very marked
stimulatory effect was noted at piH 6.8 and this decreased with

s 4

Effects of temperature on glucose uptake vary widely
according to the cell type under study and the temperature range
used, The transport of sugars into erythrogytes was found to
have a Q,, of about 2,5 (Le Pevre, 1948, 1954; Park et al, 1956).
This process in Ehrlich ascites h-lrodh,m,hua
Q0 (20e30%) OF about 4 (Crane et al. 1957).

The influence of temperature on the rate of uptake
by HIM cells is shown in Table 20, MuppMthw(z?.’ﬂ

of 1,7 was caloulated by extrapolation from the results shown,



ZAEE A2

EFFECT OF pH AND FLUORIDE ON THE
RATE OF GLUCOSE UPTAKE BY HLM CELLS

Three day old cultures were equilibrated at pH
648=7.8 in the presence or absence of sodium flucride (10 mMolar).
Test media at the appropriate pH and with or without fluoride
contained °H glucose at a specific activity of 7.0 mCurles/miole,

s e W s TOSe ¥o0 T T . 30— A ——— e

Rate of Glucose Uptake (Counts/min./min./jg.DNAP)

ﬁ s st s

Without Fluoride., Mean With Fluoride, Mean

e

6.8 3663 1153 486 2z 1624318731671 1723

7.0 425; 4033 427 418 1250312031147 1201
Te2 4623 3423 456 420 11313124631300 1225
Teh W32; 3655 332 376 840; 7813 860 827
7.6 4203 3843 459 421 842; 581; 739 T

7.8 354; 301; 363 339 3533 h63; 521 W6

e
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JABLE 20

FFFECT OF TEMPERATURE ON THE RATE
OF GLUCOSE UPTAKE BY HIM CELLS

Two day old cultures were equilibrated and exposed
to test medium at the temperatures indicated. Test medium

contained “H glucose at a specific aotivity of 3.5 mOuries/
miMole,

Rate of Glucose Uptake
Peup,© (olden./un./)W)

U S <

37 6103 5303 480 540
33.5 3703 4803 490 W7
30 3403 3303 330 333
25 2303 310; 360 300
20 2003 1803 180 187

~116~
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and pentoses for the glucose transport system of red blood cells
(Le Pevre, 1961), muscle tissue (Randle & Young, 1962), Ehrlich
asoites tumor cells (Crene et al, 1957) and L cells (Maio &
Rickenberg, 1962) prompted investigations to determine if a
similar phenomenon exists in HIM cells,

A preliminary experiment (Table 21) suggested the
possibility that galactose but not ribose acted as a competitive
inhivitor of glucose uptake, This could not, however, be verie
fied in subsequent experiments (see Table 35) involving larger
sample mmbers. Thus no inhibition of the rate of glucose uptake
oould be shown when D galactose or D or L arabinose were useds

The poasibility that glactose might effect the net
uptake of radicaotivity from glucocse by HIM cells was determined
by incubating the cultures with labelled glucese and with or
without galactose for a period of 30 mimutes, No effect of
gnlactose on the intracellular content of radicactivity could
be demonstrated (Table 22),

It should be mentioued that no attempt was made to
adjust the ommotic pressure of media containing galactose ar
arabinose to that of control medium, The effect of osmotic
pressure on glucose transport is shown in a later section and
may acoount for the apparent absence of competitive inhibition

showmn hare,



ZABLE 21

EFFECT OF OTHER SUGARS ON THE RATE
OF GLUCOSE UPTAKE BY HLM CELLS

Three day old cultures were equililrated in tris-
citrate BSS containing glucose (5.6 mifolar) and other sugars

as indicated, Test media contained the same sugar concene
3

trations with “H glucose at a specific activity of 7.0
mCuries/mifole glucose,
Concn,

Rate of Glucose Uptake
™™™ (cownte/miny/nine/ng.oNAP)
added
(sdtolar) Nean

4] 12603 920 1090
‘ 11103 11503 870 1043
(5.6)
Galactose  935; 870; 1010 938
(27.8)
Ribose 9803 875; 1040 965
(6.7)
Ribose 1190; 965 1078
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IABIE 22

EFFECT OF GALACTOSE ON THE
UPTAKE OF GLUCOSE BY HIM CELLS

Three day old cultures were equilibrated for 30
nimites as usual, Test media with or without galactose
and containing glucose (5.6 mifolar) and 3! glucose at a

specific activity of 1.4 wCuries/mfole were added for an
additional 30 minute interval,

Intracellular Radicactivity
e (counts/min./ng.DNAP)
Galactose
(uttolar) Mean = 5.0,
0 338 L 69 (6)
27.8 469 £ 122 (6)

——— TN s s T
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Effect of serum on the rate of glucose uptake

Large differences in the rate of glucose uptake were
noted among different experiments in spite of attempts to set
thoco'up in an identical manner, One possible reason for this
variation could have been differences in the serum used in the
growth medium, Pituitary and adrenal factors, present in serum,
may affect glucose transport or the action of insulin on the
perfused heart (Henderson et al., 196la,b). The presence of
such factors in the serum used to cultivate cells might influence
glucose transport and metabolism,

HLY cells cannot be grown in serum-free medium from the
trypsinized stages It was possible, however, to use serum—free
medium if the cells were first allowed to adhere to the glass
in the medium containing serum.

Cells which had been allowed to establish themselves
for a 24 hour period were washed with Hank's BSS and growth
medium containing serum was added to some cultures while medium
containing no serum was added to others. After a further
24 hour incubation period, the cultures were used in the normal
manner to determine the rate of glucose uptake.

The results, shown in Table 23, indicated that maintenance
in the absence of serum did not appreciably alter the rate of
glucose uptake,

Unfortunately this does not completely rule out the
possibility that variation among experiments was due to differences

in serum used, It is possible that longer periods of exposure to



IABLE 23
EFFECT OF MAINTENANCE IN THE ABSENCE
OF SERUM ON THE RATE OF GLUCOSE UPTAKE BY HLM CELLS
Two day old cultures maintained in the presence or
absence of serum for the second day of incubation were used
(see text)., Test medium contained 3y glucose at a specific
activity of 1.5 mCuries/mMole.

erum
gonu. Rate of Glucose Uptake
-10/100 mle (COunt-/nia./ltn./)lc.DlAP)
Medium
0 15603 1060
7 13303 1200

-12] -
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serum containing some compound inhibitory to glucose uptake
may affect the glucose transport system for a considerable
time after removal of serum.

In this respect, it is notable that Wwu (1959) found
that glycolysis in Hela cells varied depending on the source
of serum used in the growth medium, Such an effect might be
due to an action on glucose transport.

Rate of uptake of glucose at stages in the growth cycle

Another possible explanation for the variation among
experiments would be that cells at different stages in the
growth cycle exhibit different rates of glucose uptake, All
of the foregoing experiments were performed on cultures which
were either two or three days old.

Table 24.pro.onts results of an experiment performed
to answer this question. Although there was apparently a slight
difference in the rate of uptake over a four day growth period,
this was not extensive enough to explain the wide variation
noted among previous experiments. Cell monoclayers of four day
old cultures showed a marked tendency to fragment and peel off
the glass during washing and equilibration procedures, This
may explain the variability in results of this group. HMNost
experiments were therefore performed on cultures which were

two or three days old,



ZARLE 24

RATE OF GLUCOSE UPTAKE BY HIM CELLS
AT VARIOUS TIMES DURING GROWTH

Cultures were set up in conical flasks as usual,
Sample cultures were taken each day for determination of the
rate of glucose uptake, Test medium contained "0 glucose
at a specifio activity of 0,72 mOuries/miole,

DU

Days Rate of Glucose 'ptake

Growth  (Counts/min,/min./g.DNAP)
"&

1 1410 124,10

2 16503 2200; 1970 1940

3 11603 1110 1135

b W65; 20203 1345 1606

—— o ——at——
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Effect of ulin on Glucose Transport HLM Ce

A preliminary experiment, the results of which are
presented in Table 25, showed that addition of insulin to the
equilibration medium stimulated the rate of glucose transport.
Experiments were therefore performed to further characterise
the glucose transport process in HLM cells and the stimulatory
effect of insulin on it,

of sure to or 8 tion

In the foregoing experiment cells were exposed to
insulin during the entire thirty minute equilibration period.
Table 26 presents results of experiments planned to determine
the minimum exposure time necessary for a maximal response to
insulin under these conditions, In experiment 40, maximal
stimulation was achieved after 30 minutes exposure to insulin
judging from the ratio of the rate of glucose uptake with
insulin to the rate without insulin, This effect apparently
decreased with increasing exposure time,

In experiments 41 and 44 after 10 minutes exposure to
insulin the effect on glucose influx was already marked, and
further exposure did not appear to incregse the effect
significantly. A pronounced decrease in stimulation was
apparent at 90 minutes in experiment 41 and at 1020 minutes
in experiment 44. It is notable that the rate of glucose
uptake in experiment 41 was much lower than that in

experiments 40 and 44.
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ist f the e o) aft
ten minute exposure period

In order to determine how long this effeot of insulin
persisted, cell cultures were equilibrated for the usual 30
minutes, exposed to insulin for 10 minutes and washed three
times to remove insulin, The cultures were then inocubated in
equilibration medium without insulin and uptake of labelled
glucose was determined after various intervals.
The results (Table 27) indicate that the insulin effect



IABIE 29

EFFECT OF INSULIN ON THE RATE
OF GLUCOSE UPTAKE BY HLM CELLS

Two day old cultures were equilibrated in the
presence or absence of insulin (1 Unit/ml,). Test medium

containing % glucose at a specific activity of 0,72
mCuries/mifole and with or without insulin was used as

indicated, The mumber of observations is given in paren-
theses,

Rate of Glucose Uptake(Counts/min,/min,/png.DNAP)

—— —

Without Insulin, Mean & 8,D, With Insulin, Mean = ,D,

A . e W

TV

268 = 5% (b) 510 % 85 (6)

B Siaadee
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ZABLE 26

EFFECT OF TIME OF EXPOSURE TO INSULIN ON
THE RATE OF GLUCOSE UPTAKE P7 HLM CELLS

Three day old cul tures were equilibrated for 30 min-
utes in trisecitrate BSS coataining glucose (5.6 mifolar) as
usual, The equilibration medium was replaced with fresh medium
of the same composition but with or without insulin (1 Unit/ml,).
After incubation times indicated the second medium was removed
and test mediun containing ''U glucose at a specific activity
of 0,72 mOwries/ifole with or without insulin was added,

Time of Rate of Glucose Uptake
Expe mo:n (counts/min,/mine/ng.DNAP)

Now
(Rimutes) Vithout Deulin Mean With Inmlin  Nean

—ere

o1 1800518003720 440 1100514403 1343
30 303146031320 1403 24,0032,4052710 2517
40 120 2100; 198031520 1867 30003238032560 2647
20 1680311151680 1492 16203197032200 1930

