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S UNIIARY

LFFPECTS OF ETHANOL O GROWIH AND CYCLIC

Ay IN  CULTURED CELLS

Studies on the effects of ethanol on the body have so
far fziled to identify any direct mechenism of action that
may account for the typical pattern of alcohol intoxication
in vivo. The ethanol molecule is capable of reaching the
cell membrane of any cell in the body and is known to cause
ionic and physical alteraticns in membrane structure in vivo.
The intracellﬁlar molec:le adenosine 3',5' - cyclic monogphosphate
(cyclic AMP) has a postulated role as a mediator of hormone
action. The formation of cyclic AMF inside the cell is cata-
lysed by the enzyme adenyl cyclase, which is positioned on
the cell membrzne. It bas been suggested that some of the
in vivo effects of ethanol may be related to cyclic ANF meta-
bolism.

To investigate the action of ethanol at the cellular level,
the growth pattern of cultured cells was examined in the presence
of ethanol. Concentrstions of ethanol were similar to those
found in the blood stream of patients admitted intoxicated to
the Western Infirmary. 1929 cells, a3 cultured cell line orig-
inally derived from mouse fibroblasts, were used. They were
regarded as a feasible model for study of intracellular cyclic
AMP chenges since any such changes are likely to be reflected
by alterations in the growth rate of the cells. Growth para-
meters includin/, cell population density, DNA, RNA and protein

were monitored also.



Measgurement of intracellulsr cyclic AP involved
establishing an adequate protein binding assay. The validity
of the assay was confirmed in terws of quantitative values
for assey specificity, accurscr, precision and sensitivity.

Ethanol treatment was found to delay cell division
rrobebly by temporarily preventing entry into the S phase of
the cell cycle. This event was parallelled by higher cell
cyclic AMP in ethanol treated cells. Exgperimental cells
tended to be poor in content of DA and RNA; protein results
imrlied a relationsﬁi? between cell protein, cell cyclic ANP
and growth rate. The evidence suggested that elevated cell
cyclic ANF was a criticel, though not nebessarily primery
event related to decreased growth, and could hzve been a
resjonse to decreased availability to the cell of crucisl
nutrients.

After approximestely 24 hours delay, ethanol trezated cells
grev normally in a logarithmic fashion. That the cyclic AMP
molecule may have rlayed a role in this compensatory mechaniém,
is discussed. It is suggested that the same molecular mechanisms
may be involved in vivo.

Further ex]eriments are suggested to examine the specificity
of the alcohol interference and to verify the presence of a

compensatory mechanism involving enzyme induction,

(xiii)



INTRODUCTION




EFFECTS OF AICOZOL ON THE BCDY

Among the drugs of zbuse, none has achieved such wide
porularity as ethanol. Compared with other psychoactive
drugs, the molecular size of etlanol ic small. It is,
under usual conditions, rapidly absorbed through the mucosal
membrancs of the gastrointestinal tract (especially the
duodenum and jejunum) and enters the portal circulation.
Distributed through the body in the arteriel blood, the
molecule diffuses rapidly across carillary membranes. It
moves across tissue membranes by a rrocess of simple diffusim
(Kalant 1971). Within a few minute: after orzl ingestion,
it has been circulated to ever; tissue of the body. Its
movement is not blocked by the "blood-brain barrier" or the
"placental barrier". In view of this complete distribution
throughout the body and intc individual cells, one can readily
appreciste the fact that a wide renge of cellular functions
such ss membrene permeability, transport mechanisms and intra-
cellular enzyme systems meay be affected by ethanol.

Scientific knowledge of the acute and chronic effects
of ethanol is far from complete. The problem is one of
considerable complexity due to the unique dual nature of the
action of tlis compound in the body. It is, on tke one hand,
a central nervous system (CNS) depressant of the general anae-
sthetic type and on the other, a nutrient whose rapid oxidation
in the cell can cause marked disruption of normal metabolic

processes in peripheral metabolism (Seixas 1975).



Acute Effects

With reference to immediate (acute) effects of alcokol,
most users exrerience a feirly reproducible seguence of
effects (Kalant 197C) which, derending on dusage and past
exrerience, includes the following: reductions in sensory
acuity; decreased s, an of attention to environuental stimuli;
loss of inhibition of emotional expression (eg talkstiveness
in sociszl settings); progression of drowsiness, sleep and
coma at higher doses; a series of szutonomic chenges wediated
through the hypothelamus resenbling these that occur during
sleey, such g increased peristalsis, incrcased gastric
secretion; depressed secretion of vasopressin, oxytocin and
gonadotrophic hormonrnes, and disturbances of modulatory control
of proprioceptor and motor pathways.

Ethanol and the CNS

In the experimertal end clinical study of alcoholism,
it is genera ly assumed that those effects that are rproduced

by a direct action of ethanol on neurons of the CKS are nmost

litel: to be the initiators of tclerance and dependence. The
inkibitory effect of etkanol on (Na¥ + K')-stimuleoted aden-
ocine triprhosphatase activity and on active transport of
cations across neuronal membranes (Kalant and Israel 1967;
Isracl 1970) has been verified by several groups of investi-
gators (Sun and Samorajski 1970; Nikander et al 1971;

Goldstein and Israel 1972). It is not surprising that active

tronsyort mechanisms for other substances which are linked



to simultaneous traznsport of Ne¥ end ¥* are also inbibited
by ethanol. These include uptake of various putetive
neurotransuitters, especially glutamine, into synaptosomes
(Roach et 2l 1973) and uptake of 3’H-—lysine (Choy et al 1972)
and € ~agminoisobutyrate (Freud 1972) into brain in vivo.

Since passive lon fluxes during action potentisls and
active fluxes during recuperation between impulses are basic
to all neuronal activity, one might reasonsbly expect all
other metebolic indices of cell activity to be affected by
ethenol inhibition of these two processes. Decreased brain
protein turnover (reviewed by Noble and Tewari 1975),reduced
intermediary metabolism and high energy phosthate turnover
(Veloso et al 1572),decreased incorroration of 32P into
thospholipid (Brossard and Quastel 1963) and decreased cyclic
AP levels only after massive acute doses of ethanol (Kuriyama
end Israzel 1973; Volicier and Gold 1973) may all be simply
reflecticns of decrezsed neuronal activity.

Paradoxically, chronic ethanol ingestion leads to a
differ.nticl effect on brain proteins, including an increase
in the synthesis of some proteins (Noble and Tewsri 1975) and
es such could influence proteins thet may be critical for
brain function. Furtlermore chronic ethesnol treatment produces
adrenergic sensitivity, in particular with relation to the
beta~receptor effects (cyclic AMP formation) of noradrenalin
in brains of experimental animals. (French and Palmer 1973).
Withdrawal reactions from alcohol (Victor 1970C) include

catecholawines (FPohorecky et al 1974). Genetic factors

3



appear to be involved (Partznen et al 1966) although it

is not known whether the inherited factors affect the ten-
dency to drink or the suscertibility to addiction with a
given 2lcokol int=le.

Ethsnol and Peripheral letabolism

Of the many visceral changes to which zlcohol is related,
liver injury as an acute or chronic process is prédominant.
It is well established that about 90% of ingested ethanol is
metabolised in the liver (Jacobsen 1952). Hepatic metabolism
of ethenol to zcetaldehyde by the alcohol dehydrogenaée
pathway (Fig 1 ) is associated with the generstion of red-
ucing eq:ivalents as NADH. Several cytoplasmic and mitochon-
drizl functions are then altered due to the lowered redox state
rroduced by the oxidation of ethanol (Willizmson et al 1969;
Hewkins and Kzlant 1972) eg oxidation of fatty acids (Lieber
et al 1967),the citric acid cycle (Lieber 1968; Williamson
et 21 1869). This explains e variety of effects following
acute ethianol administration, including enhanced lipogenesis
end depressed 1ipid oxidation.

Following chronic ethancl consumption, adaptive micro-
somal changes prevail, which include enhanced ethanol and
drug metabolism and increased lipoprotein production.
Severul hepatic lessions (alcoholic hepatitis and cirrrosis)
develop. Chronic etl'anol consumption is associated with
ultrastructural changes in the mitochondria (Iseri et al 1966;
Rubin et al 1970), even in organs in which ethanol is not
oxidised, eg the jancrers (Darle et al 1970), the small
intenstine (Rubin et al 1972) and skeletal muscle (Song and

Rubin 1972).
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Current knowledge of acute, chronic, tolerance =nd
withdravwal effects of alcohol has been reviewed by
Dietrich (2¢75) and Smuckler (1975). The former review is
directed tovierds effects of ethanol on the CHS. The latter

is concerned with more peripheral responses, including

molecular and hormonal changes.



CYCIIC AP

Adenosine 3',5' - monorhosphate or "ecyclic AMP" (c ALF)
is present in all types of mammalisn cells under physiological
conditions, constituting less than 0.1% of the adenine nucleo-
tide pool. The cyclic nucleotide does not participate as an
intermediete or coenzyme in metabolic pathways, but plays a
role in the regulation rather than maintenance of cellular
activities (Robison et al 1971).

The production of cyclic AP in the cell is controlled
by the enzyme adenyl cyclase (AC) (Sutherlsnd et al 1962) which
is a component of the cell membrsne, or of membranocus structures
within the cell (Sutherland et al 1962; de Robertis et al 1967,
Rebinowitz et al 1965). Another enzyme, found principally in
the soluble fraction of the cell, cyclic nucleotide rhosthod-
iesterase (FDE), hydrolyses cyclic AMP to 5' - adenosine
monophosphate (Butcher and Sutherlsnd 1S62).

The Second liessenger Hypothesis of Hormone Action

Sutherland's group and other investigators hzve demonstrated
that many polypeptide hormones increase the concentrztions of
cyclic AP, or sdenyl cyclase activity in target tissues (Table I)
These findings led to the "two messenger hypothesis" of hormone
action (Fig 2 ; Sutherland et al 1965). The hormone is the
Tirst messenger; it circulates in the blood, binds to the plasma
membrane of the target cell and activates adenyl cyclase. Cyclic
Ali¥, the second messenger, is generasted on the inner surface of
the cell membrazne snd brings about the appropriate rhysiological
response within the cell., VWhile this model may or may not be

correct, it adequetely describes the functional state of adenyl
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FIGURE 2
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cyclase. TFig 3 dericts the hypothetical rerrecentation of
the adenyl cyclase molecule as proposed by the second messenger
hypothesis.

Brezkdown of Glycogen

In only once cese - the control of glycogen breakdown -
is there sufficient information to exylazin at a chemical level
how cyclic AMF acts. The regulation of glycolysis has been
rostulated to serve 2s 2 model for the mechanism of zction of
eyclic AMP (Krebs et al 1966; Walsh et al 1968). In this model
(Fig 4 ) cyclic AMP stimulates a protein kinase which cstalyses
rhosrhorvlation of another functional protein. Phosphorylation
reversibly alters the conformation and subsequently the function
of intracellular proteins.

Cyclic AP and Histones

The ability of cyclic AMP dependent protein kinases to
phosphoryl atehistone, the basic protein associsted with DNA
(Lengan 1%69) confers a role to cyclic AMF in regulation of
tresnscriyption, as found in bzcteria (Varmus et al 1970). It
Las been proposed (see Langan 1969) that the increased histone
phosphorylation bromght about by hormone administration might
provide a mechanism for induction of RNA and protein in target
tissues. However the mechanisms controlling gene expression in
higher animals are as yet obscure (see Rasmussen and Bordier 1874).

Effects of Ions

Adenyl cyclase has been reported tovbe influenced by local
ionic changes, eg Kt has been shown to increase cvclic AMF levels

2+ is known to be

in brain slices (Sattin and Rall 1967) and Ca
a requirement of ACTH (Adrenocorticotrophic hormone) stimulation
of adenyl cyclase activity in the adrenal cortex (Bar and Hechter

1869).
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this model, the hormone would interact with the regulatory
subunit, which in turn would inflﬁence the configurafion of

the catalytic subunit.
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The particulate nszture of adenyl cyclese, togethor with
its lability, especially as regards horwonal scnsitivity,
have combined to make the purification and study of this enzyme
difficult. Although it has been extensively investigeted since
its discovery in 1960, the hypothetical revpresentation of the
adenyl cyclese molecule proposed by Robison et al (1967) has
not yet become a reaslity.

The only evidence of cyclic nucleotide rhosphodiesterase
activity being altered, apart from inhibition by ATP (Cheung

1967), is by a variety of drugs in vitro (Hess et al 1575).