720 1M7031200; 1560 1310 13503161031500 1487

1 23832753212 22 1753282327, 25

10 2093186 198 324331832,9 297

X 30 186 ;228; 204 206 35132823310 314
%0 2.6 26 2603263 261

180 179; 193 28032925265 279

10 115531110 1132 208032280 2180

120 131031375 1342 267032080 2375

¥ a0  mBynp 972 180031890 185

1020 157031175 1372 152031590 1555

TR TR e A T

-126-



ZABIE 27
PERSISTANCE OF THE INCREASE IN GLUCOSE

UPPAKE AFTER TEN MINUTES FXPOSURE 70 INSULIN

 wo day ol HIM cell cultures were equililrated as
usual but insulin (1 Unit/ml.) was added whewe indicated for
the last 10 mimutes, Cultures were then washed 3 times with
5 ml, of equilibration medium to remove remaining insulin
and were ineubated in 5 ml. equilibtration medium far the times
shown, After removal of this, test medium containing 'O
glucose at a specific activity of 0,72 mOwries/miole glucose
was added,

Pime after Rate of Glucose 'ptake

10 mimites O )

to Insulin

No Exposure With Exposure

(ninutes) o) Trgulds; MR ) Tosulin Mean
15 115031025;1120 1098 21003212032320 2180
45 12003125031150 1200 206031850 1955
5 120311503950 1113 218031570;1750 1833
125 10103 1470 1240 1440351560 1500

27 81038753775 820 102039753825 %0

e e o
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persisted for about two hours during which time it decreased
progressively., Bleenham & Fisher (1954) reported that the maxi-
mm stimulation of glucose uptake by the perfused rat heart
was achieved after 10 minutes exposure to insulin, This effect,
in contrast to the effect on HIM cells, disappeared within 10
minmutes after removal of insulin,

»
e

Several experiments were performed to determine whether
pH influences the effect of insulin on gluocose uptake, It should
perhaps be emphasiged that the pH difference was introduced
only at the equilibmation and test stages of the experiment,
not during the entire course of cell culture growth,

Results of such an experiment are prcsented in Table
28, mwmﬂmmmﬂhcfnmwhﬁwﬁn

effect of insulin over the pif range G.8=7.6 could be ascertaineds
Table 29 presents results of a similar experiment

but with larger sample mmbers, The rate of uptake by contrel

and insuline-stimulated cultures at pH 7.8 appeared to be less

than that at pil 7.0, The rate of uptake did not wary signifi.

cantly, however, over the intexmediate pii yange 7.27.6 in which

all other experiments were pexformed,



pE 28

EFFECT OF pd ON THE RATE OF GLUCOSE UPTAKE
BY HIM CELLS AND ON THE EFFECT OF INSULIN

Four day old cultures were equilibrated at pH
 648+7.6 as shomn, Insulin (1 Unit/ml,) was added where
indicated for the last 10 minutes of equilibration, Test
media at the appropriate pi and containing “H glucose
at a specific activity of 0,72 mCuries/nifole were used.

ST e, A i N A

Rate of Glucose Uptake (Counts/min,/min,/ug.DNAP)
7 Insulin not Added, Meen rn-mn Added, ::-
6.8  1083;933= 100 -:7;::7;3% 1:1&
7.0 7631193142 12 16432223208 198

Teh 10131593112 12 19052113145 182

7.6 8731303146 129 17731753286 213

R ——

-129-



TABLE 29

EPFECT OF pH ON THE RATE OF CLUCOSE UPTAKE
BY HLM CELLS AND ON THE EFFECT OF INSULIN

Three day old cultures were equilibrated at pH
7.0=T7.8 as shomn, Insulin (1 Unit/ml,) was added where
indicated during the last 10 minutes of equilibration.

Test media at the appropriate pH and containing ~H glucose
at 3.5 mCuries/mliole were useds The number of observations
is given in parentheses. |

Rate of Glucose Uptake (Counts/min./min,/ug.DNAP

pn N ey - e

Insulin Not Added. Mean & S,D, Insulin Added, Mean = S.D.

7.0 429 4 85 (4) 704 =16  (4)
Te2 340 £ 61 (5) 545 < 130 (5)
Ted 323 £ 50 (5) 525 < 39 (5)
746 426 £ 63 (5) 570 & 44  (5)
7.8 245 & 37 (5) 42065 (5)
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m‘futﬁmmgmm“mﬂmu
during the usual ten mimute exposure period following equilie
tration is shown in Table 30, The effect of insulin diminished
at concentrations below 10”2 units per ml. and was not detectable
below 5 x 107 units per ml. If the exposure period was insreased
to one howr (no equilibwation period allowed) the effect was
maximal from 10° to 10 units per ml. and was detectable at
10™* units per ml. or perhaps even lower (Table 31).

Thus this effect was shown to occur at concentrations
of insulin which could be expected in vivo (Randle & Taylor, 1960).
The sensitivity was at least as high as that of the perfused
rat heart (Fisher & Lindsay, 1956) or the rat diu;hragn (Randle
& Taylor, 1960).

._.A'J

s Utakie and the eFfest of lnsall:
To detexmine the effect of temperature on both the
mﬁ«@m@mmmm«mmn.anmm
m.q\nnmuagtm wmsmwutmm
for ten minutes, ﬂimnh. shown in figure 7, indicated

a Q4 for control cultures of about 1.7, The effect of temperature
on glucose uptake by insulinestimulated cultures was not linear
however, Below 30° there was virtually no effect of insulin

on the rate of glucose uptake but akove this temperature insulin
had an inoreasing stimulatory effect, Aqw(z.,_,.,o)dm



JaEE 20

EFFECT OF INSULIN CONCENTRATION ON STDMULATION
OF THE RATE OF GLUCOSE UPTAKE BY HLM CELLS

Two day old cultures were equililrated for 30
mimtes with insulin added at the concentrations indicated
for the last 10 mimites, Test medium contained f glucose
at a specific activity of 3,5 mOwries/miole,

Percent stimlation wns saloculated by subtracting
the mean value for intracellular radiocactivity of control
cultures from that of cultures exposed o insulin, dividing

by the former wvalue and mul&iplying by 100,

Insulin (Coun )34 DNAP) %
S timue
(Units/ml,) lation
Insulin Not Added, Mean Insulin Added, Mean
102 3563 4343 440 MO 7355 TS w0 8
5 x 10" 4273 341 38, 5803 450; 478 503 31
10 430 | 5403 595 568 32
5z 0™ 392; 402 397 4783 6303 615 5Wm 45

0™ 398; 392 395 3783 410 3% O

- o - e o
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EFFECT OF INSULIN CONCENTRATION ON THE STDUe
LATION OF THE RATE OF GLUCOSE UPTAKE BY HLM CELLS

Three day old cultures were equilibrated for one
howr with or without insulin added at the concentrations
indicated, Test medium contained “H glucose at a specific
aotivity of 3.5 mOuries/mifole.

Pergent stimulation was calculated by subtracting
the mean value for intracellular radicactivity of control
cultures from that of cultures exposed to insulin, dividing
by the former value and multiplying by 100, The muber of
observations is given in parentheses,

A I e R — ———

Rate of Glucose Uptake
Insulin Q?i;ﬁtsyhﬁunvﬁlln./iluJ!HUP) %

concn,
(Undte/mde)  wipnout With lation
Insulin, Mean & 8,0, Insulin, Mean 2 5.D,

A e

-5

10 629% 92 (5) 5973 91 (5) -5
10~2 595 % 97 (5) 673 & ua (5) 13
10~ 562 = 108 (5) 731 = 209 (5) 30
10~ 606 = 120 (5) 1M1 S Wy (5) 8,
10™2 6522 86 (5) 1326 £ w7 (5) 103

10° 5953 575 11255 1080 88

A D . WA . S —— T e € Y e

YR B



FIGURE 7 ‘

Two day o0ld cultures were equilibrated for 30 mbmtes
at the temperatures indicated with or without insulin (1 uniy/
al,) added Quring the last 10 minutes, Test medium contained
%1 glucose at & specific activity of 3.5 mOuries/aitole,

The points plotted are means fyom results of J repli.
cate cultures, The verticel lines represent the toSal range
of results, The open circles represent uptake by centrol
cul tures while the filledein circles represent uptake by insuline
stimulated cultures,



Counts/min. /min. /ug. DNAP

1000 .

500 L

-
-t

20 30 40

Temperature ( ©)
Fig.7. Influence of temperature on the rate of

glucose uptake by HLM cells and
on the effect of insulin
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244 for the rate of uptake by insulinestimulated cultures can

be calculated if the absence of linearity is ignored,
ommunmmwmqwm

for glucose transport and for the insulin effect depending on

procedure and cell type used, Levine & Goldstein (1955) found

aQ’o¢1.0b1.2fcumnnﬂUthﬂancg

preparation, MMAMU%O)MAQ'O (19-29%)

of 1,7 for glucose transport in insulin-stimulated frog muscle
while Helmreich & Zord (1957) found .Aq,o (27-37°) € about
2 for pentose accumulation in rat skeletal muscles stimulated
with insulin,
mmmmutmqwmm
evidence against the existence of a sugar transport mechanism
(Kipnis & Cori, 1959). Randle (1961) points out, however, that
uuwﬁmmmutmmmuemm
process per se was measured in these experiments, Since an
interrelationship between energy metabolism and glucose transport
is probable (Randle & Smith, 1958b) the effect may be a’'result
of influence of temperature on both processes,



Results of experiments to determine the uptake of
glucose and insulin action at different glucose concentrations
are presented in Tables 32 and 33 The rate of glucose entry
did not increase linearly with inoreasing glucose concentration,
It is also notable that the effect of insulin was diminished
at the highest glucose concentrations used,

The means, determined from the results found in the
above experiments, are plotted in the reciprocal form of
Linweaver and Burk (Pigures 8 and 9). Insulin apparently caused
a decrease in the ratio Ki/Vmax in both experiments, 7This sugg-
ests that the hormone may act to inorease the affinity of the
sugar carriar for glucose or to inaorease the availlability of
sugar carriers themselves,

The effect of insulin on glucose uptake at very low
glucose cancentrations is shown in Table J4he The specific astivity
wag the same at both the glucose concentra’ions used,

It is apparent that insulin exerted an equally stimue
latory effect at these low glucose concentrations, It is alse

apparent that the rate of glucose uptake was not lineear with
increase in concentration,



IARIE J2

EFFECT OF GLUCOSE CONCENTRATION ON THE RATE OF GLUCOSE
UPTAKE BY HIM CELLS AND ON THE EFFECT OF INSULIN

Three day old cultures were equilibrated in trise
citrate BS§ containing glucose at the concentrations shown,
Insulin (1Unit/ml,) was added where indicated duwring the last
10 minutes of equilibration, Test media contained the same
glucose concentrations with 31! glucose at a specific activity
of 3.5 mCuries/mMole,

A P B T T B W W e

Rate of Glucose Uptake
Glucose (Counta/min, /min,/mgeDNAP)
m -———— - e
(mitolar) | .
Insulin Not Added,. Mean Insulin Added, Mean

v——

S ———

2,8 1373 1703 172 160 2523 2623 24 253
5.6 2223 202; 207 210 4383 4155 390 A1y
27.8 625; 625; 622 624 12903124,231130 1221

55,6 12423 1365; 1390 1332 4503166031310 1473

————

, =137=



ZABLE 33

EFFECT OF GLUCOSE CONCENTRATION ON THE RATE OF GLUCOSE
UPTAKE BY HIM CELLS AND Oii THE HFFECT OF INSULIN

Three day old cultwres were equilibrated in tris-
citrate BSS containing glucose at the concentrations shown,
Insulin (1 Unit/ml,) was added where indicated during the
last 10 minutes of equilibration, Test media contained the
u‘me glucose concentrations with "‘H glucosze at a specific
activity of 3.5 mCurieg/mifole, The number of observations
is given in parentheses,

Ve il aeme

Sl Rate of Glucose Uptake (Counts/min,/min./pg.DAP)
conon, e
(molar) y..34n Not Added. Mean & 8.D, Insulin Added, Mean £ 8.D,
1o 1505 8 (6) 302% 31 (6)
2.8 276 = 335 (6) 5222 32 (6)
546 6o = 35 (6) 12892 90 (6)
111 W49 2 106 (6) 2938 £ 220 (6)
22,2 2552 £ 119 (6) 4665 & 234, (6) .
bliols 3298 % 188 (6) 5650 £ 575 (6)

88,8 8, 2 675 (6) 8727 = m2 (6)
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(1/V) x 10°

6 L O
O
3 L
O
0.2 0.4
1/8
Fig.8.  Uptake of glucose; variation of 1/V

with 1/S, where V is the rate of
glucose uptake and S is the glucose
concentration (mM). Derived from
results of Table 32. Insulin not
added ( O ); Insulin added ( © ).
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3 4

1/S

Fig.9. Uptake of glucose; variation of 1/V
with 1/S, where V is the rate of
glucose uptake and S is the glucose
concentration (mM). Derived from
results of Table 33. Insulin not
added ( O ); insulin added ( © ).
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SABLE b

EFFECT OF INSULIN ON THE RATE OF GLUCOSE
UPTAKE AT LOW GLUCOSE CONCENTRATIONS

mmmhmémmmnummm
shown, Insulin (1 Unit/ml.) was added where indicated during
the last 10 mimites of equililration, Test media contained
thsn-glamommmvtﬁ 51! glucoae at a specifio
activity of 360 mCuries/miole.

——

Glucose (Counta/inlne/mine/pgeDiiP)

m —— - i e, -—— u .
(uitolar)
Ingulin Not Added, Mean Insulin Added, Mean

0,028 268; 215 376 302 661; 6543 543 619

- 0.28 1859314305 1451 1580 3589331863200, 3223
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Influence othe e rate of
lucose uptak eff o
Results of experiments to determine whether or not

D galactose and D or L arabinose influence either the rate of
entry of glucose into HLM cells or the insulin effect on this,
are shown in Table 35. Neither the basal rate of glucose
uptake nor the rate of uptake by insulinestimulated cell
cultures was affecteds As mentioned previously, the apparent
lack of inhibition of glucose entry by other sugars may be due
to a nmasking effect ocourring as a result of uorouaod' osmotic

pPressure.

08 @ O ucose
take he e of insul

In foregoing experiments concentrations of sugars
in the equilibrium end test media were altered over a wide
range without adjustment of the NaCl concentration to maintain
a constant osmotic pressure, Thus, changes in osmotic
pressure, if in themselves affecting glucose uptake, could
" complicate interpretation of experiments of this kind.

The rate of glucose uptake of cells equilibrated
in tris-citrate buffer at various osmolarities was determined
and the results are given in Figure 10,

The rate of uptake was found to increase with
increasing osmolarity to a maximum at around 450 milliosmolar,



ZABLE 3D

EFFECT OF OTHER SUGARS ON THE RATE OF GLUCOSE
UPTAKE BY HLM CELLS AND ON THE EFFECT OF INSULIN

Three day old cultures were equilibrated in tris-
citrate BSS containing glucose (5.6 mifolar) and other sugars
as shom, Insulin (1 Unit/ml,) was added where indicated
during the last 10 mimutes of equilibration, Test media
contained the same sugar concentrations with 3!! glucose
at a specific activity of 3,5 mCuries/mifole, The mmber of
observations is given in parentheses,

‘Rate of Glucose Uptake

e Sugar (Counts/min,/min,/Jag.DNAP)

b Added e o e e

Noe  (uMolar)  Insulin ot Added  Insulin rdded,

Mean SOD. Mean = soDo

58 0 5.9 % 100 (5) 831 £ 197 (5)

. 5032192 (5) 703 %122 (5)

°"“‘;;°" ws: 91 (5) wmrian (5)

65 0 4l 20 (5) 2 27% 65 (5)

545 138 2
Dm;;m 162

el 1661 17 () %5% 68 ()
Larabinose 167 ¢

10 (5) 32 75 (5
27 (5) 3162 81 (5)

18 (5) 365 % 124 (5)

Y, o



FIRRE 10

Three day old cultures were equilibrated in trige
citrate BSS containing glucose (5.6 mi) but with adjusted
osmolarity as indicated, The alteration in ocsmolarity was
accamplished by increasing or decreasing the amount of Hank's
BSS stock used to prepare the trisecitrate BSS. All other
ingredients werc ndded at the same concentration as usual,

Test media of comparable ommolarity contained ’l
glucose at & specific activity ef 3.5 mOuwries/miole.

The points plotted are means determined from results
of 23 replicate cultwes, The vertical lines represent the
total range of reslts, The opem oircles represent uptake by
cantrol cultures while the fillededn circles represeut uptake
by insulinestimulated cultures,



Counts/min. /min. /ug. DNAP

600 |

400 L

200 L

L]

] ]
300 600

Approximate milliosmolarity

Fig. 10. Influence of osmotic pressure on the
rate of glucose uptake by HLM cells
and on the effect of insulin
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It is also apparent that the effect of insulin wes least at
the highest oemotic pressures employed.

Vann et ale (1963) found similar results of the
effect of osmolarity on glucose utilization by Hela cells in
the presence or absence of insulin, They reported that
maximal stimulation by imsulin occurred under slightly
hypotoni¢ conditions. In contrast, basal glucose utilization
was maximal under uﬁawhat hypertonic conditions, In view of
the results presented here, it is possible that the effects
observed by Vamn et al. are secondary to effects of osmolarity

on glucose transport.

+ ra £ glucose
d the ect of insu

Since conditions of anoxia are known to accelerate
glucose transport in muscle (Morgan, Randle & Regen, 1959
Randle & Smith, 1958b) an experiment was performed to determine
whether similar effects on uptake would ocour with HLM cells,

No difference in glucose uptake between cultures equi-
librated in the presence of '2 and those which were equilibrated



in the presence of air could be detected. Cultures equilibrated
mmmeoz.m.mmwmwm
trol cultures to the same level as determined for insulin treated
ones (Table 36). It has been found that the absence of oxygen

m-mwwgmmmunmm(rm.

1960, 1961), This could reflect an alteration in glucose uptake
or in phosphorylation as has been shown for muscle (Morgan et al.
1959)«

The effects on the rate of uptake of glucose,of omitting
uagnesium or caloium salts or of altering the sodium to potassium
ratio in the equilibration and test media are shown in Table 37,
nwm&gwum«mumwh
effect, reversing the molar ratio of sodium to potassium caused
a marked stimulation in the rate of glucose uptake and a slight
decrease in the effect of insulin, Experiments were therefore
pexformed to determine the rate of uptake of glucose at several
sodium to potassium ratios (Table 38), The effect of increasing
or amitting phosphate was also determined,

The striking observation which aross from these exe
periments was the apparent disappearance of the insulin effect
in the absence of potassium, Omission of this ion induced ine
creases in the rate of uptake of glucose by control cultures
to levels observed for insulin treated ones.

Other alterations in the sodium to potassium ratio



2ABLE 36

EFFECT OF THE GAS PHASE ON THE RATE
OF GLUCOSE UPTAKE BY HIM CELLS

Three day old cultures were equilibrated as usual
but the gas phase was varied as shomn, Cultures in conical
flasks with rubber stoppers were used, The gases were added
by inserting a delivery tube into the neck of the flask,
Equilibration and test media were pree-equilibrated in the
presence of the appropriate gas, Insulin was added where
indicated for the last 10 minutes of equilibration, Test
mediun contained }H giucose at a specific activity of 7.0
M’h‘

~omsemm———

-Rn- of Glucose Uptake (Counta/min,/mine/)g.DNAP)

Control Mean Insulin Mean

N, 13203 1165; 1560 13,8  204,0; 19603 2210 2070
Ady 15403 13403 1140 1340  2340; 2250; 2340 2310
0, 1920; 1960 1950  2020; 1960; 1720 1900

o <ocrer®- o= i
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ZaBiE 37

DUWIUENCE OF THE COMPOSITION OF EBQUILIIRATION
AND TEST MEDIA ON THE RATE OF GLUCOSE UPTAKE
AND THE EFFECT OF INSULIN
Three day old HLM cell cultures were equilitrated

in Hank's BSS containing glucose (5.6 mifolar) with iondc
composition altered as shown, Insulin was added where
indicated dwring the last 10 minutes of equilibration,
Test media of appropriate ionic compesition and containing

3! glucose at a specific activity of 7,0 mQuries/miole

was used,
Rate of Glucose Uptake
S (omt./un./ntn./pu.mnp)
-

Insulin Not Added, Mean Insulin Added,

E|!

0 26003 21153 2345 23% 39753 3153 3200

g eq 2290; 25503 2000 2260 3735; 42203 3975 3977
m“
ttea 31105 2335; 2700 2715 44203 A150; 3575  AOKE

ey 57703 4570; 6520 5620 6970; 61505 7420 6847

14,8



Three day old HIM Cell cultures were equilibrated
in tris-oitrate BsS containing glucose (5.6 mdfelar) and with
ionic composition adjusted as shown, Insulin was added where
indicated for the last 10 mlmites of equilibration, Test
nedia of appropriato ionic camposition snd containing “H
glucose at a specific activity of 3,5 mCuries/mMole was used,
Standard deviations from means of six results are shown,

S - M
Molay Rate of Glucose Uptake (Counte/min,/min./pug.DiAP)

®atio
Ha':X* Insulin Not Added, Mean £ 8.D, Insulin Added. Mean £ g.D,

-

. T . i S Y T e A 5

230 885 = 48 (6)  w28% 93 (6)
231 s8I 52 (5 935% 71 (6)
12 6o2 = 62 (6) 1205 % 80 (6)
0s 2% 695% 52 (6) 12902 80 (6)
230 1198 2 268 (6) 147 2 317 (6)
R M3 P (6) 766 % us (6)
2 333 = 45 (6) W55 1 (6)
Or 2 3922 9 (6) 597 £ 12, (6)
24 202 % (5 8% 55 (5)
a1t 2663 222 4363 505

N S i i i —— - e———————"

Ne Phosphate 10 x usual Phosphate Cong.
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and in the phosphate content of the equilibration and test medium

did not appear t0 have any consistent effect.

The intracellular glucose concentration of the isolated

rat heart is markedly increrzed by addition of pyruvate and
to a lesser extent by addition of lactate to the perfusion medium
(Newsholme, Randle & Manchester, 1962), Zachariah (1961) found
that addition of pyruvate to the perfusion medium led to a
decrease in the acoumulation of arabinose in the isolated heart.