EFFECTS OF DTHANCL CON CYCLIC ANF

The thysiologic=1l, biochemic2l a2nd neurological pro-
cesses affected by =2lcchol to which éyclic AMP is believed
to be related are ennumer=te. Outwith the cell, alcohol
is known to immediately affect neuronal excitsbility,
impulse induction, neurotransmitter and catecholamine
release, At the cell membrane, it is known to affect
Ha® and €' transport. Within the liver cell, the metabolism
of alcchol interferes with gluconeogenesis and lipid oxidation.
Tolerance to (and physical dependence on) alcohol involve
compensatory changes, resulting in "adrenergic supersens-.
itivity" (French and Palmer 1973), increased (Na+ + K&)—ATPase,
enhanced oxidative phosphorylstion. When alcohol ingestion
is abruptly discontinued, the compens=tory changes are mal-
adarptive and give rise to the basic symptoms of the withdrawal
reaction, eg, hyprerflexia, muscle tension and anxiety; the
stress responses invelving elevations in plasma and urinary
catecholamines (see reviews, Dietrich 1975; Smuckler 1975).
The position of adenyl cycl<se on the cell membrane and
the role of cyclic AMP a2s 2 biochemical "trigger" through
which a physiologic event - the release or action of a
hormone, is translated to a biochemical event within the
cell (eg glycogenolysis, lipolysis) suggests that some molecular
action, involving the éell membrane and cyclic AMP, may be
invoived in at least some of the effects of ethanol on the

bedy.



Cell Membrane Alterations by Ethanol

The strongest evidence to date regarding cellular mechanisms
of action of ethanol concerns biophysical alterztions in membrane
prorerties. ZEthanol in sub-lethal concentrations has been
found to have an inhibitory effect cn the active transport
of cations in widely diverse tissues eg the isolated frog
skin (Israel and Kalant 1963), red blood cells in vivo
(Lindsay 1974a) slices of guinea pig brain cortex and rat
ren-1 cortex (Israel-Jacksrd and Kalant 1965), canine gastric
mucosa in vivo (Rehm and Hokin 1947). Thus the effect occurs
even in tissues where no depolarisation is knownto take place
normally. Changes in the ionic environment surrounding intact
cells =re known to have a‘profound effect on the intracellular
level of cyclic AMP (Robison et 2l1. 1971) as well =s =denyl
cyclase (page 7 ).

Meier and liendoza (1576) have reported a decreased cyclic
4lMP res:;onse to vesopressin in the toad bladder in vitro due
to 2 decrease in the resting potential produced by a massive
dcze of ethancl. The degree to which muscle phosphorylase
in vitro is activated by adrenalin has been shown to be
dependent upon the ratio of extracellular Na'/K'. Gluco-
corticoids, suggested tc be a vital p2rt of the mechanism
which maintains intra- and extracellular electrolyte balance
of vertebrate organisms (Swingle et al 1960), may support
the actions of catecholamines in _vivo by providing the
correct ionic. enviromment (see review, Brodie et al 1566).

The principal effect of cyclic AMP is to stimulate

zlycogenolysis, lipolysis =nd steroid production via the

10



actions of peptides znd thyroid hormones and the adrenergic
system (Table I ). Acute administration of adrenalin to
rats produces, 2fter 1 - 2 hours, 2 calorigenic effect
(increcsed rate of oxygen consumption) in the liver identical
to that seen after thyrcxine treatment or after chronic
treatment with ethancl (Israel et al 1973).

This "liver hypermetabolic state" (Bernstein et al,

1974) when induced by etranol, was blocked in adrenalectomised
rats (Israel et 21 1975), implying that an increase in adrenergic
tone w-os involved. A number of simil=rities can be observed

in the liver as a2 result of administration of thyroid hormones

and chronic treatment with ethanol (Israel et al 1973). Among
these is the fact that liver necrosis znd cirrhosis had occurred
in 50-60% of the patients who died of severe thyrotoxicosis before
the advent of modern therapy (see Bernstein et al 1974).

In the liver, evidence h-=s been given for the possibility
that effects of ethanol, adrenergic agents and thyroid hormones
are exerted at different levels of 2 common sequence of events
le=ding to stimulation of the (Nat + K')-iTPase and consequently
incressing oxygen consumption (Israel et al 1975).

Thyroid hormones hsve prim=ry functions in regulating
protein synthesis (Tata 1963; Veiss and Sokoloff 1963).

Brodie et al (1966) reported that thyroid hormones caused an
increase in synthesis of =denyl cyclase in adipose tissue,
rendering it more susceptible to the effects of noradrenalin,
The turnover rate of noradrenalin is similar in normal and

hyperthyroid mice (Beaven et al 1963), implying that thyroid

11



hormones do not increase the rate of noradrenalin synthesis.

It is reported that norsdrenalin content in the brazin does not
change fcllowing chronic ethanol ingestion (Pscheidt et al 1961).
In the br-in, the site of "adrenergic supersensitivity” produced
by ethanol is believed to be at the level of cortical receptors
(French and Pzlmer.1973; French et al 1975).

The mechanism of adrenergic supersensitivityis controversial:
for example, Fleming et al (1973) related it to non-specific
changes in the postjunctional membrane, whereas Deguchi and
Axelrod (1973) reported a change in the response of the specific
receptor for noradrenalin.

The evidence to date does not dispute the possibility that
the same type of molecular action, involving the cell membrane
and cyclic AMP may be involved in all of the effects of ethanol
on the body.

Direct Effects of Et:anol on Cyclic AMP

Exploration of any direct effects of ethanol on mechanisms
invelving cyclic AMP have so far provided conflicting or uncon-
clusive results. (Tables 1IandITI). For example, Gorman and
Bitensky (1970) who examined the in vitro effeects of ethanol
on adenyl cyclzse in rat liver homogenates, reported activation
of adenyl cyclase by ethanol which was further enhanced by
glucagon yet unaffected by adrenalin. Their results suggested
a reversible, conform=ticnal change in the adenyl cyclase
molecule itself. However Mashiter et al (1974) found that
ethanol h~d no effect on adenyl cyclase in homogenates, yet
a stimulatory one in whole cell preparations and suggested
that ethanol could activate adenyl cyclase as a result of a

non-specific perturbation of membrane structure. Conflicting
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results are not restricted to liver: ethanol stimulcted adenyl
cyclase in beef thyroid slices in vitro but not in dog thyroid
slices (Table I1); =acute alcoholic intoxicztion of rats in vivo
decrecsed brain cyclic ANMP yet hzd no effect on cyclic AMP
levels in brzins of mice (Table I11). These results indiczte that
species differences may lead to differing dose effects.

Differences in rate and route of administration of ethanol
have compliceted interpretation of results: whereas ethanol
administered intravenously to rats decreased gastric mucosal
cyclic AMP levels, it has been reported t6 have no effect on
gastric mucosal levels of cyclic AMP in rats, when administered
via 2 stomsch tube (Table III). |

Experimental Complications

Adenyl cyclase has proven to be a technically difficult
model for investigations at the molecular level, its particulate
nature making it susceptible to destabilisation. Methodology
has been further complicated by the three hundred-fold greater
activity of rhosphodiesterase relative to adenyl cyclase (Tague
and Shanbour 1974). Fluoride has been added to ethanol-treated
systems to activate adenyl cyclase, an additive effect suggesting
that ethanol and fluoride initiate the cyclic AMF response through
specific "receptor" sites (Table ITI). However, fluoride has been
shown to activate adenyl cyclase by release of an inhibitory
subunit, and only in homogenates (Perkins and Moore 1871).

In all of the in vitro exreriments to date, t'he effects of
ethanol were maximal at concentrations well above those that are
meaningful in vivo. The breathalyser 1limit is 80 mg ethgnol
per 100 ml blood (0.10%4); concentrations above 0.5% are fatal

(Smuckler 1975). Ethanol moves freely through the body by
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simyple diffusion - only in the alimentary tract of =2 fasting
individual could its concentration be elevated much above 5%.
The ability of ethanol to densture proteins at concentrations
above 10% has been recognised for many years.

The interpretation of any in vive findings to date are
complicated by the fact that functionzl alteration of any in vivo
syster by ethanol may reflect: direct local actions of ethanol
on the cells under study; a change in nervous or chemical input
to these cells because of an action elsewhere in the body;
effects of ethanol metabolites; disturbances in homeostasis in
the whole body as a result of deep intoxication and/or experi-

mental trauma.
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GROWTH OF CEILS Il CULTURE

Animal cell culture is concerned with the study of
cells explanted from animels end maintained in vitro for
more than twenty-four hours. (Faul 197C). Hany vertebrate
tissues can be disrupted into individual cells, (for
example by digestion with trypsin,kwhich vill proragate at
a temperature of 37% attached to a glass or plastic
surface. For growth they require a complex solution of
salts, amino acids, vitanins,glucose and unknown factors
present in serum. Cells whichx have multiplied repeatedly .
may be "passaged", by obtaining in suspension and innocul-
ating into a new culture vessel at a lower cell density.

Primary ("Untransformed") Cell Lines

Cell cultures whose cells "die", ie cease to proliferate,
after a number of passages are called primary cell lines.
Primary cell lines preserve many of the characteristics of
the cells from which they were derived: they have the
same number of chromosomes and retain morphological charact-
eristics.

Established Cell Lines

These cells have develored the potential to be sub-
cultured indefinately in vitro.

Transformed Cell Lines

(a) Spontaneous transformation: This arises in a
primary cell line if, quite suddenly, a few rapidly growing
colonies of altered cells appear which quickly outgrow the
culture and become the predominant cell type. The cell line
has then become an established cell line, ie can be sub-

cultured indefinately.
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(b) Viral transformation: Certain tumour viruses

can transform some primery culture cells, resulting in
the effect described in (a).

Transformed cells have become dedifferentiated (Paul 1970),
resulting in morrhological end functional chenges, and invariably
have abnormal chromosome numbers. However, species-specificity
is retained (Brand 1962). They have shorter doubling times
then their non-transformed counterparts and grow to higher
cell densities.

Density Dependent Inhibition of Growth

Trensformed cells do not cezse to proliferate until
the medium in which they have grown is inadequate for nutr-
ition. However, primary cell lines stop growing at a pre-
determined cell density irrespective of amount of nutrients
present. Since meny primary cell cultures have been observed
to enter a stationary phase zbcocut the time they reach conflu-
ency, it wes originally suggested thet the decline in cell
growth which occurs might be the result of cell crowding (Puck
et g1 1956). The phenomenon was described "contact inhibition
of growth", by analogy with the observation by Abercrombie and
Heaysman (1954) of inhibition of cell movement in vitro when
cells come into contsact.

Direct experimental verification of the contact inhib-
ition of growth theory has not been forthcoming, however and
several groups have proposed other terms such as densiky
d ependent, post-confluency and cell-cycle inhibition of
crowth (Steker and Rubin 1967; Martz and Steinberg 1972;
Macieira-Coelho 1967). Although it has been extensively
studied, the mechbanism of growth rate decline in non-trans-

formed cell cultures has not yet been discovered.

16




CYCLIC Aul TI' CULTURED CELLS

The first reports dezling primerily with cyclic ALY
metabolisy in cultured cells zprcared in 1971 (Gilman znd
Nirenbery 1971a,b). Trese rerorts sussested thet cell
culture systems were feasible as modelg for studying
cyclic nucleotide metabelism. Being in a "hormonal
limbo" cells in culture are not continuously bombarded by
tignals as sre the vieble cells of a living multicellular
orgernicn.

Bassl Cyclic AUF Levels and Cell Growth

Fluctueticns of baszl intracellular levels of -cyclic
AilP have been suggested to be involved in the regulation
of cell growtnh in culture, This hypothesis is based on
reports that growth rates of cultured cells are inversely
proportional to the intracellular concentration of
cyclic AP (Otten et al 1971, 1972; Heidrick and Ryan 1S71).
Exceptions to this ruie (MNey et al 196S; Thomas et al 1973;
Burstin et al 1974) cast doubt upon its generality.
Furthermore density derendent inhibition of growth
2t density restriction in untrsnsformed cells (page 15)
has been reported to be associcted with a rise in intra-
cellular cyclic Alil. Elevated cyclic ANF has been reported in
confluent cultures of various untransformed fibroblast lines,
ez human skin fibroblasts (Froehlich and Rackmeler 1972),
normal rat kidney fibroblasts (Anderson et al 1973), mouse,
monkey, hamster fibroblasts (Rudland et al 1974b). However,
work by other authors indicautes that it was the depletion of

serum factors by the cells rather than "contact inhibition"
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or density restriction’which signalled the rises in cyclic
EMP levels concomitant with the cessation of cell growth
observed in culturcd fibroblasts. (Sheppard 1672a; Seifert
and Paul 1¢72; Krem et al 1¢73; Oey et al 1¢74). FBannai

and Sheppard (1974) have reported that while density~dependent
cessation of growth in confluent monolayers of 3T3 cells is
not correleted with a temporarily synchronous rise in intra-
cellulsr cyclic AMP, provided the medium is changed daily
(Sheppard 1972a)an increase in cyclic AMP levels does oécur
when the'growing cells contect one another.

Seifert and Paul (1972) reported that quiescent (non-
dividing) 3T3 cells had two-fold higher cyclic AMP levels than
growing 3T3 cells, regarcless of whether the cells were in
contact with one another or not. However, when serum was added
to these quiescent cultures,'a decrease in cyclic AMP was
observed. Derletion of serum fzctors leads tocessation of
growth in cultured fibroblasts and this is reflected in a rise
of intracellular cyclic ANP levels (Otten et a2l 1672;

Seifert and Paul 1972; Xram et al 1973; Oey et al 1974).
Alternatively, the administration of fresh serum to serum
deprived cultures of fibroblésts results in a rapid decrease
in cyclic AMP levels (Sheppard 1%72pa; Seifert and Paul 1972).
This occurs in both normal and trsnsformed fibroblasts.

Deoxyglucose transport was inhibited at cell contact
in 3T3 fibroblasts (Bannai and Sheppard 1¢74). These data
suggest that inhibited cellular transport is one of the first

biochemical parameters affected by cell contact. In view of
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the role of cyclic AlUF as a regulator of cellular meta-
bolism @s postulated by the second messenger hypothesis,

the incresse in cyclic ANP may be a critical (though not
necessarily primary) event and may serve as s cellular signal
which responds to the aveilebility of crucial nutrients. It
is thus conceivable thet both cell contact and serum factors
could affect cyclic ANMF levels, possibly through cell trans-
rort mechanisms, since many cell membrane parameters would
chenge as a function of normal cell contact eg nutrient
trensport (Plagemsnn 1$73), distribution of intramembrsnous
rarticles (Scott et al 1973), plasma membrane enz:me activity
(Roth and White 1972), cellular agglutinsbility (Nicolson and
Lacorbiére 1973).

Ryan and Heidrick (1974) have likened the elevations of
cyclic AP levels observed in cultured cells under adverse
growth conditions, such as serum deprivation, to in vivo
situaticns thet result in increased intracellular cyclic AMF
levels. Among these were fasting (Selawry et al 1¢73),
circulatory arrest (Wollenberger et al 1969), anoxia and
electrical convulsive shock (Goldberg et al 1970).

Effects of Altering Basal Cyclic AMF Levels

Chewmical agents which alter intracellular cyclic ANP
levils have been shown to affect growth. In 1968 Burk reported
that the additicn of methylxanthines tc cultures of BHK
fibroblasts decr.ased their growth rate. Ilethylxanthines
have since been shown to increase intracellular cyclic ANP
by inhibiting hydrolysis of cyc.ic 2IMP by phosphodiesterase
(Butcher and Sutherland 1962). Gilman and Nirenberg (1971b)

found that PGE.4 raised cyclic AMP in cultured cells and

19



simultaneously ~  inhibited the raste of ceil multiplication.
This effect was more dramatic in the presence of theophylline,
a methylxenthine, Insulin treztment of fibroblasts has been
shown to lezd to a transient lowering of cyclic AMP levels,
increzsed DEA synthesis and cell division (Sheppard 19722,b;
Bombik and Burger 1973). Cholera toxin, which activates
adenyl cyclase, has been shown to inhibit DNA synthesis
(Hollenberg and Cuatrecases 1973). Dibutyrl cyclic AMF,
a lirid soluble derivative which is transported into the
cell more readily than cyclic AMF (Robinson et al 1971) and
is immune to phosphodiesterase digestion (Heersche et al 1971)
is known to inhibit the growth of 1929 fibroblasts. Concomitant
with this is en inhibition of incorporation of 3H-thymidine
into DNA (Curtis et al 1S73). The above phenomena are
extensively catalogued in a review by Ryan and Heidrick (1974).
Conversely, fibroblast growth factor and hydrocortisone
have been reported to stimulate growth in quiescent fibroblasts
with 1little or no alterations in cyclic AMP levels.  (Rudland
et al 19749 . Bourne et al (1975) have succeeded in isolating
several strains of the 549 mouse lymphosarcoma cell, one of
which has no apparent functional adenyl cyclase and hence no
endogenous cyclic AMP, and anothker which has 1little or no
cyclic AKF binding protein and cyclic AMP stimulated protein
kinase and is therefore unaffected even by high levels of
cyclic AMF. In btoth of these strains the cell cycle is
similar to the parental strains.
While the evidence to date doces not implicate cyclic
AMF as a regulator of cell growth, it is consistent with
alterations in cyclic ANMP levels in response to a signal
within a model system, for fibroblasts at least, being paralleled

by chenges in growth rate.
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TiE TROTZIN BINDING ASSAY

The action of cyclic ANF in all tissues involves binding
to o protein (sce examples; page 7). Several assay methods
baced on this principal; Y"irotein binding", or "saturstion®
acsays bave been published, eg the method of Brown et al (1971)
ucsing a crude adrenal preparation, and the methods of
Gilman (1970) and Tovey et al (1974) using a more purified
prrotein kinase from skeletal muscle.

Frincipal of the Assay

The general principal of the assay is the same as that
of radioimmunoassay. A stable substrate S is introduced
into a system which contains a constant amount of radiocactive
substrate S*¥ of high specific activity and its binding
protein P. S displaces S* from the substrate binding sites
in proportion to its concentration (Fig 5). Remcval of
unbvound substrate is achieved by charcoal adsorption
(Brown et al 1S71; Tovey et al 1974) or by "millijpore"
filtration (Gilman 1S70). Radioactivity bound gives the
degree of competitive inhibition in the unknown and is
compared with radioactivity bound in known standard solutions.

Specificity

Validity of results is dependent upon the identical
behaviour of standards and unknovwn, ie the binding protein
must be "specific" for cyclic AMP. Specificity is defined
as the extent of freedom from interference by substances
other than the one intended to be measured (Rees Midgley

et al 1969). Lack of specificity in protein binding assays
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may primarily arise in three ways (Ekins and Newman 1S70):

(a) by competition of another compound for the resction
sites on P

(b) by the influence of an extraneous compound on binding
between S and P

(¢) by a decrease in efficiency of separation of free
and bound fractions.

(a) Competitive Interference

Techniques involving natural binding proteins exploit the
almost unique chemical specificity whicl characterises many
biochemical reactions. Consequently, protein binding assays
for cyclic AMP have been shown to be free from competitive
interference by other nucleotides (eg ATP, cyclic GIiP) at
their respective physiological concentrations (Gilman 1970;
Brown et al 1¢71; Tovey et al 1574).

(b) Non-Competitive Interference

Of much grester concern zre sources of non-srecific
interference by conpounds present in cell and tissue extracts,
eg salts of an incubation medium (Bronstrom and Kon 1974),
traces of acid used as protein denaturant (Albano et al 1974;
Arner et al 1975). Furthermore, different saturation assay
methods may have associated with them different non-specific
effects, depending on the origin of the binding protein, its
degree of purity (Gilman 19703 Walton and Garren 1970), as
well as the tissues used for assay.

(¢) Decresse in Efficiency at Separation

Differences in protein concentrations have been reported

to show marked effects on the characteristics of adsorbants
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such as charcozl (Ekins 1970). Divalent cations are
known to sffect millipore filtration techniques (Albano

et al 1974).

Accuracy and Precision

The accuracy of any cuantitative estimation is the
closeness with which the result approaches the "true"
value. Precision may be judged from the statistical scatter
abqut a mean of replicate measurements.

Sensitivity

This property 1is expressed as the smallest concentration

of sample which can be accurately measured by the assay.

On initiation of any assay method, primary investigations
must be carried out to optimise assay specificity, accuracy

precision and sensitivity.
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ATHS OF THE FROJECT

1 To grow cultured cells in concentrations of ethenol similar
to those found in the body. 1929 cells (Sanford et al 1948),

a trensformed cell line derived from mouse fibroblasts (Earle
1943) were used. Grown as a monolayer, they provided consis-
tency of experimental conditions, free from hormonal and
neurologic influence. ZEthanol was added to the cells in con-
centrations similar to those found in the blood of patients
admitted intoxicated to the Western Infirmary.

2 To measure growth parameters in the form of cell counts;

DNA, RNA and protein under these conditions.

3 To measure cyclic AMP content in such cells and znalyse any
relationship to changes found under the infiuence of ethanol.
Intracellular cyclic AlP measurements were obtained using the
protein binding assay of Tovey et al (1974). The utilisation
of the assay required investigations of specificity, sensitivity,
accuracy and precision. Results of these investigations relative

to the main theme have therefore been inciuded.
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PART I

IIONOLAYER CULTURE OF I-CELLS

1929 cells were purchased at fortnightly intervels from
Gibco-Biocult Ltd., Renfrew, Scotland zs a freshly trypsinised

6 cells/ml. For

suspension containing approximately 1 x 10
experiments, the cells were subcultured on to petri dishes
as monolayers, under aseptic conditions. Growth medium
consisted of Medium 199 (Morgan et al, 1950) with Hanks'
Balanced Szlt Solution (Hanks and Wallace, 1949), foetal calf
serum (10%) and glutamine (2ml). Hepes buffer (25mil) was also
included to maintain a constant pH of 7.4 in the medium.
Medium 199 was obtained commercially as were the other added
constituents. The constituents of Medium 199 and Hanks' BSS
are shown in Tables IV and V.

During the fortnightly intervals, stock cultures were

2 or 12Ocm2 glass bottles.

maintained of cell monolayers in 70cm
For subculturing, cells were removed from the bottle by rinsing
the cell layer with approximately 20ml trypsin (0.25%) in Ca
and Mg free Hanks' BSS, which was immediately poured off.

After 5 mins incubation at room temperature, during which the
cells became detached from the glass, 20ml growth medium (with
serum added) was added to inhibit further activity of the
trypsin. The cells were universally dispersed throughout this
medium and large clumps of cells separated by successively

aspirating the suspension using a sterile 10ml pipette with

cotton wool plug.
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PARLE 1V

Constituents of Mediunm 1S9

Amino Acids

Conc Conc

zg/L me/T
DIL-Alpha-Alanine 5C.00 DIL-Isoleucine 4C.00
I-Arginine HC1 70.00 DL-Leucine 120.00
DL-Aspartic acid 60.C0 L-Lysine monohy- 70.00

drochloride

L-Cysteine HC1 0.10 DL-Methionine 30.00
L-Cystine 20.00 DL-Phenylalanine 50.00
DL-Glutamic acid 150.00 L-Proline 40.00
nonohydrate
L-Glutamine 100.00 DL-Serine 50.00
Glycine 50.00 DL-Threorine 60.0C
IL-Histidine HC1 20.00 DIL-Tryptophan 20.00
L-Hydroxyproline 10.00 DIL-Valine 50.00
Vitamins

Conc : Conc

me/T me/T
Ascorbic acid 0.05 Menadione 0.01
d-Biotin 0.01 Niacin 0.025
Calciferol 0.10 Niacinamide 0.025
Ca pantothenate 0.01 Para-Aminobenzoic 0.05

acid

Cheline C1 C.5C Pyridoxal HC1l 0.025
Disodium alpha to- 0.01 Pyridoxine HC1 0.025
chopherol phosphate
Folic acid 0.01 Riboflavin 0.025
Glutathione 0.05 Thiemine HC1 0.01

i-Inositol 0.05 Vitamin A 0.10




TABLE IV cont'd

Nucleic Acid Consgtituents and Accessory Growth Factors

Conc

ne/T
Adenine sulphsate 10.00 Hypoxanthine
Adenosinetriphos-— 1.00 Ribose
phate (di-Na salt)
Adenylic acid 0.2C Sodium acetate
Cholesterol - 0.20 Thymine
Deoxyribose 0.50 Tween 90%*
Ferric nitrate , 0.10 Uracil
Guanine HC1l 0.30 Xanthine

*Trademark of Atlas Powder Ce

Conc
g/l

0.30
0.50

50.00
0.30
20.00
0.30
0.30




TABLE V

Constituents of Hanks' Balanmced Salt Solution

Conc

ng/L
NaCl - 8000.0
KC1 400.0
MgS0,, . TH,0 200.0
NaZHPO4.2H20 60.0
KH2P04 60.0
Glucose 1000.0
Pherol red . 120400
CaCl, (amhyd.) ST 140000

NaHCO3 » ' '350.0




Cell Counting

A diluted sample of the trypsinised cell suspension was
counted using a Coulter Counter, kodel D (Fig 6 ). A
40 pl aliquot of the cell susiension was added to 20ml normal
saline (0.15M NaCl) in a Coulter "accuvette" contaiﬁer using
a blow out pipette. This was inverted then inserted into the

machine. Cell counts registered were cells/mm3

original cell
suspension. A background count consisting of 40 pl medium
in 20ml saline was subtracted from all counts. Total back-
ground count was never greater than 5% of total cell counts.
The settings employed on the Coulter Counter were as. for
white blcod cell counting, viz an aperture current setting of
3 using a 10Qg orifice. The threshold wes adjusted to a value
of 20, found to be the point where all cells were counted: and
backgrcund ncise was minimal. The counting profile of L-cells
is shown in. Fig TA. Counté obtained were cross-checked by
counting random plates by hand under the microscope using a
haemocytometer chamber, using the technigue employed for white
blood cell estimations. Counts obtained by haemocytometer
versus counts obtained on the Coulter Counter resulted in a

linear correlation (r = 0.91 for range 1-10 x 104 cells/mn§3ﬁ37b)

Cell Viability

Estimatcs of cell viability were carried out on both the
commercially obtained cells as well as those subcultured in
the laboratory. Trypan blue (4%; O.lml) in normal saline
was added to 0.9m1 cell suspension containing approximately

106 cells/ml. The mixture was aspirated using a pasteur pipette
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and a dropr of this steined suspension placed in a haerocy-
tometer chamber and examined using an inverted microscope.
After 10 mins the total number of cells and the number of
d ead (staining) ones were counted in seversl fields. Vis-
ibility, calculeted by the formula

total cells - dead cells
total cells

x 100%

was always between 95% and 100% in cells used for experiment.