Table 39 shows results of experiments performed to
determine whether addition of pyruvate or lactate to the equilie
bration and test media would affect the rate of uptake of glucose

by HLM cells.
Although very few figures are available, it is apparent

that the addition of lactate had no eoffect on the rate of glucose
uptake by control cultures, The addition of pyruvate, however,

had a marked stimulatory effect on the rate of glucose uptake by

both control and insuline-treated cultures, In addition, in the

presence of pyruvate, insulin did not cause any further increase

in the rate of glucose entry.

Compounds which are known to react with sulfhydryl,
amino and other groups likely to be found at the cell surface

have been shown to inhibit glucose transport in erythrooytes
(Le Pevre, 1961). On the other hand enzyme inhibitors such as

fluoride, iodoacetate, azide and oyanide do not inhibit tramsport



Zapis 39

INFLUENCE OF PYRUVATE AND LACTATE ON THE RATE OF
GLUCOSE UPTAKE BY HILM CELLS AND ON THE EFFECT OF INSULIN

Three day old cultwres were equilibrated in the
presence or absence of pyruvate or lactate as shown, Insulin
(1 Unit/ml,) was added where indicated during the last 10
minutes of equilibration, Test medium with or without these

compounds and containing 3H glucesge at a specific activity
of 3,5 mOuries/miole was used,

- T —— . P A —-

Concne . Rate cf Glucose Uptalee
of (Counts/min, /min. /g «DHAP)
Added T B 1o e
Compound
(mifolar) Insulin Not Added  Insulin Added
0 338; 207 5733 526
s«m-“ 848; 858 800; 760
(W5 ttolar)
0 k15
Sodium
Lactate 3753 465

(45 witolar)

~151=
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in these cells. } _

Anoxia and inhibitors of axidative phosphorylation,
however, stimulate sugar transport in musscle, as does sodium
fluoride (Morgan et al, 1959; Randle & Smith 1958 b; Newsholue
& Randle, 1961), This has been interpreted as indicating that
products of oxidative phosphoarylation sonchow keep the glucose
transport system inactive in muscle.

The effects of these and other inhibitors on the rate
of glucose uptake by HLM cells (Tables 40 and 41) were scmewhat
different than those on muscle and red blood ocells.

Mercuric chloride, iodoacetate and fluaride caused
an inorease in the rate of uptake of glucose by control oultures
and masked or abolished the effect of insulin, Iodoacetate
induced an increase in the rate of glucose uptake to levels
above those shown by cultures Greated with insulin,

Addition of azide or saligylate caused a slight increase
in the rate of uptake of glucose by cultures equilibrated in
the absence of insulin, Addition of dindtrophencl led to a
decrease in the rate of glucose uptake hy both insulinetreated
and control cultures but did not alter the effect of insulin,
Addition of phleridszin induced a decrease in the rate of uptake
of glucose and abolished the effect of insulin, Cyanide addition
had no apparent effect.

Because of the umusually large variation incwrred
with results of experiment 61 (Table 41) interpretation is made



ZABLE 40

THE INFLUENCE OF VARIOUS COMPOUNDS ON THE RATE OF
GLUCOSE UPTAKE BY HLM CELLS AND THE EFFECT OF INSULIN

Three day old cultures were equilibrated in the
presence or absence of various compounds 8s shown, Insulin
(1 Unit/ml,) was added where indicated for the last 10
minates of equilibration, Test media cuntaining the appropriate
compounds and %l glucose at a gpecific activity of 4.3
mCuries/mifole were used.

Tyt o arves o -

Rate of Glucose U'ptake
of (coun /1gDNAP)

(‘*&‘:) Insulin Not Added, Mean  Insulin Added. Mean

T———<

0 11003 1300 1200  2325; 2295 2310
Hgol, 0.1 1900; 3020 2,60 2,505 24,20 235
NaN; 10 15605 1435 W97 23753 2300 2337
NaF 10 23353 2160 22,8 28603 2615 2738
NaCN 4 11055 1230 1168  2500; 2375 2437
sAL 5 15305 1660 1595 2900; 2220 2560
me¥o.25 8285 o 882 15703 1555 1562
Phloridsin  750; 595 672 725; 625 675

3

~—— e

*¥gaL, - Sodium Saliqylate
DiNP, - 2, 4 Dindtrophenol,

~153=



TABLE b1

THE INFLUENCE OF VARIOUS COMFOUNDS ON THE RATE OF
GLUCOSE UPTAKE BY HIM CELLS AND ON THE EFFECT OF INSULIN

The procedure was essentially similar to that of the
experiment shown in Table 40, Test media contained compounds
as indicated and “H Clunose at a specific activity of

3.5 mCuries/nifole, The number of observations is given in

parentheses,
Conen, th?&wﬂphb
B3P of . (Counts/min,/min,/pg.DNAP)
m —— p— o ——
Ho» " ,3ded  Insulin Insulin
(-n-r) lmuhl.mts.n. Ammts.n.
0 6233 136 (5) "9’3235 (5)
60 PHle 3 393 42 (5) 382 75 (5
IAC. 1 1973 1773 1605; 20245 1713
- 497 % 167 (5) 864 & 22 (5)
ouB, 1 5. 3 9 (5) 839 % 2 (5)
POMB 0,005 4893 75 (5) wht 77 (5)
61 Nells 0,01 68 2 100 (5) 1100 & 360 (5)
ST, 0,01 527 & 136 (5) 634 3 49 (5)
IAM. 0,025 632 § 280 (5) 499 3 203 (5)
*m-w IAC. = Sodium Iodoacetate
OUBe = Ouabain PGB - p Chlorcmercuribenzoate
Nele = lwethyl Maleimide 8T e Stilbestrol.

IAM, = Iodoacetamide

=15~



diffioult, It is apparent, however, that addition of p~chloro-
nercuribensoate abolished the effect of insulin but did not
dwtbh-lnhﬂghwwm This may also be true
for addition of iodoacetamide ar stilbestrol, Addition of Ne
.me»smumwwumerm
at the low concentration used, Addition of ouabain also had
no apparent effect,

mmcwgmwwuh
similay to its effect on other cell fypes. Phloridsin has been
shown to inhibit sugar transport in erythrocytes (Le Fevre, 1959),
rat heart (Morgan & Park, 1957; Morgan et al, 1959; Park et
-1.1955). Ehrlich ascites tumor cells (Crane et al. 1957),
L cells (Maio & Rickenberg, 1962) and others. Keller & Lotspeich
(1959) reported that phloridsin inhibited the insulineactivated
transport of gilactoee into skeletal muscle; a finding in accord
uﬁmtwmnﬁumm

Addition of fluoride or iodoacetate, known inhibitors
of glycolysis acceleruted the rate of uptake of glucose by control
cultures and masked or abolished the effect of insulin, This
effect of fluoride on sugar transport has also been observed
with rat diaphraga (Newsholme & Randle, 1961). It is notable
in the case of HIM cells that the addition of substances known
to interfere with oxidative phosphorylation did not acocelerate
transport as it does in muscle (Morgan et al, 19593 Randle &
Smith 1958 b). The effect of 2, 4 dinitrophenol in inhibiting
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hnﬁ‘wﬁhﬁmwmxulhmlhom
for galactose uptake by % cells (Malo & Rickerberg, 1962)
M(,m@)hﬂmmﬁ on galactose uptake by the L
cell but the addition of iodoacetate (5 Molar) inhibited uptake
by Ugte

Since the addition of fluoride enhanced the rate of

uptake of glucose by HIM oells, the effect of its addition on
influx of glucose over a longsr peried of time and en efflux
of glucose was campared with the effect of ingulin (Tables 42
and 43)e

It is appavent that the addition of fluoride caused
an even greatér inorease in the rate of uptake than 4id addition
of insulin, The efflux of radicactivity was very rapid in both
oases,

Results reported earlier (see Pigure 4) suggested
that the system under study in this type of experiment consisted
of two types of labelled components, One of these was readily
diffusible while the other did not diffuse out of the cell,

If allowance for a two component system was made, the results
for control cultures (Table 43) indicated that the efflux of
radicactivity ccourred as a typical decay reaction (Figure 11),



ZABLE &2

EFFECT OF INSULIN AND FLUORIDE ON THE
INFLUX OF GLUCOSE INTO HLM CELLS

Three day old cultures were equilibrated in the
presence or absence of insulin (1 Unit/ml.) or sodium fluoride
(10 mfolar). After equililration media were removed, correse
ponding test media containing -H glucose at a specific
activity of 1.4 mCuries/mMole were added, Sample cultures
were taken after the times indicated.

o **-— -—meme - e

mmr S

(wdn.) No Addition Mean Insulin Added Mean Fluoride Added Mean

e e o o —e——re- it

1 W 63; 28 35 175; 2033 162 180 2043 1723 197 1N
5 1665 230; 252 216 364 3933 402 386 422; 508; 433  A5h
15  498; 3923 390 427 6003 587; 637 608 695; 658; 713 689
30 4923 569; 562 541 T13; TuB; 64 T2 8193 851; 8%0 853

o e

P - o o—
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JABLE 43

EFFECT OF INSULIN AND FLUORIDE ON
EFFLUX OF GLUCOSE FROM HIM CELLS

Preliminary details of this experiment are identical
to those described in Table 42 but cultures were exposed to
test medium for 30 mimutes, After this time sample cultures
(Bfflux time = 0) were removed for determination of total
intracellular radicactivity as usual, Cultures remaining were
washed 5 times with 10 ml, of the appropriate equilibration
medium at 37° and 5 ml. of this was added, After the time
indicated sample cultures were removed, washed in cold trise
citrate BSS and extrected as usual,

G-

s P A N " S S S 50 Rl

BPPlux Intracellular Radicactivity (Counts/min.fag.DNAP)
Time e
(Min,) No Addition Mean Insulin Added Mean Fluoride Added Mean

—car e o m———

O 2895 2723 350 304 559; 4403 389 463 4933 369; 5% 485
5 169 W73 174 163 1773 1523 175 168 235; 236; 1& 218
15 80; 102 91 1233 W73 135 135 111; 1273 90 109
30 920; 6, 77 103; 98 100 863 73 80

P T e S B T N L P .

e s S —

AR



FIRRE 11
The points plotted are derived from the means shown

in geble 43, Radicactivity of the "nonediffusible® cemponent
was taken ag belng that which remained in the cells after o

35 minute efflux perded, This was subtracted from the total
redicactivity present at times during efflux o give the radio-
 aotivity due to the diffusible cmponent, The solid line indie
cates efflux of the diffusible component while the dotted line
represents results obtained if the nonediffusible component

is ignored,



Log. intracellular radioactivity

1.5

=
o

0 10 20 30

Efflux time (min.)

Fig. 11. Efflux of radioactivity from HLM cells.
Derived from results of Table 43.
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Wilbrandt (1954) stated that corticostercids inkhdbit
sugay trangport in erytirocytes, Henderson et al, (1961 b)
reparted that administration of hydrocertisone to hypophysecte
omized rats reduced the sensgitivity of the glucose transpart
gystem of perfused heart preparations to insulin stirwlation,

Nivenberg & Hogg (1958) found that fructolysis but
not glucolysis by Gardener Lymphosarcoma ascites tumer cells
was inhibited by corticosteroids, It was suggested that this
represented an effect on transport of fructose into thess cells.