Subculture Technigues

In preliminary experiments, the initial plating density
of the cells was found to be critical to subsequent occurence,
timing and rate of cell multiplication. Initially, cells
were aseptically diluted in 500 ml freshly prepared growth
medium as described above, to give a final concentration of
2 x 10° cells/ml. Sterile pipettes were used to deliver 10 nl
aliquots to plastic petri dishes (10 cm diameter). The dishes
were incubsted at 3700 in an air stmosphere for at least 48
hrs before initiation of experimental conditions. Cells were
used for experiment when the cell density reached 3.5%0.4 x lO6
cells per plate.

In a later series of experiments cells were plated at a
density of 3.5 x 106 cells per dish. These cells were used
for experiment when the cell density reached 4.510.4 X lO6

cells per dish.

Experimental kedia

The concentrations of ethanol (Absolute Alcohol; 99,9%
in the media used in experiments was regularly checked by

Gas Liquid Chromatography (glc) determinations (Walls and
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Brownlie, 1¢7C). A Pye Series 104 gas lig:iid chromatograrh
with flame ionisation detector was employed. Nitrogen was

used as carrier gas, Perkin Elmer Carbowax column packing and
an oven temperature of 8800. An accurate dilution was made
with the ethénol containing medium and an internal stasndard
solution of n-propanol using a Griffin & George 219 Haemoglobin-
type diluspence. An ethanol standard solution, the concen-
tration of which is accurately known (i0.0lmM) was similarly
treated. 1 pl aliquots of each were injected successively

into the column using an SGE syringe (1 pl capacity).

The alcohol in each sample immedistely vapourises upon
injection (column temperature 8800). The ethanol and proranol
in each sample are carried through the column at different
rates because they are adsorbed to different extents by the
column packing., Hence they emerge at different times. The
flame ionisation detector is sensitive to changes in the com-
position of the issuing gas and feeds electricsl impulses
according to these into a recorder, giving rise to a peak on
a paper strip. The area of each peak is directly proportional
to the concentration of alcohol in the sample. The concentration

of ethanol in the unknown sample is calculated as follows:

Ethanol conc of unknown =  E/L unknown

Ethanol conc of standard E/} standard
where

E = area of pezak for ethanol standard

P

The concentration of ethanol in the medium used for exper-

area of pezk for n-propanol standard

iments never varied by more than 0.5ml/L between experiments.

Furthemore the purity of the ethanol was regularly examined
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using glc and was always found to give 1 peak.

Sxperimental Frocedure

Growth medium containing ethanol at concentrations of
21mll (0.13%) and 42mM (0.25%) was made up by adding 0.75ml
and 1.5ml respectively of absolute ethznol to 600ml medium.

At the start of the experiment, dishes were divided into
three groups, with 20-25 dishes per group. Medium wés poured
off and rerlaced with 10ml medium with ethanol concentrations
of zero (control group), 21lml and 42mil (test groups). Further
medium changes were made daily for four consecutive days.

Estimation of Cell Population

At 24hr intervals from cell plating until the end of
each experiument, two randomly selected dishes from ezch of
control end test groups were removed and cell counts per dish
taken in duplicate. Iiedium was poured off the plate and re-
siduasl medium removed using a pesteur pipette. The cell mono-
layer was tlen resu5pended in 1rl saline using a glass rod
with rubber stopper and the cells dispersed by aspiration
using a pasteur pipette. The cells were counted by Coulter
Counter as described above (page 26). Variation in cell
number between individual plates throughout any experiment was

never more than 8%.

Growth Tarameters: DNA, RNA, Protein and Cyclic ANP

Doily measurements were taken of intracellular DNA, RNA,
rrotein and cyclic AMP; to be further described in Parts II

and III of this section. Fig 8 summarises the experimental

procedure,
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FIGURE,8“
Plate out cells
48-T2 hrs
400 ethenol

daily thereafter measurements
taken of ' '

\/

(1) Cell pepulation per dish
(2) Inmtracellular cyclic AMP
(3) Intracellular protein, RNA, DNA

Experimental procedure.




PART TT

THE CYCLIC AIF ASSAY

agsay for cyclic AllP was carried out using a commercially
obtained protein-binding assa; kit, which uses the method of
Lovey et al (1Y74). ‘The kit contains binding protein isolated
from bovine skeletal muscle, 3H—cyclic AP (29Ci/mmole), charcoal
adsorbant for separation of bound from free cyclic AP and stan-
dard cyclic sk for consiruction of a standard curve containing
O to 16 picomoles (pmol) cyclic AP per assay. Assay buffer,
included in all of the reagents, counsists of 0.05M Tris,
4nil EDTA, pE 7.5 (Iris/EDTA buffer). The reagenis ares;pplied
in freeze-dried form to be reconstituted with distilled water
prior %o use. |

Extracsion of Cyelic AilP: Preliminery Investigations

There is no published evidence to date of the method of
Yovey et al (1974) being applied to measurement of cyclic AMP
in tissue culture systems. With the knowledge (page 21 )
that non-specific effects resulting from methodology can be
troublesome in protein binding assays, a comparison was made
between various agents used in practice to inactivate cyclic
AP metabolism in tissue culture systems. Frecision of
replicate results for any one extraction reagent was taken as
an indication of error involved in extraction method.

‘he extraction reagents investigated were:

(a) Tris/EDTA buffer

(b) 0.IK Hydrochloric acid (HCL)

(¢) 0.5i Perchloric acid (PCA)

(d) 5w w/v Drichleroacetic acid (TCA)

kY




After harvesting the cells for assay of cyclic AMTF, the
medium was removed by aspiration and the appropriste extraction
reagent (3ml, ice-cold) immediately added to the cell sheet.
Ezch extrzsction reagent contained 12.5nCi/ml 3H-—cyclic ANMP
(0.02 pmol/assay) to monitor cyclic ALP recovery. The result-
ing lysed cell sheet was removed using a glass rod with rubber

6

storrer. For dishes contsining less than 6 x 10~ cells, three

dishes were used and the cell extrzct rinse transferred to the
second and third dish. For dishes containing more than 6 x 106
cells, two dishes were used.

The cell extract was then homogenised by hand using a glass
homogeniser, to relesse all intracellular cyclic AMF into solu-
tion. Protein, together with other cell debris was removed by
centrifugation (3000g, 15 mins, 4%°c) and the dishes rinsed again
with the supernatant fraction. Centrifugation was repeated and
SO'pl of the supernatant was removed for liguid scintilletion
counting for calculation of recovery. At this point care had
to be tzken to ensure that the pH of supernatants was returned
to the pH of assay (7.5) to allow meximsl efficiency of binding
during the assay.

Prejaration of Supernatents for Ascsay of Cyclic AMP

(a) Supernatants obtained by homogenisation of cells in

Tris/EDTA buffer were used directly in the assay.

(b) HC1-containing supernatants were neutralised (pH 7.5)
using saturstcd potassium hydroxide (KOH), lyorhylised and

resuspended in Tris/EDTA buffer.

(¢) Supernatants resulting from PCA extraction were neu-
trelised (pH 7.5) using saturated KOH and the resulting preciyp-

itate of potassium perchlorate (KC1O4) removed by centrifugetion.

1
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The supernatant was lyophylised and resuspended in Tris/EDTA
buffer, |

(@) TCA containing supernatants were extracted six
times with 10 ml water saturated ether. TCA is largely removed
in the ether phase, whereas the cyclic AMP remains in the
aqueous phase. The ether used was saturated with water to
prevent a decrease in the sample volume. Final traces of
ether were removed by placing the sample in a boiling water
bath for 3 mins, a procedure which results in negligible
hydrolysis of the cyclic AMP, cyclic AMP having a half-life
of hydrolysis of 55 mins in 1N acid at 92°% (Iipkin et al
1959).

The acidic pH of the cell extracts suggested that traces
of TCA remained., Ixtracts were either lyophylised and resus-
pended in assay buffer (final pH 7.5), or further purified by
ion-exchange chromatography using a Dowex cation exchange
resin column, (AG-50W x 8, 100-200 mesh, H' form). TFor each
sample to be purified, a column (0.5 x 7 cm) was prepared
usings a disposable pasteur pipette into which had been
inserted a small cotton wool plug. A slurry of resin was

~Prepared by stirring 75¢ of the resin with 100 ml distilled
water and 10 ml of this suspension was transferred to the
column. Each column was washed with 5 ml 1NHC1, then repeat-
edly with distilled water until the pH of eluate returned to
that of distilled water. Then the ether-removed TCA extract
was added to the column.

Cyclic AMP was eluted using distilled water, in the eighth
to tenth ml timed from the addition of sample to the resin.

Its elution profile was monitored using the 3H—cyclic AP tracer.

(WS
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Lld rem - ining sfier ether extraction energed inmediavely

before the cyclic AP (second to eighth ml) and cyclic AP
elused ut the pH of distilled water. Fig 9 shows she

elusion profiles of cyclic Aiw snd YCi. Fractions corressonding
to che "peak" of cyelic A¥ elution, as monibsored by c¢he tracer,
were pooled. the ion~exchange vrocedure csused a x4 - x3
dilution of the cyclic AIY in comparison to its concentration
in the original LCA extract. Thus the pooled fractions were
lyophylised and resuspended in.% their volume of Yris/LDi4
tuiffer. 4averazge recovery of cyclic ALF from the resin was

7553 never lower than 70% (tendin: to vary slightly with
volume of sample),

The Assa hiethod

ror each exiractiion yprocedure, 50 pl of the redissolved
extract was remcvved for liquidé scinvillaticn ccunting for
celeulatvion of recovery and 50 pl in duplicate for assay of
cyclic auxr. liethodolosy is summerised in Fize 10 and 11 .

the standaré binding reactvion was pefformed rigidly
adhering s¢ the kit instructions. Radioactivity was estimated
by liquid scintillation counting. Blank values, obtained by
measuring bthe radioactivity in tvhe supernatant alier charcozl
adscrption in the absence of binding provein, were subtracted
from a1l resul... Results were expressed in terms of Co
(cpu in wche w=bsence of unlabelled cyclic A or "zero" and
divided by Cx (cpm in vhe presence «f unlabelled cyclic AIR),
In each cuse the measurenents were referred to those of stan-
dard cyclic ailk diluted in Tris/Blw A buffer. A linear cali-

CJK)V agzainst varying cyclic ALY concentrat-

> S

bration curve for
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FIGURE 9 .
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" Elution profiles of cyclic AMP, as shown by cpm of
the 3H cyclic AMP tracer and TCA, as shown by pH, from
the Dowex 50 resin. For details, see text.




FIGURE 10
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FIGURE 11
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lons could be obtained for each asse; . (Eigs 12 <o 15).4

Table VI compares apparent cyclic AMP measurements
obtuined using each of the above methods on dishes grown
under identical conditions and containing identical cell pop-
ulzitions, within experimental error. In assar 1, cells were
harvesied 26 a vopulation density of 3.5 x 106 cells/dish.

In assay 2, cells were harvested at a higher population density
of 6.2 x lO6 cells/dish. In both cases, in this experiment,
3 dishes were used for each extrazction agent.

Frecision of results was indicated by coefficient of
veriatlion between quadruple measurements., This coefficient of
variaition was accepted as representing the error involved in
extracuion mecsnod. within-assay coefficients of varistion
for guadruple standards within che rsnge 0.5 - 2 pmol cyclic
Av/assey for assarys 1 and 2 were 9.3 and 6.2 resyeciively.
Only iris/EDiA buffer exiraction and 1CA extraction including
ion-exchange chromatograrhy purification gave results within
this degree of precision. (coefficients of variation < 9.6).
Veriacions in apparent cyclic AP results obtained were high
vetween a2nd witin extraction methods used. PCA and TCA
extrzacts which had not been processed by ilon-exchange chromato-
zraphy showed relatively high degrees of nin-specificity
(coefficients of varission = 12.7), indicating interference
fromn extraction method.