- Table 44 presents results of an experiment to determine
whather addition of prednisolone during growth of HIM cells
affects the rate of glucose transport, It is apparent that
the rate of entry of glucose into cells grown in the presence
of the sterold was maykedly reduced, mm-mum
of glucose entyry was not affected,



JABLE 4l
THE INFLUENCE OF PREDNISOLONE ON THE
RATE OF GLUCOSE UPTAKE BY HIM CELLS
AND ON THE EFFECT OF INSULIN
Three day old cultures were equilibrated in the

presence or absence of pu.dnisolcnn. This steroid had been
added to the one group of cultures 2 hours prior to their
use, Insulin was added to cultures where indicated for the
last 10 mimites of equilibration, Test media with and withe
out insulin and/or prednisolons and o-ntainlng %l glucose
at a specific activity of 4,3 mCuries/miole was used,

v

Rate of Glucose "ptake
Prednisolone (Counts/min,/min,/pg.DIAP)

COoNcie
(pge/ml)

Insulin Not Added, Mean Insulin Added, Mean

- o T T A e rese e T ——————

0 11003 1300 1200 2325; 2295 2310

2.5 687; M7 702 12503 1410 1350

e—— - T et - . e e e s R N P lbatPes
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The contention has of ten been made that the use of
organized adult tissue in culture is preferable to the use of
m-mrwhowsmm(mm. 1958) .
The organ culture technique pemits selection of particular
target cells or tissues whersas this is not usually possible
with cell strains, Negative results obtained through the use
of cell strains probably indicate that the particular "trigger
mechanism® sensitive to hormonal stimulation is not present
in the cell type selected, Alse inherent in the above argument
is the belief that the particular geometry of organised tissue,
including similar and dissimilar cells, is required if a typical
hormonal response is to be obtained,

The ability to maintain adult liver explants in chare
acteristic organized form in vitre would seem, therefore, to
be a considerable advantage in an investigation of the mechanism
of action of hormones which influence the metabolism of this
orgnde

Trowell (1959) reported that rat liver explants could
not be suocessfully maintained by his technique, He found later
(Trowell, 1961) that excellent but inconsistent survival did
ccour, Hillis & Bang (1959, 1962) reported that they were able
to oulture parenchymal cells from liver of the adult rhesus
monkey and from kuman embwyonic liver for extended periods of
time, Ingram (1962), however, was unable o maintain monkey
liver cells for periods of more than 2 days, although 10 day



swvival was noted on some ocoasions,

The results of Ingran are somewhat similar to those
obtained in this study even though different liver sowrces were
used, Both the inconsistency of swrvival and the inabdlity
to distinguish healthy fram unhealthy explants, before analysis,
render the technique unsuitable for biochemical studies, Ime
provements in this oulture technique or adaptation of techniques
to select healthy explants would overcome these difficulties
and permit use of the liver aulture method in biochemical studies,

There are probably numerous explanations for the re-
latively poor swrvival of liver tissue in vitro, One possibility
could be the leakage of metabolites and engymes from liver cells
following liver extirpation and explant cutting, In this comnection,
Zimnerman (1960) rsported that isolated rat liver cells could
not convert glucose to lactic acid due to losses of aldolase,
glycerophosphate dehydrogenase and lactic dehydrogenase, This
*loakiness® might also explain the finding that liver mince
aggregates could be maintained only if they were placed directly
on the culture grids. Prior washing of this material with balanced
salt solution resulted in complete necrosis in these cultures
within 2) hours, '

Owing to the diffioulty in maintaining liver tissue
in a satisfactarily healthy state for an investigation of ocelle
homone interactions, the study of hormonal influence on cell
strains was initiated, At the outset, it was recogniszed that



there might be diffioulty in selecting a strain which would
wum-@m mﬂahu, the results
clearly indicate htwhwmm
which are at least qualitatively similar to responses known
in vivo, do coowr in cultured cells, The hormones had charace
tchﬂo‘fnhaﬁmh&mdmw.

LEIECTS OF TNSULIN
Insulin consistently caused an increase in carbohydrate

storage, glycolysis and in aspparent glucese transport. Qualie
tatively, these effects are similar to those observed in muscle

mmmuuwmmuu

Polysaccharide, demonstrated by the periodic acide
Schiff base reaction, was found to be present in HIM oells,
especially in certain areas of the monolayer, Wu (1959) isolated
glycogen from Hes ocells and Pieck & Kuyper (1961) reported
that glycogen is present in Kal.e® cells, No difference could
be detected in the glucose content of agueous extracts from
HiM ocells grown in the presence or absence of insulin (see hexoe
kinase assay method), Therefore, the inorease in reducing sube
stance in perchloric acid extracts of HIM cells grown in the
presence of insulin was probably due, at least in part, to glycogen.
Work done with mamalian tissues can provide clues
to the locus at which insulin may act in this cell strain to

increase the carbohydrate content,



Gammil & Hamman (1941) found that 58«92 percent of
the "extra" glucose taken up by rat diaphragn following stimus
lation Wy insulin could be ascounted for as glycogen, Beloffe
Chain et al, (1955) similarly reported that almost all the
radicactivity of G glucose taken up by rat diaphrags under
tb“hmotlmﬂtnmtmﬁdhh%wd&go—
saoccharides, They postulated that insulin has a directive ine
fluence on glucose conversion to glycogen in muscle, In support
of this it was shomn that increases of glucose uptake induced
hy increases in the glucose concentraiion did not stimulate
glycogen synthesis as markedly as did similar inoreases caused
by insulin,

Besauan (1960) and Norman et al, (1959) also showed
a stimdatory effect of insulin on glycogen gynthesis in rat
diaphragn preparations, These had been cut to such an extent
that no effeot of insulin on permeability could be shuwn,

Larner et al, (1959, 1960) and VillarwPalasi & Larner
(1960 a, 1961) studied the effects of insulin on the activities
of phesphoglucomutase, wridine diphosphate glucose (UDFG) pyro=
phosphorylase, glycogen synthetase and phosphorylase in isolated ,
cut rat diaplwagus, The activity of glycogen synthetase was
shown to be rate-limiting in glycogen synthesis (VillarePalasi
& Larner, 1960 b). Purthermore the activity of this enzyme
when measured in diaplwagm homogenates in the absence of added
glucose=6ephosrhate was found to be higher in preparations frem



diaphragns which had been stimulated by insulin (VillaswPalasi

& Larmer 1960 a), The addition of glucose~Swphosphate, known

to activate glycogen synthetase (Leloir, Olavarria, Goldeuberg

& Carminatti, 1959), caused a fourfold increase in ectivity.

It also abolished the difference between homogenates from insuline
stimilated diaphragms and those from controls.

It had been shown (Larner et al, 1959) that the introe
cellular concentration of glucose-6-phosphate increased in rat
mmmm-muwxmnn. It was possible,
therefure, htﬁntmhgbmmtbh-nﬁuv
mmmmmmmmnumm
vation of this ensyme by the inareased level of glucose-Gephosphate,
It was shown, however, that the enhanced activity of this enszyme
extracted from insulinestimilated diaphvagn persisted even after
precipitation of the ensyme preparation with ammonium sulphate
and dialysis of the extract, Purthemore, it was found that
the inorease in glycogen synthetase activity ocowred even if
the diaphragns were inoubated in the absence of glucose (Villare
Palasi & Lawner 1961), VillarwPalesi & Larner (1960 a) suggested
mtmmawmuuwtﬁmm.
thtwuﬁv&hmthomuMmu
and the other active in the absence of glucoseeS-phosphate,
Mnmm»twmwgwqhahmt
species into the glucose=Gephosphate independent ensyme.

More recent studies (RosellePeres, Villar-Palasi &
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Larer, 1962; Pricdman & Larner, 1963) have yielded further
proof of the existence of two forms of glycogen synthetase and
information concerning the mechanism of intercanversion of one
form to the other, It was found that the glucoseeGephosphate
independent glycogen synthetase was converted to the dependent
fmwammmo.MAvmu"o
The conversion of the “2p labelled dependent form to the indee
pc&nttmmmnhdbaninud‘npmdmmm
presuned to be catalysed by a phosphatase, PFurther support
for the assumption that these intercouversion processes were
enzymic was also reporteds The 600w800 fold purified preparations
did not exhihit these changes presumably because the necessary
enzymes had been removed in the process.

Prieduan & Larner (1963) drew attention to the simie
larities between the glycogen gynthetase interconversion and
the phosphorylase interconversion (Sutherland & Rall, 1960).
Like the phosphorylase conversion reactions,those of glycogen
synthetase appear to involve phosphorylation and dephosphorylation,
Unlike that systen, however, the conversion of the glycogen
aynthetase to the less active or inactive farm is the ATP » and
¥g™ = dependent phosphorylation reaction, In the case of phose
phorylase, the kinase reaction leads to the formation of the
active enzyme forms

The authors speculated as to the significance of these
ensymic interconversions in terms of control mechanisms. They
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suggested that both phosphorylase and glycogen synthetase could
h@ﬂdﬁn%@amm(cmaﬂnu)
or through a common wmechanism which could act simultaneously
mmmum(wpmumi. Thus, as one of
the engymes was activated, the other would be inactivated and
vice versa, !honnth.humt-thbh
the rate limiting step for glycogen synthesis and the phosphory-
mMuuMMmuwmum
The above scheme would imply, therefore, that activation of
glycogenssis would ocouwr cancamitantly with inactivation of
awwm” In this respect the authors
referred to Belocopitow (1961) who reported that ayclic adenylate
inhibited glycogen synthetase activity but activated phosphorye
lase, Momutﬁm“rﬁﬁmmoﬂn-uﬂatm
micleotide could be the activator of a cammon kinase or two
mﬁhmmmdv&th&mﬁuﬁmdphuphuyhn
and "inactivation" of glycogen synthetase.

Steiner, Rauda & Williams, (1961) reported a marked
inarease in the glycogen gynthetase aotivity of liver of diabetic
rats following insulin administration, It is possible,therefore,
that a similar phenomenon ococurs in liver as has been shown
in rat muscle, xtummut-@a-mcm
interconversion could explain the observations (Krahl, 19613
de Duve, 1960; Weinhouse et al, 1963) that insulin leads to a
stimilation of glycogen synthesis in the liver under certain
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condi tions,.

Such a mechanism could also account for the increase
in glycogen of HiM cells cultured in the presence of insulin,

The possibility that qyelic adenylate is the mediator
of this and other actions of insulin on mamalian tissues and
on cultured cells should also be emphasizeds

No evidence is available to suggest that insulin has
amunmm“qannmmmmm There-
rn-o.uummmupowmumtmmmu.
vates an enzyme involwved in glycogen synthesis, An increased
availability of glucose cr glucose~phosphates for gyntheais
of UDFG might also be expected to increase the cellular glycogen
content, Madsen (1961) found that UDPG inhibits phosphorylase
of Agrobacterium tumefaciens or of rabbit muscle, If such an
dnhibition also ogours with phosphorylase of HIM cells, the
dntragellular concentration of UDFG might regulate the rate
of glycogen synthesis and tpeakdown., A high intracellular cone
tent of this compound would be expected to inhibit glycogen
treakdown, When the intracellular level decreased, the inhibitien
of phosphorylase would be released and glycogenolysis could
ocour's

Either or both of these mechanisms for the regulation
of glycogen synthesis may exist in this cell strain, The effect
of insulin to inorease the cellular carbolydrate content could
be explained equally well in each case.



Insulin-stimilation of glycolysis is well documented
for both isolated tissies and cultured cells, In diaplwagn
and heart muscle this has been attributed not enly to an increased
rate of transport of glucose into the cell, but also o an ine
creased rate of conversion of intrecellular glucose to lactic
acid (Newsholme & Randle, 1961),

At least two major enzymio reactions involved in the
conversion of glucese to lactate have been implicated as possible
loci of insulin action on this process, Either or both of these
engymic steps could be stimulated in cultured cells grown in
the presence of insulin and could account for the effects observed,

‘Oard (1946) reparted that insulin stimulated hexoiinase
activity when added to cell free preparations, These were pre=
pared from muscle of diabetic rats or from the brain of normal
rats and a conbination of pituitary and adrenal extracts was
added, It was postulated that the pituitary or adrensl hormones
act to inhibit hexokinase activity and that insulin acts to
release this inhibition, Although other investigators also
reported occasional cbservations of respense to insulin in ocelle
free extracts these were found $0 be very incensistent (see
Krahl, 1961).

Recently evidence has been presented that two engymes
capable of phosphorylating glucose exist in memmalion liver
(Walker, 1962, 1963; Vinuela et al, 1963), One of these is
a typical animal hexokinase in that it has a comperetively low
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K, for glucose, is strongly inhibited by glucosemGephosphate
or an analogue 1, 5 « anhydroglucitolefephosphate and is moderately
competitively inhibited by Neacetyl glucosamine, The other
glucose=phosphorylating engyme, however, has a high R for glucose,
is insensitive o glucoseeémphosphate or the analogue and is
highly sensitive to competitive inhibition by Neacetyl glucosamine,
An argument is presented indicating that this second engyme,
glucokinase, is adequate as the ensyme catalysing the first
step in glycogen synthesis in the liver, This glucckinase activity
was found to disappear in fasted animals and in disbetie animals,
Further characterization of the glucokinase revealed that insulin
or refeeding produced an inorease in its activity within a few
hours (Salas, Vinuela & Sols 1963). Purthermore, its reappearance
was inhibited by ethionine or peflucrophenylalanine and this
effect was largely reversed hy methiomine and phenylalanine
respectively, This suggests that the formation of new enmyme
protein was invoiveds Actinamyein D also inhibited glucokinase
formation following insulin administration suggesting that the
formation of messenger RNA may be involved, Since no evidence
of accumilation of an activator or an inhibditor of this enzyme
could be found in liver, the authors concluded that insulin
stimuiates de nove synthesis of gluoskinase by a direct or an
indirect meanse

The findings of Vester (1963) and of Yester & Reino
(1%})mﬂtmmbtu§omﬁummtn
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an enzyme activation or one of enzyme formation, These workers
reported a direct stimulatory effect of insulin on glucokinase
activity in particle free extwracts of liver from normal but
not from alloxan diabetic ratas, Mﬂnmﬁnﬁmmﬂ
varied from thirty to three hundred milliunits per ml, with
increasing stimdation of glucokinase activitye The effect
was apparently specific for insulin since neither bovine serum
noy inactivated insulin produced any stimulation,

No congistent inoreases in hexokinase activity could
thMﬂamhhM&W This
aoumt.m.mupmunv&twm
to induce inoreases in glucokinase which may also be present
in these cells, Mm‘mewWDuﬁuﬂm
or by inoreased engyme synthesis, could possibly account for
the inoreased glycolytic rate,

Another possible locus of action of insulin to increase
glycolysis in these cells may be the conversion of fructose-Ge
phosphate to the diphosphate, Newsholme & Randle (1961) pree
sented indirect evidenoe indicating that insulin may have a
stimilatory effect on the conversion of fructose-Gwphosphate
to fructoseel, Gediphosphate in muscle, They concluded that
this conversion may limit the rate of glycolysis under asrobio
conditions, Since fructose=i, Gediphosphatase activity is very
low in muscle and is not influenced by insulin (Newsholme &
Randle, 1962), the engyme involved must be phosphofructokinase,
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It is noteworthy that anoxia, which accelerates monow
mm.ummmuﬁem
mmlwﬁwiﬁi)mmmm
sion of fructose-Gwphosphate to fructose-1, 6ediphosphate (Newsholme
& Randle 1961)s Newsholue & Randle (1961) suggested that the
Wmewmhmnwnu
asocsleration of the phosphorylation of fruotosseéephosphate,
This was supported by the argusent that acceleration of fructose-
6wphosphate phospharylation would lower the intracellular glucosee
6ephosphate concentyation, Since the latter compound campe ti tively
w«mamuxummmmu
expected to inarease hexokinase activity.

The mechanisn by which insulin could stimulate phose
phofructokinase is not known, It is interesting to note, however,
- that phosphofructoicinage from rat skeletal muscle is activated
by ayelic adenylate (Passonnsau & Lowry, 1962 a, b)s Simdlarly,
Nansour, Le Rouge & Mansow (3261) have found that phosphofructos
kinase of the liver fluke Fasciola hevatica, can be activated
in soluble fractions of homogenates by coyclic aflenylate, ATP
and Mg™, It is conoeivable that tils oould represent another
possible locus of insulin action, mediated by cyolic adenylate,
nwmumwwummwu

hypothesis at present,
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The demonstration of sturation kinetics, campetitive
dnhibition and sterecspecificity in the entrance of sugars into
various cell types has been taken as good evidence for the partie
cipation of specific transport sites in this process (Le Pewre,
19613 Wilbwandt, 1961), Transport of one sugar from intracellular
to extracellular space, againat a concentration gradient, during
inward movement of a second sugar has been shown with the yabbit
erytiwoqyte (Park et al, 1956) and the perfused heart (Park
et al, 1959). This has been suggested as conclusive evidence
againat simple diffusion and in favor of a mobile carrier-mediated
‘diffusion processe

In HIM cell cultures it was possible %o demonstrate
saturation of the glucose transport mechardsm especially if
the effects of inoreasing osmotic pressure were taken into cone
sideration, _

Inhibition of glucose entry by galactose can probably
be inferred by suitable correction for the influence of osmotic
pressure change, The addition of 55 mifolar galactose would
be expected to increase the rate of glucose entry due 0 ine
creased osmotic pressure by about 17 (Figure 10), Thus the
marginal ivhibition of glucose uptake shown in Table 35 becomes
an inhibition of 308 by correction for osmotic change, It will
be necepsary of course to repeat these experiments wnder con-
ditions of constant osmotic pressure in order % answer this

ot i
ney
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question conclusivelye

Maio & Rickesuberg (1962) reported that the affinily
of sugar "cayyders” in L cells for galactose is slightly greater
then that for glucose (Bu values of 5 x 10™* Molar and 1 x 10™
Molar respectively)e In HIM cells, however, the affindty of
the camiers for glucese would have % be considerably higher
than that for galactose, This can be inferred fram the finding
that galactose inhibited glucose entry by only 306 when the
molay ratio of galactose to glucose was about 10 3 1, Nirenberg
& Hogg (1958) presented evidence suggesting that the affinity
of sugar carviers of the Gardener Lymphosarcama ascites tumor
eell for glucose is much higher than that for galactose or fructose,

Similarly, differences in the affinity of transport sites for
various sugars exist among tissues of different mammuals and

even among tissues of the same species,

The above considerations strongly indicate that trange
port of glucese into HIM cells is brought about by a process
gimilar to that shomn for other cell typese The possibility
remains, however, that some of the intracellular radicactivity
nay have resided in intermediates of glucose metabolism, even
in the oells which had been exposed to the labelled glucose
for only a short time, In this connection, Maio & Rickenberg
(1962) found that redicactive galactosestiephosphate and wridine
diphosphate galactose left L cells very rapidly and that all
of this was releaged into the medium as free galactose, It
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is therefore not possible to conclude that the repid loss of
redicactivity from HIM cells, shown in the efflux experiments,
could not have been due to a similar loss of radioactivity from
glucose intermediates.

It 4s also possible that labelled glucose oould have
been metabolized to pyruvate during the one mimute exposure
and could have escaped from the cell in that fam, However,
uhmcmmmﬁmﬁmum.
accumilated radicactivity left almost as rapidly as did that
of control cultures.

This uncertainty as to the nature of the metabolites
which become labelled dwring the one mimite exposure to radio-
active glucose renders interpretation of the effects of insulin
and inhibitors more difficult, Because of this uncertainty
it is not posaible to distinguish clearly between glucose transe
port and glucose metabolism, Nevertheless, the considerable
quantities of glucose found in HMIM cells would be expected to
dilute extensively the radicmctive glucose which would enter
in one mimute, This would presumably decrease the amount of
lﬁdﬂdwﬂdhmﬁdh“d&tﬂﬂmm
that short exposure time,

The proncunced sthmalatory effect of insulin on this
process can therefare be interpreted in at least two ways,
First, it could represent an increase in transport of glucose
across the cell membrane probably by a mechenism similar to
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that postulated for muscle (Randle & Young, 1962) and other

insulin sgnsitive tissues, A second but perhaps less probable
possibility is that it represents an inorease in the rate of
transformation of labelled intracellular glucose to glucose

derivatives,

In view of the well established action of insulin
to increase the glycolytic rate, this latter interpretation
deserves some attention, The mechanism by which the rate of
uptake of labelled glucose is stimulated could, according to
this, be identical with any of those proposed for the stimulation
of glycolysis, It should be emphasized, however, that an hye
pothesis to explain this action of insulin on the basis of the
induction of a glucokinagse type of ensyme would not be consistent
with the evidence presented, It was shown that insulin stimue
lated the uptake of labelled glucose over a total range of exe
ternal concentrations from 0,028 rif, to 88,8 mi, The lowest
of these is below the Km reported for animal hexokinage while
the highest is well above the Km reported for liver glucokinase,
These findings do not suppoart the hypothesis that the stimulation
of the rate of gluoose uptake or of glycolysis is due t0 increases
in glucose phosphorylating enzyme.