Extraction of Gyelic Alir: Furither Investigations

(@) Tris/EDT4 Buffer and (b) 0.1 Hydrochloric Acid Extraction

These reagents had been reconmended by the supnliers ol

the kii for use in exurazcting cyclic ALY from tissue culture
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TABLE VI

Within-Assay Precision for Extraction Methods Investigated

Lssay 1:

3.5 x 106

cells/dish

Extrzsction Cells/assey | Apparent pmol | Coefficient
method - 106 ( cyclic ALP of variation
co- er assa
rrected for f Wy
recovery) = SD(n=4)
Tris/EDTA buffer | 0.18 0.42%0.04 9.2
C.IN HC1 0.22 O.50;O;O5 9.6
C.5M PCA 0.21 1.70-0.31 18.2
5% TCA
a) ether removal | 0.27 1.26%0.16 12.7
b) ether removal | 0.12 0.95=0.03 2.9
plus ion-exchenge
chromatograrhy +
Standard cyclic - 2.08=0.19 S.3
HP
@ 2 pmol/assay
Assay 2: 6.2 x 1c° cells/dish
Extraction Cells/assay Appa;ent”pmol Coeffiqiept
rnethod < 10° (co- ;ggl;gsﬁ?P of variation
rrected for +
recovery) Z SD(n=4)
Tris/EDTA buffer | 0.31 €.9730.07 7.0
5% TCA +
a) ether removal | 0.31 1.5430.96 62.3
b) ether removel | 0.35 1.35=0.12 9.0
plus ion-exchange
chromatography . +
Standard cyclic 1.56=0.10 6.2

AMP
@ 1.5 pmol/assay




cells (personal communication). The sdvantages stated were
high recovery, simplicity of methodology as well as freedom
from interference resulting from extraction reagent.

(a) EDTA inactivates cyclic AMP metabolism by chelating

Mg2+

s necessary for the activity of both adenyl cyclase
(Sutherland et al, 1962) and phosphodiesterase (Butcher snd
Sutherland, 1962). EDTA hes been rejorted zs potently
inkibiting plasma phosphodiesterase (Tovey et al.1S74) as

well as phosphodiesterase in broken cell preparations

(Cheung, 1970). However there is no evidence reported suggest-

m

ing that this reagent acts instentanecusly in whole cell
rreparations.

(b) O0.IN HCl, inactiveting metabolism by virtue of its
acidity, is neutralised to XCl. fThe assay has been shown to
be free from interference in the presence of salts at con-
centrstions as high as 1 llolar (Tovey et sl, 1¢74). However
it is reported that this reagent is inadequate as an inact-
ivator of cyclic AP metabolism in membrane fragments of
cerebral cortex (Veller et al, 1572).

Damzge to the cells was not apparent immediately upon
addition of either Tris/INT4A buffer or 0.IN HC1l as examined
using the light microscope. Altkough precision was high
within anyone assay for each of these extraction reagents
(coefficients of veriation were of the same magnitude as
that obtained for the standard at 2 ymol/assay; Table VI ),
results could not be reproduced from experiment to experiment

with this degree.of precision. Inter-assay coefficients of
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were often twice those obtained for standards (results not
shown). Thus insufficient inactivetion of metabolicwm leading
to high scatter of results between replicate experiuents,
which could not be attributed to inter-ssssy variation, was
evident. 4 further experiment vwas carried out to decide if
results obtained for measured cyclic AP were relsted to the
time between addition of inhibitor and homogenisztion of the
cells. It was found (Table VII) that apperent measured
cyclic AP varied es time lapse between addition of buffer
or O.IN HCl and homogenisation varied. The rate limiting
step in inactivation of cyclic AMP metabolism using these
reagents was therefore presumed to be homogenisation of the
cells.

Buffer and O.IN HCl extraction methods were rejected as
being insufficiently rapid in inactivating metabolism.

(¢) Perchlorate (PCA) Extraction

This reagent is in practice widely used as an extraction
rea~ent for cyclic AMP (Weinryb, 1972; Greengard and Robinson,
1972). Its outstanding advantage is its subsequent ease of
removal via a neutralisztion reaction resulting in a pre-
cipitate of KClqi. However in measuring nanomolar gquantities
of cyclic AMP it seemed feasible that equilibrium concentra-
tions of perchlorate present at neutralisation might interfere
in the cyclic ANP assay.

Preliminary investigations showed that apparent pmol
cyclic AMP/assay in cells harvested with perchlorate gave

rise to within-assay replicate measurements with high scatter
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TABLE VIT

Resgent Time interval between | Aprarent pmol cyclic AMP
adding resgent and rer assay -SD (n=4)
homogenising cells ZCorrected for recovery)

hssay 1t

Tris/EDTA | immediate 1.21%0.04

buffer 1 min 0.62i0.03
2 mins 0.9370.17
5 mins ‘ 0.73-0.08

Assay 2:

C.IN HC1 | immediate 0.5970.05
1 min - 1.07-0.10
2 mins O.66£0.08
5 mins 0.45-0,02

Variation in intracellular cyclic AMP measurements with
time taken to homogenise the cell extracts.

In Assay 1 (Tris/EDTA buffer extraction), cells were
harvested at a population density of 3.5 X 106 cells per
dish. 1In Assay 2 (0.IN HCl extraction) cells were harvested
2t a population density of 5.3 X 106 cells per dish. For
each time interval, three dishcs were used, as described in
the text. The time interval was measured from time of
addition of the cell extract rinse to the third dish.

Within-assay coefficients of variation were 27.5 and

36.2 for Assays 1 and 2 respectively.




in comparison to standerds (coefficient of veriation was
approximetely twice that of stendard; Table VI ). Thus
interference from extrsction method was evident. Therefore,
prreliminery experiments to investigste validity of results
were carried out.

(i) Cell Extract Blank

Cell extrects, using perchlorate extraction, were pre~
rared as described above (page 31). Extracts were depleted
of cyclic ANF using exogenous cyclic nucleotide phosphod-
iesterase, as follows: ©beef heart 3',5'-cyclic nucleotide
rlkosphodiesterase, obtasined as a lyorhylised powder, was
diluted in distilled H,0 to yield 1.7 units/ml (one unit
being defined as the amount of enzyme which will convert
1 pn mole of 3',5'-cyclic AP to 5'-AMP per minute at pH 7.5
at 30°c). This was added to tke neutralised (pH 7.5) cell
extract after perchlorate extrsction, to give a concentration
of 17TmU/ml. Incubation was carried out at 30% for 2 hrs and
thie extract boiled for 3 mins to denature the enzyme.

Crystalline cyclic AP (monosodium salt) wes diluted in
this extract to yield the concentrations of standards which
comprise the standard curve used, Vviz 1 to8 pmol/50,ul. Control
samples were prerared consisting of crystalline cyclic AMF
dissolved in distilled water. In each case, the standards
were lyophylised and resuspended in buffer for assay. The

standard assay procedure was then followed, to yield the

response curves shown in Fig 12 . The standard curve using a

cyclic AlP-depleted cell extract is displaced downwards when
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FIGURE 12
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PICOMOLES CYCLIC AMP/ASSAY

Standard curve for standards diluted in H,0 (i) or
in cell extracts of 0.5N PCA depleted of cyclic AMP using
éxogenous phosphodiesterase (0). In‘each~case the stahdards
were lyophylised and resuspended in Tris/EDTA buffer, as B
described in metkods. Control curve :r = 0.99. Cell

extract curve :r = 0.92.



compared to the control curve, giving rise to an over—
estimate of measured cyclic AllP. DPrecision and sensitivity
have been diminisled.

(ii) Reagent Blenk

A reagent blank wes prepared by neutralising 0.5M PCA
and removing the precipitate of KClO4. Standerds diluted in
this resgent blank, lyophylised and resuspended in Tris/EDTA
buffer for assay gave rise to the standard curve shown in
Fig 13 . It is aprarent frow Fig 13 +that the diminution in
sensitivity originated from the perchlorete, the precision
being improved (correlation coefficient increased) but the
curve deflection unasltered. These findings gualitatively
agree with Albano et al (1974) who used a binding protein from
the cortices of adrenal glands.

For these reasons, it seemed prudent to abandon perchl-
orzte as extraction rezgent.

(d) Trichloroscetate (TC.) Extraction

This reagent is by far the wmost widely used extraction
reagent for cyclic AP in tissue culture (Weinryb, 1972;
Greengard and Robinson, 1972).

Table VI indicates that results obtained for apparent
pmol cyclic AllP/assay using TCA as extiaction reagent gave
rise to unacceptablc within-zssay variations for replicates.
Further purificstion of the ether-removed TCA extract by ion-
exchange chromatography gave rise to results with acceptable
within-assay precision, compared to standards diluted in

’

buffer (coefficients of varistion= that obtained for

standard at 2 pmol/assay; Table VI).



FIGURE 13 S
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PICOMOLES CYCLIC AMP/ASSAY

Standard curve for standards diluted in HéO (.) or
in neutralised 0.5N PCA reagent blank., (0). 1In each

case the standards were lyophylised and resuspended in

buffer, as described in methods. Control curve :r ; 0.99. ;;'w

PCA reagent blank curve :r = C.96.



(1)

The mecienicel method of ether extraction for removsl
of trichloroacetate from aqgueocus solution is well established
(Greengard and Robinson, 1972). This metlod has the advan-
tege that its efficiency of removel from the sample may be
monitored by pH measuremecnts. The removal methods described
above (page 32), are particularly aprlicable to an agquecus
sample: ether is immiscible with water and can be completely
removed by evaporation; Dowex 5C columns (Schultz et al,
1975) are especially useful if the samples contain large
amounts of electrolytes (tissue constituents, salts of an
incubatioh medium, acid used for extraction), since the
samyple can be directly agplied.

Reagent Blank of TCA

Since it was establiched thaet the interference resulting
from TCA extrsction methods mainiy due to the reagent, inter-
ference (if any) from a reagent blenk of TCA was primarily
investigated. This was prepared by washing 3ml 5% TCA six
times with 10ml water saturated ether. Crystalline cyclic ALP
was dissolved and diluted in this reagent blank to yield the
standards which comprise the standard curve. Again, control
samples were prepared consisting of crystalline cyclic ALP
dissolved in distilled water. In eachk case the standards
were lyophylised and resuspended in assay buffer and the
standard assay procedure followed.

Fig 14 shows that when 5% TCA was used as the extraction
reagent a different effect than that of the FCA reagent blank
was obtained. The change in standard curve is related in a

more complex fashion to the cyclic AP in the asssy. Samples
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(11)

containing less than six ymol cyclic ALT /assey would

produce a felsely high measured cyclic AKP if referred
directly to the standard curve, a result gualitatively
perzlleled by Albeno et sl (1974). IFon-specific interference
from ether-extracted lyophylised TCA extrects of tissue have
been reported by other investigators (Arner and Ostuman 19875,
Senborn et al, 1973). Each of these authors advocated the'
use of & lyophylisate of ether-washed TCA in the assay buffer
to produce more valid estimations of measured cyclic AifP.
Such an approach acsumes interference originating only from
the reagernt, and would give rise to a non-linear standard
rlot.

Dowex ion-exchange chromatcgrarhy as described above,
included a further step in purificetion of the reagzent blank
complétely remcved the source of this effect, yielding a
standard curve idcnticel to control within experimental
limits (not shown). I have concluded that traces of TCA
remsining sfter ether extraction had contributed to the

imprecision of results obtained in Table VI,

Cell Extract Blank of TCA

Having eliminated interference due to the extraction
reagent employed, it was necessary to investigate interference
originating from cell or incubation media constituents.
Ideally, this involves using a cell extract where the comp-
onents constitute intact cell extract except for the absence
of cyclic ANP.

The addition of exogenous phosphodiesterase to samples

indicated a decrease in precision resulting from its intro-
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duction (Fig 12), an effect also found by Albzno et al
(1974). Therefore, cells were derleted of cyclic AMP using
endogenous phosphodiesterase, by removing the medium from

the dishes and incubatin: the cell shoet at 30°c for 48 hrs.
TCA harvesting of these cells as described, including the
ion-exchange chromatography step, gave rise to a reprod-
ucible standard curve with high precision and sensitivity

(Fig 15). Maximum coefficient of variation obtained for stan-
dards diluted in the purified TCA extract was 7.2; maximum
coefficient of variation for standards diluted in buffer was
6.5. Linear regressional analysis (Rees liidgeley et al,

1969) of amount predicted using the buffer curve versus amount
measured using the cell extract curve, for the standard range
0.5 - 8 pmol cyclic AMP/assay gave a slope of 1.03 snd an
intercept of -C.Cl.

The final stage required in such authentication of the
method was to validete the absence of cyclic AMP in the
purified extract (ie zero). This was carried out by adding
30 ul (1% v,/v) of asszy charcozl suspension to the TCA super-
natant followed by vigorous mixing and centrifugation. This
step was considered a hichly unlikely potential source of
interference (ef addition of exogenous phosphodiesterase)
since the charcozl is used in the asszsy method itself.

Under assay conditions, the charcoal is capable of adsorbing
99,5% of total free cyclic AMP. (Counts in the supernatant
in the absence of binding protein, ie blank, constitute 0.5%
of counts of totsl added 3H-cyc'jf__ic LWT. After treatment with
charcoal, the extract yielded counts identical to background
for a 50 pl "recovery" sample, ie the charcoasl had removed

all of the trsmcer. Charcoal addition did not affect the
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were purified by ether extraction and Dowex ion-exchange

chromatography. Control.curve :r = 0.99. Cell extract

curve :r = 1,00,



gzero (7o) value obtained for the cell extract blank and it
was concluded that the sample had been depleted of cyclic
AP using endogenocus phosphodiesterase. Hence TCA extraction
including ion-exchange chromatograrby was used when harvesting
cells for cyclic AMP assay.