No evidence to support or refute the theory that an
increase in phosphofructokinase could account for the insulin
stimilation of glucose uptake in HIM cells is available,

Fluoride and ieodoacetate markedly increased the rate
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of glucose uptake in HIM cells as did pyruvate which is also
kmown to irnhibit glycolysis, probably by indirect inhibition
of phosphofyuctokinage (Newsholue et al, 1962), These findings
rendsr the second interpretation even more unlikelye

The assumption that the process under study was glucose
Wansport can be nore readily reconciled with the results obe
served here and by other workers using other, insulin sensitive,
cell types. Randle & Smith (1957, 1960) suggested that the
glucose carrier mechanimm is normally kept in an ivhibited state
in mscle, This is presused to involve an ATPwdependent phose
pharylation reaction, Conditions which decrease the supply
of ATP decrease the rate of carrier inactivation and hence ine
crease the transport rate, Insulin is thought to act by inhi-
‘biting the carrier phosphorylation reaction, which is dependent
on ATP, or by ascelerating its dephosphorylation, Such an hye
pothesis could also explain the insulin effect on glucose transe
port in HIM cells, To adapt this hypothesis, however, a distinot
difference with regard to ATP availability must be postulated
umtmmmmmm

Suger transport in musole is accelarated by flucride,
2, 4 dinitwophenol, salicylate, oyanide and anoxia (Randle &
Smith, 1958 bj Morgan et al, 1959; Newsholme & Randle, 1961).
This has been attributed to the action of these compounds to
Limit the availability of ATP for inactivation of the membwane
transport system. In HIM cells, however, only fluoride and



other substances which could be expected to inhibit glycolysis
had a stimilatory effect on glucose transport, Inhibitors of
respiration or respiratory chain phosphorylation, such as qyanide,
2, 4 dindtrophenol and saliqylate, did not have this effect,

It is possible that this reflects a fundamental differ-
ence in the importance of oxidative phosphorylation as an energy
supplying mechanism for glucose transport inactivation in these
cells, Leslie & Sinclair (1959) pointed out that a major part
of glucose taken up by this and other cell strains is accounted
for as argenic acid released into the medium, It is possible
that glycolysis serves a major role, while the citric acid cycle
plays a minor role, in the provision of energy in this and other
cell strains, In muscle, however, the reverse would be expected,
Such a difference between these cell fypes ocould explain the
difference in the relative sensitivities of their glucose transe
port systems %o the two groups of inhibitors.

The hypothesis of Rardle & Swith (1960) that substances
Limiting ATP production thereby decrease the rate of inactivation
of the glucose currier has also been taken up by Levine (1961)
and by Tepperman & Teppermon (1960), It must be emphasiszed,
hovever, that other interpretations are possible, Inoreases
in the availability of adenosine monophosphate (AMP) or of cyelic
adenylate might activate the glucose transport systam (Haynes
et al, 1960), Both of these nucleotides have been shown %o

activate phosphofyuctoldinases (Passonneau & Lowry, 1962 a, b}



Mansowr et al. 1962)., Therefore an increase in either nucleotide
might explain both increased transpart and inoreased glycolytiec
rate. Wu (1959) found that the content of AMP in Heé.a oells
was markedly inoreased by fluoride although the total concene
tration of AMP, adenosine diphosphate and ATP was decreased,
Such an action in HIM cells might account for the stimmlation
of glucose wransport by fluaride,

Certain other interpretations of cell permeability
to sugars and other substances and of the influence of insulin
on this deserve mention.

Mitehell (1961, 1963) developed a consept that an
anisotropic arrangement of diffusion catalysts and/or enzymes
in or around the cell membrane could bring about " translocation”
of organic molecules, groups or ions, For "downhill" transport
of sugars the diffusion catalyst could be eapable of translational
or rotational movement in the membrane, Model systems were
presented to explain transport against a concentration gradient
based on "group translocation” of substrates during reaction
with such anisotropically arranged engymes bound to the cell
membrane, Insulin or lack of high energy phosphates might be
envisaged to alter the orientation of the diffusion catalyst
and hencs the rate of translocation as well,

It sesms improbable that the transpcrt of glucose
in HIM cells ooours against a gradient, Such "active" transport
is known to ocowr in cells of the small intestine and promimal
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kidngy tubule (Hokdn & Hokin, 1963; Wilbpandt, 1963), The process
requives energy and is not accelerated by insulin, Pranslecatien
of glucese into HLM cells however was accelerated by insulin,
rm.it-umtmpamtwamtmampphotw
since imhibdtors of mddative metabolism had little effect and
inhibitors of glyeolysis accelerated rather than diminished
translocation rate,

Although insulin is known % induce an increase in
potassium uptake by muscle and liver it is not known whether
a similar phenomenon exists with cultured cells, MNanchester
(1961) suggested ﬁthmﬁmtmuwim
the cell meumbyane and induce X' movement might represent a pri-
mmummmmmt.m-mubysm
sulin, and potagsium movement are thought to be connected,
If some relationship between hyperpolarisation of the membwane
and sugay uptaks exists, it might explain the effect of reversal
of the melar ratio of Na'/K* on this process in HIM oells,
This would, however, have to apply enly o a certain degree
of polayization sinoe only oneperticuler ratio of Na®/K* appeared
to have an effect,

Bhattasharya (1959 a, b, 1961) studied the effects
of ions on glucose utilization by rat hemidi phragns. He ree
ported that the basal uptake of glucose was not greatly influenced
by the presence or absence of ions but that the waximal response
to insulin was dependent en the presence of both Mg>' and an
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alkali metal ion such as Na®, Although no such dependence on
ug>* was noted in HIM oells, it must be emphasiszed that Bhattachrya
measured glucose disappearance and did not digtinguish between
glucose transport and glucose metabolism,

Bhattachrya also found that the basal rate of glucose
uptake and accumulation of xylose was highest with Lithiua and
decreased as follows = Li*> Na”>K* = Rb*> Ce’s These results,
with respect to Na* and K*, are similar at least qualitatively
with those reported for HILM cells (Table 38).

No insulin effect on the rate of glucose entry into
HIM cells could be observed in the absence of K's Under these
conditions the uptake of glucose by control cultures was increased
to that of insulin stimulated ones. 'This finding emphasizes
the probability of a relationahip among glucose transport, presence
of ions and insulin action,

Troshin (1961) reiterated the hypothesis that cell
permeability and its functional changes are determined by proe-
perties of the protoplasu itself rather than by the membrane,
This "sorption theory"™ of permeability regards the intracellular
water as existing in an organized or bound form, Therefore
the solubility of substances in it is lower than in free water,
The accumilation of same substances to higher concentrations
intracellularly as compared to the extracellular concentration
is thought to indicate that these @xist in a bound state in

the protoplasm,
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In the case of sugar transport, proponents of this
theory could argue that insulin or lack of ATP alter the sorption

properties of the cytoplasm, This alteration would presumably

The decrease in carbohydrate stored in HIM cells grown
in the presence of prednisolone is probably a secondary result
of effects of this steroid in inhibiting the rate of glucose
phosphorylation and/or transport, These effects could lead
to a decrease in the intracellular glucose-6-phosphate availability,
Since glycogen synthetase is activated by glucosew6-phosphate
(Leloir et al, 1959), 2 lower intracellular availability of
this would presumably decrease the rate of glycogen synthesis,
»AmmmWM%Mhthm
to a drop in UDPG and hence both increase the phosphovylase
activity (Madsen, 1961) and decrease the rate of glycogen synthesis.
Eisenstein (1962) reported that cortisel administration
to rats led to an asctivation of liver phosphorylase, Although
no results are available to suggest a similar action of preds
nisolone on HIM cell phosphorylase, such a mechanism would be
consistent with the decrease of intracellular carbohydrate obe
served, It is also possible that the decrease in glucose uti-
lization, observed in prednisolone treated HIM cell cultures,

would reduce the availability of high emergy phosphate compounds



required far glycogen gynthesia,
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The Geerease in glucose utilistion by prodnisolonse
treated cell cultures may be an indirect result of the inorease
in keto aoids present in the meidium, Newsholme et al, (1962),
using the perfused rat heart preparation, have showm that pye
ruvate decreases glucose utilization probably by inhibiting
phosphofyuctokinase, The mechanism of @hds inkibitory effect
is not lmown btut Newsholme et al, suggested that 4t may be due
to increased wdidation of this campound,

The mechanism by which pyr»uvate could bLe inoressed
in cell oultuwres treated with prednisolone is alse not readily
aprarent, It should be noted, howwer, that the blovd pyruwvate
level is increased in patients treated with carticosteroids
and the pyrumte tolsrance is impaired (Mermws, Wejchenbent,
Fajens & Cann, 1957)« In this respect, Weil, Altsswler, &
Kesaler (1961) suggested that enhanced exidation of fatty acids
may dmpair pyruvate oxidation by competition for coengyme Ae
If prednisalone were to increase fatty acid oxidation, therefore,
both the decrease in glucose utilisation and the incremse in
the keto acid content of the medium might be explainable, It
could also be suggested that the indwoiion hy predmisclone of
esterase activity night acoount for en increased availability
of faty acids for axidation,

Weber et al, (1961, 1962) veported that adminie
stration of cortisone to adrenalectomised rats ine
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duced increases in engymes present in liver such as lactioc de=-
hydrogamnomdgluoonJ—phoaphahu. No increase in these
enzymes was found in HIM cells grown in the presence of prede
nisolone, This suggests either that the in viwvo response is
indirect or that HIM oells do not respond to these steroids
Q&nmunu

mmuaﬂ.hbhtoindioatodnthtrormt
direct addition of corticosteroids to the equilibration ani
test medium inhibits glucose transport in HIM cells, Tho dee
mdmh&glmn&nmtmm“lhmmﬁu
presence of prednisolone may be due to an action on the glucose
transport system following direct addition or to an effect ine
duoed during growth, Wilbrandt (1954) claimed that corticoster-
oids decrease glucose transport in erythrocytes following direct
addition, Maio & Rickenberg (1962) reported that stilbestrol
competitively inhibits the uptake of galactose by strain L cells,
They suggested, therefore, that this compound acts by reversibly
combining with the sugar carrier to inhibit formation of the
galactose-carrier complex, Le Fevre (1961) suggested, however,
that this and other steroid-like compowds cawbine with the
cell swface at a point adjacent to the sugar transport sites
and thereby interfere with sugar absorption,

Either of these hypotheses might account for the ine
hibitory action of prednisolone on glucose transport in HIM
cells,
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It has thus been established that hormones do act
on certain cells in cultwe and that some of the eff'ects produced
bear a clear resemblence to those which ocour in isolated tissues.
The action of insulin on HLM cells in increasing carbohydrate
storage, glucose transport and glycolysis is explainable on
the basis of presently existing hypotheses for its action on
other cell systems, The primary mechanism by which these rese
ponses are elicited, either in HLM cells or in tissues taken
from animals, remains to be determineds .

The action of prednisolone on HIM cells in decreasing
glucose transport and glucose utilisation may be primary to
other effects; namely, decrease in cell multiplication and carboe
hydrate storage, In this oase, also, the precise nmechanism
by which the responses are elicited has yet to be clearly established,

The oriteria suggested by Hechter (1955) for evaluating
the potential physiological significance of hormone action in
vitro are closely me% i: this gystem, especially with respect
to insulin, It has been demonsirated that hormones act on this
system to produce effects which aro similar in ¢ssential details
to effects which ocour in vive, An action of insulin has been
shown which can ocowr at concentrations to be anticipated in
vive, Furthermore, the time course of events with regard to
development and recession of the hormonal response, in this
system is probably similar to that of the response in vivo,

The cell culture method and in particular the cell strain HIM
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would therefore appear to be excellent tools for a frontal attack
on the problem of the primary actions of these hormones at the

cellular level,






1s Atterpis were made to maintain adult mamaalian livesr
explants or cell aggregates in vitro by modifications of the
Trowsll technique,

2, Tissue preparations survived for periods up te 6 days
but results were not consistent enough to pexwit odochemical
study of hormone action, Advantages of the use of the organ
culture method in studies of homone action are mentioned and
2 possible reason for the difficulty in maintaining liver in
vitro is suggested,

3 Owing to the mmerous advantages in the wse of cell
strains for netabelis studies and investigations into the mee
chanimms of hamons acticn, these were exployed for mibsequent
exporiments, Investigations into the effects of adding of insulin
or prednisolone to the culture medium were undertaken,

e Addition of insulin was found to induce an increase
in the carbohydrate content of cell strains isolated from foetal
man (HI¥) and foetal calf (Kale) liver, No marked effect

of this hormone on the eellular content of DNA, RNA, protein
or lipid was observed but a slight increase in cellulayr RNA
and protein was noted with the Kale strain, No stimulatory
effect of insulin on cell muliiplication could be detected,

5 Possible mechanimms for the insulin-induced incresse
in collular carbolyydrate are discussed, These have been evolved
by other workers to explain the effect of insulin on carbohydrate
storage in muscle,
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6. Addition of predmisolone was found to promote a decrease
in the cellular carbohydrate content. It is suggested that

this may be a secondary event to other effects observed, The
presence of this steroid also led to a marked decrease in cell
multiplication with all cell strains studied, With HLM cells,
prednisolone induced an incrcase in the cellular DNA content,.