Cells were harvested for cyclic AMP assay at 24 hr
intervals from cell plating till the end of the four to five

day growth period in ethanol containing medium.
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Liquid Scintillation Counting

Cyclic AMP assay supernatants following charcozl addition
end aliquots of cell extrscts for recovery estimations were
placed in plastic scintillation vials containing 10ml scintill-
ant and counted using a Fackard Tricarb model 2425 liguid
scintilletion spectrometer.

When counting aliquots of cell extrscts for monitoring
of recovery, blank velues were obtained on rarallel dishes
using extraction zgent minus 3H—cyclic AP tracer and counts
obtained from these used as background estimations. Cyclic
AP assay blanks were obtained as described previously in
methods (page 33)-.

A counting time of 10 mins was used for all samples.

Counting error was never greater than 2%.
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PART III

MEASURELENT OF PROTEIN, RNA, DNA

Cells were harvested for protein, RNA and DNA assay at
24 hr intervals from cell plating till the end of each growh
period in ethasnol - containing medium. The experimental
solution used to wash the cells for measurement of intra-
cellular protein, RNA and DA was Phosphate Buffered Saline
(FBS). The constituents of PBS are 0.15M NaCl; 0.016M disodium
hydrogen orthophosphate (NaZHPO4.2H20) and 0.004M sodium
Qihydrogen orthophosphate (NaH2P04.2H20). The pH of this
solution is 7.4, minor adjustments being made, when required,
by the addition of small quantities of HC1l or NaOI.

Washing of Cells

liedium was aspirated from the cell monolayer, ice-cold
PBS (10ml) was added to the cell sheet and the cells were
resuspended in this using a glass rod with rubber stopper.

6 cells, two dishes

For dishes containing less than 6 x 10
were generally used and the cell suspension from the first
dish transferred to the second. Cells were collected by
centrifugation (500g; 2 mins) and the cell pellet resuspen-—
ded in 10ml PBS. Centrifugation was rapidly repeated, then

the cells were resuspended in 1.5-2ml PBS and counted using

the Coulter Counter.

Estimation of Protein

Aliquots of washed cell suspension containing 2-4 x 105
cells were added to lOO/pl IN NaOH. The solution was made

up to 1ml then heated at 70°c for 30 mins to solubilise the
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protein. Standards (O-ZOO‘pg protein/ml) prepared from a
solution of crystalline Bovine Serum Albumin in O.IN NaOH
viere similarly treated. The resulting hydrolysates were
analysed directly for their concentration by the method of
Lowry et al (1951). The colour intensities were read at a
wavelength of 625nm using a Pye Unicam SP500 spectrophoto-
meter.

Estimation of RNA and DNA

Aliquots of washed cell suspension, cataining 274 x lO6

cells were added to 200 pl 5M PCA and this cell extract made
up to 2ml with distilled water. This was heated at 7000
for 30 mins to solubilise nucleic acid, then the protein
precipitate was removed by centrifugation (3000g; 15 mins).
Supernatants were assayed for their content of RNA by
a modification of the Orcinol Method (Ashwell, 1957). Aliquots
(0.5ml) of supernatant were made up to 1.5ml with distilled
water. To this was added 1.5ml O.OS%FeCl3 in conc. HCl
followed by O.lml 20% w /v orcinol in 95% ethanol. Tubes
were mixed thoroughly and placed in a vigorously boiling water
bath for 30 mins. RNA standards (O to 100 pg/ml in 0.16M PCAa),
using RNA purified from yeast, were treated similarly. Ex-
tinctions were read at 62°nm.
Supernatants (1ml aliguots) were assayed for their con-
tent of DA by the method of Burton (1956). DNA standards
(0 to 100 pg/ml in 0.5M PCA) using DNA purified from calf

thymus, were used. Extinctions were read at 600nm.
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WATERIALS

L-cells were obtained commercislly from Gibco-Biocult
Iitd, Renirew, Scotland, as a tryrsinised suspension. The
crowth medium (199), glutamine, foetal calf serum, Balanced
Sz1t Solutions, trypsin and trypan blue concentrates used
in the tissue culture procedures as well =s the tissue
culture dishes and bottles, were obtained from Gibco-Biocult.

Coulter Electronics Ltd, Herts, England supplied the
"accuvette" containers and blow-out pipette for cell counting
using the Coulter Counter.

Analer Grade reagents were used in the experimental
solutions, obtained from British Drug Houses Chemicals Itd,
FPoole, England. The ethanol used in experimental media
(Absolute Alcohol, $9.S%) was 2lso obtained from BDH.

The cyclic ALF assay kits were supplied by the Radio-
chenical Centre, Amersham, Bucks. Cyclic nucleotide phosphod-
iesterase and crystalline cyclic AMP were obtained from Sigma
Chemical Company, London. The Dowex AG-5CW x 8, 100-200 mesh
cztion exchange resin was obtained from Bio-Rad Laboratories,
Richmond, Celifornia.

The scintillation fluid used in the counting of the
3H isotope was NE260, supplied by Nuclear Enterprises Ltd
Edinburgh.

Crystalline Bovine Serum Albumin, RNA and DNA were obtained

from Sigma Chemical Company, London.
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IME CELL CYCLE

1929 cells divide with a doubling time of 23.2 hours (Cleaver
1.67). The orderly sequence of metabolic events occurring
between the midpoint of mitosis znd the midpoint of a successive
mitosis constitute what is cclled the cell cycle. It is possible
to divide the cycle arbitrarily into 4 phases. G1. the period
rricr to DNA synthesis, S, the time of DNA replication snd GZ’
the period before the brief event of Hitosis, M. Fig 416
illustrates this diagramatically and shows the times of each

period for 1929 cells (Cleaver, 1967).

(a) Synchronous Growth in Culture

A culture is perfectly synchronised if all cells pass
through a certain phase of their reproductive cycle at the
same time.

(b) Asynchroncus Growth in Culture

Asynchronous growth occurs if timing of cell division in
a cultuare is perfectly randomised, with the cell number in the

culture increasing exponentially in time.

A real culture may exhibit a behaviour intermediary to
. thesc extremes in that its growth pattern msy be neither
rerfectly synchronous nor asynchronous.

Repdating 1929 Cells from Cultures at High Population Density

Cell cultures used in these experiments were seeded from
parent cultures of cells whick had been grown to a high pop-
ulation density and whose mitotic indices were low. Lindsay
(1969) reported that the majority of cells in such densely-

populated cultures are in the G, phase and have low DNA
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FIGURE 16
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rolymerase s2ctivity. After subculture into fresh medium,
entry into S phase was delayed a number of hours, confering
a degree of synchrony upon the population. It was
primarily assumed that such a system provided the basis for
growth in my experiments, subject to verification by mg
findings.

As explained in the Methods section, cells were plated
at densities of 2 x 106 and 3.5 x 106 cells per dish in two
respective series of experiments; consequently these results
are expressed in two parts (I and II). Growth of the cells is
reported in terms of population per dish. Growth parameters
in the form of DNA, RNA and protein are expressed in terms of
their mass values for the cell population, as well as in terms
of their intracellular concentrations. Cyclic AMP measurements
are expressed in terms of its intracellular concentratioh.
A1l results are related to time, from two days previous to,
until five days after addition of ethanol-containing growth
med ium.

Part III reports immediate effects on intracellular cyclic
AP of addition of growth medium containing ethanol to mouse
L-cells.

Calculation of Results

The Student's t-test was the statistical method employed

to determine the significances of the results obtained.
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FART I

ADDITION OF TETHANOL TO ILAG FHASE CELIS

Cell Growth After Plating

In initial experiments, cells plated at a calculsted cell
dernsity of 2 x 106 cells per dish grew es shown in Fig 17 .
The descriptions of the growth periods (early growth, lag,
logarithmic growtl, decline) which are illustrated in Fig 1Y%
and subsequent figures, pertain to this thesis only.

Cell density on day 1 was 2.05%0.17 (SEM) cells per
dish x 107°. This initial 24 hour period, in wkich little or
no incresse in cell number occurs, is a well documented
pheromenon (Harris 1964; Faul 1970), and represents the time
required for the cells to become adapted to their new environ-
rnent (Harris 1964; TLindsay 1969). The graph of the logarithm
of the cell numbers agcinst deys is linear from day 1 to day 3
(early growth period). Cell numbers increaced by 34% to
2.75%0.14 (SEM) cells per dish x 10—6, then by 26% to 3.46%0.10

cells per dish x 10—6 over the 48 hour period from days 1 to 3.

The cell population rose by only 10% over the 48 hour period

from degys 3 to 5. I have named this the lag period of growth.

During this lzg period in growth the number of cells lost from

the dishes during medium chsnges was not significant. The

fall in growth rate was a real phenomenon. The lag phase

always occurred ot a cell density of approximctely 3.5 cells

per dish x 10-6.

A two-day period of more rapid growth commenced on day 5
Number of days taken to reach

= 0070;

(logarithmic growth period).
logarithuic growth correlated with plating density (r
t = 4.22; Tig1g). Only resulis from the area within the bars

/
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in Fig 1€ were considered, ie cells which entered logarith-
mic growth between four and six days after plating. Cell
numbers increased by 62% and 59% respectively over the

two 24 hour periods between davs 5 and 7. By day 8, cell
numbers had become static at a cell density of 9.8050.25
cells per dish x 107°, 1929 cells plated at the density
of 2.0 x 106 cells per dish could be maintsined for ten
days or more with little or no detachment of cells from
the plates. Thus between days 7 and 8, a real decline in
grdwth rate had occurred.

Investigators have generally reported the growth curves
of mammalian cell lines as showing a period of little or no
cell division during the first 24 hours after plating,
followed by a logarithmic phase and finally a decline
(Paul 1970). The lag period which occurred between days
2 and 4 in my experiments corresponded to a cell density
of 4.8 x lO4 cells per cmz. Such a density corresponds to
formation of a complete monolayer and cessation of growth
in non-transformed cell lines, eg 3T3 (Bannai and Sheppard
1974) and astrocyte-l:ke cells from normal adult brain

(Pontén et al 1969).
Metabolic Fate of Ethanol After Addition to the Growth System

Blank dishes, without cells, containing growth medium
plus ethanol, were included in all experiments. The decrease
in concentration of ethanol as a result of evaporation (20~

25% per twenty-four hours) was identical in both blamk and

experimental dishes. No attempt was made to find evidence

of metabolic degradation of ethanol by L929 cells,
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Dffect of Fthianol on Cell Poypulation

When ethanol was added at a cell density of 3.5%0.1
(c11) cells per dish x 107°, its addition had no effect on
cell porulation during the 48 hour lag period imediately
followin:z (Fig 19 ). During the first day of logarithmic
growth, cell numbers in dishes containing 21mM and 42mM
ethanol increased by 38% and 17% respectively whereas control
cell populations increased by 62% (t = 2.54; p=C.01 and
t = 5.31; p=0.0005 respectively for 21ml and 42mli etlancl
containing media). This effect of ethanol could have resulted

from:

(i) a decreased growth rate, or

(ii) an increased lag thase
during the first 24 hcu:s of the logarithmic growth phase.

During the latter 24 hours of logarithmic growth, cell
pojulation increased by 87% and 8C% respectively in dishes
containing 21mii and 42mil ethanol, whereas cell population
increzsed by 59%¢ in control dishes. Thus during the latter
half of the logarithmic growth phase ethanol either:

(i) increased the gro: th rate of the cellsk or

(ii) caused them to divide more synchronously than control
cells.

Ethanol did not affect the timing of growth decline.
The decline in growth rate occurred at a lower cell density in
42ull ethanol treated cells (7.94%0.31 cells per dish x 1075
t = 4.71; p<0.0005). In 2lmil ethanol the growth decline

occurred at the sawe cell density as in control dishes.
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FIGURE 19
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THE CYCIIC AMP ASSAY

1l VAIIDATION OF THE METHOD

Considerable discussion within the Methods section
has already been devoted to validation of 5% TCA as
extraction agent, followed by ether extraction and ion-
exchange chromatograrhy. Other parameters of assay
validity: precision, accuracy and sensitivity, were
guantitated for the method.

Within-Assay and Between—-Assay Precision

Cell extracts (samples) were assayed by the technique,
described in the Methods section. Within-assay precision
was determined as the coefficient of variation obtained
from replicate determinations of the same sample. Between-
assay precision was calculated on replicate samples assayed
in duplicate on separate occasions over a period of seven
weeks. The results were compared with those of standard
cyclic AMP in buffer. Tables VIII'A and VIII B illustrate the
findings.

Precision of cyclic AMP measurements for samples was
not significantly different to that of standards within or
between assays (p > 0.3). The method can be used with a
within-acsay coefficient of variation of 17.5% or less
over the range 0.4-4.0 pmol/50 ml sample. This is greater
than the maximum coefficient of variation of 11% reported
by the manufacturers (Tovey et al 1974) and was found to

originate from at least two effects:

(i) The efficiency of the charcoal separstion step

tended to decrease progressively (by 0.3-0.4% during the
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TABLE VIII

(A) Within-Assay Precision

Within-assay

pmel cyclig ANP Precision (coefficient No of
per assay -5D of variation) determinations
Standards
0.60%0.11 18.3 7
1. 05-0 15 14.3 10
1. 95-0 30 15.4 8
4. 25—0 50 11.8 10
T 48—0 92 12.3 9
Samples
C. 4010 .07 17.5 10
1. 17 n.16 14.4 8
1. 96—0 32 16.C 9
3.89%0.44 11.3 9

(B) Between—-Assay Precision

Between-assay

pmol cycligc AUP Precision (coefficient No of
per assay =3D of variation) assays
C. 49 0.C9 18.4 10
1.03%0.17 16.5 10
2 03-0 22 10.8 11
3. 97;0 35 8.8 10
7.72%1.10 14.3 10
Samples
0. 40—0 o7 17.5 11
1.23%0.19 15.5 10
2. 03;0 41 20.2 11
4.12=-0.42 10.2 9




two-hour period of its use in an average assay containing
100 tubes). Decreased efficiency of adsorption probably
originated from denaturation of the protein solution in
which the charcoal is suspended due to heat generation from
the magnetic stirring apparatus. Precision could be improved
by including a standard curve at the beginning, middle and
end of an assay.

(ii) The slope of my standard curve was less than that
reported by the manufacturers. Standard curves in my lab-
oratory had a mid-range, ie the dose required to reduce the
response to half its initial value (CO/CX = 2), of 1.5-1.6
pmol cyclic AMP per 50 ul sample (Figs 12to 15). Tovey et al
(1974) reported a mid-range of 1.2-1.3 pmol cyclic AMP per
50 pl sample. I calculated the association constant of the
binding protein for cyclic AP by a double recriprocal plot
(Fig20). I found the association constant to vary between
batches of kits (from 0.62 to 0.84 x 10_9<M+1 on samples
measured). This is lower than the value of 1.0 x 1072 el
reported by Tovey et al (1¢74) and could easily account for
the diminished slope of the standard curve.

Within batches, precision could not be further improved
by increasing assay incubation time, staggering addition of
3H-cyclic AMP and protein, or increasing counting times in
the liquid scintillation counter and was not investigated
further.

Accuracy of the Method

Phis was determined by adding a range of cyclic ANP
standards (0.25 to 8 pmol per assay) to 3 ml samples of
the cell extract blank of TCA. The resultant mixture was

assayed by the technicue described in the Methods section.
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© PIGURE 20
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in a normal assay. This plot calculetes the association constant

(Xa) to be 0.65 x 10~2u~', Tach point is average of 4 determin-
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Correction for losses during extraction were calculated
from recovery of 3H—cyclic AMP tracer. The results are
presented in Table IX.

The recovery of added cyclic AMP between 0.5 and 8 pmol
per assay was at least 97.3%. This involves an error of
2.7% at most for any sample, which is well within the pre-
cision limits of the assay. However, accuracy was consider-
ably decremsed at the lower limit of detection. For samples
containing 0.25 pmol cyclic AMP per assay, the error between
the calculated and "true" result was 44%, which is outwith
the precision limit of the assay.

Sensitivity of the Method

As Table IX shows, samples containing 0.5 pmol cyclic AP
per assay or more could be recovered with adequate accuracy.
Within-assay coefficient of variation for this standard was
16.5. This was within the within-assay precision limits of
standards (Table VIII #) Thus the method was considered sensit-

ive to 0.5 pmol cyclic AMP per assay.




TABLE IX

Accuracy of the Method

pmol cyclic AMP

v -.| Accuracy No of
Addged leasured (¥sD) (Recovery %) Determinations
0.25 0.36%0.18 144.0 8
0.50 0.49%0.20 98.2 6
1.C0 1.00%0.08 100.0 6
- 2.00 1.96%0.24 98.0 6
4.00 3.89%0.27 97.3 7
&.00 7.8131.34 97.6 6




2 INT/ ACELLULAR CYCLIC AMP THROUGHOUT GROWTH

Fig 21 illustrctes average intracellular cyclic AMP
thrcughout the experimentel period. ILittle change in cyclk
AP content occurred during early growth snd the initial
24 hours of the lag period. Mean intracellulsr cyclic AMP
from days 1 to 4 was 3.71%0.17 (sEmM) pmol/lo6 cells. During
the letter hslf of the lsg period, cyclic AMF rose significantly
(t = 3.98; p < 0.0025) from 3.64%0.39 to 6.68%0.41 pmol/10°
cells (an increase of 84%). On the other hand, between days
5 and 6, its cellular content fell by 70% (t = 7.27; p < 0.0005)
reaching a minimum 24 hours after logsrithmic growth commenced.
On day 6, cellular cyclic AMP was lower than the mean basal
level from days 1 to 4 (t = 3.09; p < 0.005).

In the second day of logarithmic growth, cyclic AZNP
increased by 37% to 3.53%¢c.81 pmol/lO6 cells. Scatter of
results was high on day 7 (standsrd deviation was 46% of the
mean; n = 10) suggesting that cellular cyclic AMP fluctuates
during logarithmic growth. Cyclic AMFP increased further
during the growth dec:ine phase, to 4.91%0.21 pmol/lO6 cells.

To preclude the possibility thet changes in cell volume
during the growth period influenced intracellular cyclic AME
concentrations, cyclic AMF levels were expressed as rer
milligram protein. A large proportion (80%) of the mammslien
cell comprises of protein (MacKinnon 1¢69) which may be used
@s sn indic tion of cell volume. Cyclic iHP per mg protein

is illustrated in Fig 22. The same qualitative changes may be

seen: a mean basal level of 7.49%0.46 pmol cyclic AP per mg

rrotein during early growth and early lag, rising significantly
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(t = 6.16; p < 0.0005) to 18,05%1.11 pmol per mg protein
during the latter 24 hours of the lag period; a fall from
18.0571.11 to 5.45%C.81 pmol per mg protein (4=9.18; p40.0GC5)
during the first 24 hours of logarifhmic growtl. TFurthcrmore
the risc in cyclic ANP per mg protein, from 7.9211.82 at late
logarittmic growth (desy 7) to 14.60%0.62 on day 8 was
statistically significant (p <« 0.05)

Effect of Ethanol on Intracellulsr Cyclic AMP Throughout Growth

In cells incubated with ethanol from day 3, cyclic AMP
also rose at the end of the lag phase (Fig23). On day 5,
e thanol treated cells tended to haﬁe lower intracellular
cyclic AMP per mg protein; in 21mM ethanol treated cells the
content of 12.0551.05 pmol cyclic AMP per mg protein was
significantly lower than in control cells (t = 2.73; p<0.005).

lidway through the logarithmic growth period in control
cells (day 6) cyclic AMP levels in experimental cells fell to
7.77%0.62 prol per mg protein for 21mM ethanol treated cells
and 9.54%1.00 pmol per mg protein for 42mM ethanol treated cells.
These levels were thus significantly higher than the mean of
5.45%0.81 pmol cyclic AMP per mg protein measured in control
cells (t+ = 2.36; p <« C.025 and t = 1.69; p < 0.05 for cells
grown in 21mM and 42mM ethanol respectively). At growth
decline on day 8, ethanol treated cells tended to have lower
intracellular cyclic AMP.

Thus the alteration in growth pattern which occurred when
ethanol was added to the growth medium of L1929 cells was
parallelled by an incfeased intracellular cyclic AMP in these
cells over control. Interpretation of the results following
this period (days 6 to 8) is difficult due to the fact that
the growth states of control and ethanol treated cells may have

differed..
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CHTGES IN  DUA, RITA  AND  TROTEIN DURING GRO .9

Concentrations of intracellular DNA, RNA and protein

6

24 hours after plating were 48.7%2.9 (SEi) pg per 10~ cells;

98.0il9.8‘pg rer 106 cells and 0.525%C.1C5 mg rer lO6 cells
respectively (Fig 24 ). In the cases of DNA and protein,
these concentrations tended to be higher than those of
logarithmicelly growing and decline phese cells. The
concentrztion of RNA tended to be the same or of higher
magnitude than that of logarithmically growing and decline
phase cells. These results imply that the cells had synthesised
DNA, RNA and protein during the time interval between trypsin-
isation and 24 hours after plating out. This phenomenon hes
been reported by others (Swaffield and Foley, 1960;

Ward and Plagemann 1973) and is comparable to bacterial
growth (Salzmann 1959). Reising externall:K¥] has been

shown to block BHK cells in the G1 phase of the cell cycle.

Concurrent with this was increased intracellular DNA, RNA

“and protein. (Orr et al 1972).

DNA
As indicated in Fig 25 , DNA per dish increased between

days 1 and 2 (by 11%). In the presence of cell division

between days 1 and 2, this resulted in a decrease of 18%

in DNA per cell (Fig 24 ). From days 2 to 3, total DNA

content per culture did not‘change and cell DNA content

continued to fall. During the lag period in growth, there

was a 13% fall in DNA per dish (p > 0.2). These results
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o Intracellular DNA, RNé*gggmproteln from 1 to 8 days after
plating, for I-cells plated at 2 X 106 cells per dish. Measure-
ments were obtained on washed cells, as described in Methods.

Each point represents the mean of 10 measurements; bars indicate
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" FIGURE 25
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Days
Total culture DNA, RNA and protein from 1 to 8 days after
plating, for I-cells plated at 2 x 10° cel1s rer dish. Estimates
were calculated on measurements of intracellular DNA, RNA and
protein of washed cells, obtained as described in Methods,
multiplied by the cell'populatioﬁ per dish. Fach point repreéents
the mean of 10 estimates; Dbars indicate I osEM.



are consistent with the findings of Lindsay (1969), who
reported that the trypsinisztion procedures or cooling of
L-cells during initiation of cultures prevented them
temporarily from entering S phase (although the delay
reported by Lindsay was only a matter of hours). The
rises of 10.5% and 2.7% respectively in DNA per dish over
the two 24 hour periods of the early growth phase were parallelled:
by rises in cell population of 34% and 26% respectively.
This implies that some cells were in G2 on day 1. These
cells progressed through mitosis to G1 during days 1 to 3,
but did not enter S phase until day 5.

Logarithmic growth was parallelled by an increasing
DNA content per culture. DNA decrezsed per dish as well
as per cell during the growth decline period, in agreement
with Lindsay (1969) who reported a decresse in DNA polymerase
activity from late logarithmic growth onwards in L-cells.

The DNA changes, per cell and per dish, qualitatively
parallel those of Newton and Wildy (1959). These investi-
gators reported that exposure of cultures of HelLa cells to
a temperature of 4% for 60 mins was followed, some time after
replacement of the cells at 37% by a synchronous increase
in cell number.

RNA

Between days 1 and 2, a slight (12%) increase in RNA
per dish occurred in the presence of cell division, resulting
in a slight (17%) fall in RNA per cell (Fig 24). Between
days 2 and 3, a rise occurred of 614 (t = 2.44; p<0.025)
per dish in RNA (Fig 25). Such a rise in RNA per culture,
together with a rise in cell numbers but no increase in

DNA per culture is consistent with cells progressing from
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G2 to G1, since rrotein and RNA syntiesis continues during

G,, I and G in the absence of DNA syntheis (Baserga 1965).

From days 3 to 4 (early lag) a 43% fall in RNA per dish in
the absence of an increese in cell population resulted in a
significant (t = 4.54; p<0.000%) fall in cellular RNA,
from 104.4‘pg/106 cells to 58.3}g/106 cells. During the
latter half of the lag phase, RNA per dish increased by

37% (t = 1.86; £ <0.05) in the absence of an increase in

DNA or protein. With the 7% increase in cell numbers between

days 4 and 5, this resulted in a 28 increase in intracellular

RNA, from 58.315.4‘pg/106 cells to 74.5110.2,ug/106 cells
(t = 1.47; p<£0.05). Thus RNA synthesis preceeded DNA
synthesis before commencement of logarithmic growth. This
occurrence has been found by many investigators; (Lieberman
et al 1963Db; see Baserga 1965) and is consistent with an
enzyme induction mechenism being involved in initiation of
the DNA synthesisswhich increases at logarithmic growth
(Weissman et al 1960).

During logarithmic growth, RNA continued to increase,
per culture as well as per cell. RNA fell per cel]l and per
dish during the growth decline phase, in agreement with
Ward and Plagemann (1973) who found a décreasing RNA
polymerase activity from late logarithmic growth onwards in
Novikoff rat hepatoma cultures.