This steroid also led to an increase in the lipid content of

a variant of a mouse fibroblastic cell strain,

Te The effects of addition of insulin or prednisolone

on glucose utilization by cells in culture and on the organic
acid content of the growth medium were also determined,

8. Insulin induced a marked increase in glycolysis in
cultures of HLM cells, No change in the keto acid concentration
of the medium was noted, FPossible mechanisms involved in the
insulin-induced increase in glycolysis are suggested, These

are based on experimental evidence obtained by other workers
explaining the effects of insulin on isolated muscle and liver,
Insulin may act by increasing the activity of an enzyme cata=
lysing the phosphorylation of gluceose and/or by increasing the
rate of comwversion of fructosee=G=phosphate to fructose=l,bt=
diphosphate,

9 Addition of prednisolone led to an inhibition of glucose
utilization with all cell strains studied, The growth medium of
prednisolone~containing cultures contained a higher keto acid content
than that of controls when expressed on the basis of cell number

present, It is suggested that



this latter effect of prednisolone might be primery to the former,
since pyruvate is known €0 inhibit glyocolysis in isolated muscle.
10, The effects of addition of insulin or prednisolone
mmmm-mqtmmann-mmmu-
gated.

1. Addition of insulin did not alter the levels of any
enzyme consistently but increases in hexckinase activity were
fourd on 2 out of 5 oceasions, The induction of hexokinase

or glucekinase by insulin could explain the inorease in glycolysis
observed with cells grown in the presence of this hormone,

124 Addition of prednisoclone caused a consistent increase
in the esterase levels in HIM cells, The levels of other engymes
such as glucose=6-phosphatase, glucosewbephosphate dehydrogenase,
lactic dehydrogenase and hexokinase were not consistently
affected,

13. A technique for the study of glucose transpoart inte
HIM oells was developed, This involved the measurement of

the uptake of labelled glucose during a one minute exposure
period, Wuuumuamurwm
and efflux of radioactivity over longer periods were also perw
forned,

1he nmrmutﬂnwermmumwo-
activity approached a plateau after 2030 minutes of exposure
tomnnnam. The efflux of redicactivity, following

a 30 minute influx period, was more rapid than influx, Evidence
umumgmmtmmumumw



during measurement of efflux of radicactivity. One of these
was readily diffusible but the other remained within the cell
even after a 30 mimute efflux period,

15 The rate of transport of glucose was found to obey
Michaeliswienten kinatice and it is emphasised that this finding
argues against an hypothesis that glucose enters the cell by
simple diffusion or pinoqytosis.

16. The influence of physical factors on the rate of glucose
transport was Lnvestigated, No mavked effect of pH was noted
over the range pH 6.8+7.8, The rate of glucose transport ine
creassd linsarly with tenperature frem 20° to 37° An approxi-
mate Q49 (270 ﬁ&‘l.?mmlouhbd.

17 Mo inhibition of glucose Wtwn gilactose,

D or L arabinose or D ribose was detected, I¢ is suggesied
that an inhibitory effect of these sugars may have been masked
by an increese in osmotic pressure on addition of the test sugar,
18, The rate of transport of glucose into cells grown in the
absence of serum was not altered as compared to that of cells
grown in mediur containing serum,

19 The rate of tWwransport of glucose into cells in different
stages of growth was relatively constant,
20 Exposure of cells to insulin for perdods as little

as 10 mimutes brought about a 2«fold inmesse in the rate of
entry of glucose, This effcct persisted for sbout 2 hours after
removal of insulin, during which time it decreased progressively,.



21, No olear effect of i on the action of insulin was
noted over the range pH 6.0-7.6, Temperature markedly influcnoed
the rate of glucose transport inte insulinestimtlated cells,
Below 30° the effect was absent but above this temperature ine

sulin had an inoreaging stimdatory effects A Q. (27.-67°)
of about 2,4 was ealoculated,
22, mmmwtmm-umuwmat

a concentration as low as 10" wnits/ml, A less pronounced
.mmmmnw"‘mﬂn.

23, The rate of glucose transport into insulinetreated
cells was found to obey MichaeliselMenten kinetics, Insulin
qpamﬂymldamlnhnmq"tmﬂm
that it acts %0 inarease the affinity of the glucose carvier
for glucose or %o increase the availability of the carrviers
thenselves, Insulin was found to approximately double the rate
wmw'wghmnmamtcmlﬂmmhﬂm
from 0,028 mif « Ll nils

2o D galactose ar D or L arabinose could not be shown
wmwmmmymﬁmnuemmt
- into insulinestimmlated celis, '

25, The rate of entry o ylucose was increased in solutions
of inoreased osmolarity in both control and insulinetreated
cell cultures, Ith‘mosﬂhiﬂlm:ightqhin
the lack of competitive inhibition of glucose entry on addition
of D galactose and other sugars,
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264 Incubation of cell cultures for 30 minutes under
reduced oxygen tension had neo apparcht effect on the rate of
glucose transport or on the effect of insulin, Incubation at
high oxygen temnsion, however, led to an increase in the rate of
transport into control cells and masked or a.bonlhod the effect
of insulin, |

27. Omission of ca'“'

or .‘2 *did not affect the rate of
glucose transport mor the effect of insulin. | Omission of k¥
however, led to an increase in the rate of transport of glucose
into control cell cultures to levels observed for insulin-treated
ones, Reversing the molar ratio of Nat to K Vled to a marked
inorease in the rate 9! glucose transport and a decrease in the
effect of insulin, lo‘ change in the rate of transport of glucose
was noted on omission of phosphate or on inoreasing the phosphate
concentration by a factor of 10. -

28, Addition of pyruvate led to a stimulation in the rate
of glucose transport in both control and insulin-treated

cultures and the effect of insulin was masked or abolished,
Addition of lactate had no apprarent effect on the rate of glucose
uptake by control cultures.

29. Substances which inhibit glycolysis, such as fluoride
and iodoacetate, induced an increase in the rate of glucose
transport and masked or abolished the effect of insulin. It

is suggested that this concurs with current concepts involving
regulation of glucose transport in other insuline-sensitive cell

types., Similarities and differences between this insuline-
sensitive cell type and others are discussed,



30¢ Other inhibitors such as pechloromercuribenzoate and
iodoacetamide did not alter the basal rate of glucose trensport
but abolished the effect of insulin, Phloridszin abolished the
effect of insulin and inhibited the basal rate of transport

of glucose, Other inhibitors had slight effects and ouabain
and cyanide had no apparent effect,

3. The rate of transport of glucose into cells grown

in the presence of prednisolone was found to be decreased,

It is suggested that this might explain the decrease in glucose
utilisation, carbolydra®® sforoge and cell multiplication ob-
served in prednisolone treated cultwes. Insulin had an equally
stimulatory effect on cells growh in he presence of prednisolone
as on cells grown in its absenve,






NaCl 8,00
KA 0.40
Oﬂz 0,1
w#.mf 0.10
W‘f 0,10
wboaigo 0,06
mzvo,. 0.06
Phenol red 0,02

The ingredients were made up in e stock at 10 times
the above concentration in glass distilled water, mo-clg
was dissolved in 100 ml, water and added to a solution (approxie
mately 800 ml,) containing the other camponents, The volume
was then made to 1 litre, and the solution was sterilized by
autoclaving at 15 lbs, pressure for 15«30 mimites,



Tris (0.21) " 80
Citric acid (0, ) 50
Mg, (1.23%) 0
Hanks® BSS (s tock) 85

The above solutions were combined and made to 1 litre
with glass distilled water, The solution was sterilised Ly

autoclaving at 15 1lbs, pressure for 15«30 minutes,



8+/1itre
Trypsin 2.5
Sodium citrate 3.0
NaCl 6,0
Phenol red 0,02

The above ingredients were dissolved in 1 litre of
glass distilled water, The pH was brought to 7.8 and the
solution was sterilised by seits filtration, Trypsin 13250
(Difco) was obtained through W, B, Nicolsen, Lid., Glasgow.



Concn, Equivalent
ng./litre in

m
50 0,66
Glycine % 30
e % ook

Lei acid

ILe=Lysine, HO1 240 142
Lel{ethionine 50 034
L~Threonine P 0463
I~Valine % 0.5,
I=~Isoleucine 0.20
L=leucine 50 0.38
!.-!qptmln.nm ‘ Z‘é g'g
L-ftistidine, HOL 150 0.80

A stock (A) was made up at 25 times the above concen~

tration in Hanks' BSS.

L=Cystine
I~Tyrosine

——

0,06
0.22

15
40

p—

A stock (B) was made up at 25 times the above concene

tration in 0,1N HCl.

-

Glucose
Ascorbic acid
Choline, HC1
mwo HCl
Glutathions
Hypoxanthine
Glutamine

o

o —

e a—

5000 27.8
16 0,09

250 1.8
90 0.57
16 0.05
25 0.18
350 2,38

ot

A stock (C) was made up at 25 times the above concene

tration in Hanks' BSS.




Thiamine 10 0.03
CaPantothena te 1 06003
Pyridoxine, HC1 1 0,003
weInositol, 0 1 06005
Nicotinamide 1 0,008
Vitanin B,, 0.2 0.00015
Biotin 0.2 0,0008
Riboflavin 1 0.003

- N p——

A stock (D) was made up at 10 times the above concene
tration in Hanlks® BSS,.

A working stock was prepared by combining 4 parts
each of stocks A, B and U %o 1 part of atock D, The solution
was brought to pil 7.4 with Na0H and steriliszed by seits or milli-
pore filtration, m-mm-m.t-ao‘.

Medium was made by adding 15 ml, of working stock
and sera, if required, to the appropriate volume of Hanka' BSS
or tris-citrate BSS to make 100 mi, The pH was adjusted to
7Auﬁanmﬂmth¢m,“Mb'm8mw
or with 0,1 NaOH if trisecitrate BSS was used, Sodium Penieillin
G, obtained fram J, W, Miller, Ltd,, Glasgow, was added at a
final concentration of 50 units/ml,

The camposition of other media used ocoasionally in
this study was as given by Paul (1960).
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