Protein
Between days 1 and 2 protein per dish increased (by

13%; Fig 25). Since cell division occurred between days 1

and 2, this resulted in a decrease of 15% in protein per cell

(Fig 24 ). Between days 2 and 3, a rise occurred of 66% in
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rrotein ver culture, This event is consisternt with the
evidence (above) thet o —roportion et locst of‘the cells

were procsressing fron G2 to G1 during the early growth period.
Durings the lag period in growth, there was a2 31% fall in
protein per dish (t = 2.08% p<0.05). Protein alsoc fell

per cell, from 0.585%0,027 mg/106 cells on day 3, to
0.370%0.042 mg/106 cells on day 5: a fall of 37 (t = 2.57;
7 <£0.01).

After an initialbrise in rrotein per cell and per plate
during early logarithmic growth, the rate of increase in
protein per dish fell during the mid—laté‘logarithmic growth
phase (decreased slope of line; Fig 25) and pfotein rer cell
fell. This result might suggest that a drop in inﬁracellular
protein may be a primary event releted to timing of growth
decline.

The results gbove =zre consistent with the findings
of Lindsay (1969) in thet entry into S phase is delayed in
cells replzted from high populetion density cultures., Such
sn explanation is likely despite variations in the time
length of this delay (Lindsay 1969, personal communication)
and such an occurrsnce is especially the case when ccoling
proceduses are included (Wewton and Wildy 1959). As described
in the Methods section, cells obtained commercially were
shipred in refrigersted contsiners.

Bffects of Ethanol on DUA

Addition of ethanol resulted in a decreased DNA content
per plate with 24 hours of ifs addition (t = 2.19; p<0.05
and t = 3.75; p<0.0025 resrectively for 21mil and 42mh{
ethsnol trested cells; TFig 26). Since this effect occurred
in the absence of any chonge in cell porulation, DNA content

per cell was apprarently lower in ethanol trested cells

(t = 2.21; 1<0.025; Pabie &).
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FIGURE 26
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The effect of ethanol on culture DNA for cells plated at
2 x 106 cells per dish. Ethanol-containing growth medium was

added on day 3 and changed daily thereafter. Results are mean
of 10 experiments; typical SEM bars shown. .



TABLE X

Growth

Medium Zero Ethanol (Control)| 21mM Ethanol| 42mii Ethanol
Days'after . 6

Plating . DNA (ug/10° cells)

1 48.7%2.9 - -

2 40.1%5.6 - -

3 32.8%6.5 - -

4 30.7%2.5 19.7%4.1 13.6%1.7
5 26.0%2.4 20.5%4.6 19.6%2.2
6 28.8%1.4 20.3%1.9 20.4%3.2
7 37.4%4.2 20.2%2.3 17.4%2.1
8 14.6%2.0 18.5%3.5 27.0%4.3

Intracellular DNA during the growth cycle of cells

6 cells/dish. In experimental

plated at a density of 2 x 10
. dishes, ethanol containing medium was added on day 3. Growth
medium was changed daily from day 3 onwards in all dishes,

as described in Methods. Results are average of 10

%

experiments.




During the latter 24 hours of the lag phase, DNA per
dish rose slightly in ethanol-treszted cells (13% and 56% in
21ull and 42mk ethanol treated cells respectively). This
occurred in the presence of a 9% fall in DNA content per
dish in control cells. On day 4 (mid lag) intracellular DNA
content of 21mM and 42ml ethanol treated cells were 64%

(t = 2.21; p«0.025) and 44.3% (t = 3.70; p<0.0025) respect-
ively of control cells. By day 5 (late lag) cell numbers had
not changed significently, but DNA content of ethanol

treated cells was more than 75% of control cells.

As logarithmic growth commenced in control cells (days
5 to 6) there was a 79% rise in DNA per dish but rises of
only 36% and 21% respectively in 21mM and 42mM ethanol treated
cells. As described above, this was associated with delay in
the increase of cell division and raised intracellular cyclic
AIIP. Throughout the lag and logarithmic growth phases,
ethanol trezted cells had lower DNA, expressed either per
dish or per cell, than control cells.

Interpretation of the results after day 6 is difficult
as growth states of control and ethanol treated cells
markedly different.

Effects of Ethanol on RNA

On days 4 and 5, RNA content in ethanol treated cells
was not significantly different from control, either expressed
per dish (p>0.2; Fig 27 ) or per cell (p>0.2; Table XI ).
Although ethanol trezted cells tended to have lower RNA per
dish at the end of the lag period (day 5) ethanol agparently
had not prevented the rise in RNA which preceeded the rise in
DNA before logarithmic growth.

After 24 hours of logarithmic growth in control cells
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The effect of ethanol on culture RNA for cells plated'ét
2 x 106 cells per dish. Ethanol-containing growth medium
was added on day 3 and changed daily thereafter.:- Results are
mean of 10 experiments; +typical SEM bars shown. ‘



TABLE XTI

Growth . :
Medium Zero Ethanol (Control) | 21mM Ethanol 42mM Ethanol
Days.after 5 +

Plating RNA (pg/10° cells I SE)

1 98.0%15.5 - -

2 81.8%9.1 - -

3 104.4%12.1 - _

4 58.3%5.4 61.7%5.0 55.0£7.1
5 74.5%10.2 70.1%11.3 69.0%13.0
6 95.6%11.8 76.3%8.8 69.1%11.2
7 103.0%17.1 78.3%10.0 98.0%16.9
8 93.0%16.3 99.2%16.5 90.7£17.5

Intracellular RNA during the growth cycle of cells

6 cells/dish. In experimental

plated at a density of 2 x 10
dishes, ethanol containing medium was added on day 3. Results

are average of 10 experiments.




(day 6), inhibited cell division resulted in lo.er RNA per
dish in experimental dishes (t 2.50; p<0.025). The cell
content of RNA tended to be lower but did not resch signif-
icence (p>0.05). On days 6 and 7, when ethanol treated
cells viere growing logarithmically, RWA per dish increased by
110% and 155% respectively in 21ml and 42mll ethanol treated
cells. In control cells the increase over each 24 hour
period was 108% and 72% respectively, although the apparent
increased rate of cell division in experimental cells resulted
in the actuzl RNA content per cell tending to be lower than
control cells. This finding is consistent with the division
of experimental cells exhibiting a higher degree of synchrony
than control.

Effects af Ethanol on Protein

During the two-day lag period of the control cells
when protein was falling per dish as well as per cell, ethanol
treated cells tended to hsve more protein per dish (Fig28)
as well as per cell (Table XII). The rise in protein per
dish which occurred in control cells in the presence of
cell division between days 5 and 6 (early logarithmic growth)
was not as great in ethanol treated cells.

Protein per cell fell from day 6 onwards in control
and ethanol treated cells. A drop in intracellular protein
and rise in intracellular cyclic AMP were the only consistent
events of those investigated to occur in control and experi-
mental dishes between days 6 and 8. Furthermore cyclic AMF
rose; intracellular protein fell; cell division halted;
throughout the lag phase. The results suggest that changes
in intracellular cyclic AMFP and proteinMay be related to the

crowth state of the cells.
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TABLE XIT

Growth

Medium Zero Ethanol (Control)| 21md Etianol| 42mi Ethanol
Days After

Plating PROTEIN (mg/10° cells & SE)

1 0.525%0.105 - -

2 0.448%0.097 - -

3 0.585%0,072 - -

4 0.446%0.047 0.550%0.110 | 0.487%0.092
5 0.370%0.042 0.464%0.037 | 0.444%0.058
6 0.499%0.030 0.484%0.035 | 0.516%0.062
7 0.356%0.045 0.458%0.055 | 0.447%0.061
8 0.336%0.038 0.352%0.037 | 0.332%0.039

Intracellular protein during the growth cycle of cells
plated at a density of 2 x lO6 cells/dish. In experimental
dishes, ethanol containing medium was added on day 3. Results

are average of 10 experiments.




PART _II

ADDITION OF ETHANOL TO TOGARITHMICAILY GROWING CEILS

Cell Growth After Flating

Cells plated at a density of 3.5 x 106 cells per dish
began to grow logarithmically 48 hours from plating (Fig 29).
The early growth period, found in the experiments quoted
in Part I, was not present in this series of experiments.
Logarithmic growth commenced on day 2 at a2 mean cell density
of 3.41%0.19 (SEM) cells per dish x 107® 2nd continued till
day 5. The cells tended to divide more slowly than for the
previous series of experiments: population increases were
30%, 45% and 42% respectively for days 2 to 5. This result
parallels the finding of Macieira-Coelho (1967) that a
d ecreasing proportion of cells enter S phase as seeding
density rises. Purthermore the growth decline phase tended
to occur at a lower mean cell density (9.14i(3J5§cells per
dish x 10~%) than quoted in Part I.

The growth pattern in this series of experiments is
identical to that generally reported for mammalian cells
(Paul 1¢7C) and for bacterial growth (Mandelstam and
McQuillen 1573).

Effect of Ethanol on Cell Population

Ethanol was added =t a cell density of 4.4%0.1 (SEM)
X lO6 cells per dish. Within 1 day of its addition (day 4),
cell populations in dishes containing ethanol were significant-
1y lower than contrel (t = 2.27; p<0.025 and t = 3.04;
p < 0.005 resvectively for 21mil and 42mM ethanol treated

cells; TFig30). The increase in cell population between
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Log cell population (cells[dish x10®)

FIGURE 29
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Growth curve for L-cells plated at a cell density of

3.5 x 106 cells per dish. Points represent logarithm ofvthe
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FIGURE 30
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The effect of ethanol on cell population. Ethanol-containing
growth medium was added on day 3, at a cell population of 4.4%0.1
(SEM) cells per dish x 10—6, when the cells were growing logar—
ithmically. The medium was changed daily thereafter. Results are
mean of 6 experiments; bars indicate I SEM. o

- Cell populations in decline phase ethanol treated cells were
significantly lower (p < 0.025) than in decline phase control

cells,



days 3 and 4 was 45% in control diches but only 2C% and
12% respectively in dishes containing 21luvli and 42mM
ethanol. Ethanol when added to logarithmically growing
cells has either decreased their rate of cell division or
caused tlhem to re-enter a lag these. These results are
similar to those obtained in the first 24 hours of logar~-
ithmic growth in the previous series of experiments.

From days 4 to 5, population increases in dishes
containing 21mM and 42ml ethanol were 48% and 46% respectively.
During any 24 hour period in control cells, maximum popul-
ation incresse was never more than 45%. As found previously,
ethanol has tended to increase the growth rate of the cells,
or alternatively could have caused them to divide more
synchronously than control cells, during late logarithmic
growth.

Timing of growth decline was the same in control and
experimental dishes. Consequently, 21lmM and 42mM ethanol
treated cells ceased to grow logarithmically at cell densities

of 7.85%0.06 cells per dish x 107% and 7.22%0.10 cells per

dish x 10 resyectively. Growth decline in control cells

occurred at a cell density of 9.14%0.33 cells per dish x 1078,
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INTRACSIGULA CYCIIC AT THIOUGH.UT GRCH TH

Twenty-four hours after plating, intrscellular cyclic
AP concentration was 8.9411.11 pmol/mg protein (Fig 31),
which is close to the mean value obtained for early growth
and early lag phase cells in the previous series of experiments.
On day 2 (late lag) intracellular cyclic ANMP had risen to
10.02%1.21 pmol/mg protein, ie an increazse of 12%; much less
then the rise of 84% (to reach 18.05 pmol/mg protein) obtained
during the latter half of the lag phase in previous experiments.
Thus when these cells began to grow logarithmically they had
lower cyclic AMP than cells plated at the lower cell density
of previous experiments.

Cyclic AWMP decreazased during early to mid logarithmic
growth, reaching a minimum of 3.66%1.10 mg protein/106 cells
on day 4 at a cell density of 6.42%C.23 x 106 cells per dish.
This was lower than the concentration of 5.45%0.81 mg protein/

6

107 cells found during mid logarithmic growth in previous

6 cells/dish.

experiments at a cell density of 6.15 x 10
Cyclic AMP per mg protein rose from mid logarithmic growth

to decline (days 4 to 6) as occurred in previous experiments.

A fall in intracellular cyclic AMP occurred three days after
growth decline (days T to 8). This fall:in cell cyclic AMP
could account for the absence of an increase in cyclic AMP
levels at optimal cell density obtained by various inﬁestigators

(see review, Chlapowski et al 1975).

Effect of Ethanol on Intracellular Cyclic AMP Throughocut Growth

In this series of experiments, cells treated with 21mM
or 42ml ethanol had elevated intracellular cyclic AMP within

24 hours of ethanol addition (Fig 32). The ethanol
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FIGURE 22
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The effect of ethanol on. intracelluler cyCIic'AMP
for cells plated at 2.5 x 106 cells per dish. - Ethanol
containing growth medium was added on day 3 and changed
daily thereafter. One day after addition of ethanol—
containing growth medium (day 4) the re-entry to a lag
phase in ethanol trected cells (compare Fig 3Q) was
parallelled by increased intracellular cyclic AMP'iﬁ_l
experimental cells when compared to control. |

Results are mean of 4 experiments; typical SEM

bars shown.



treated cells had cyclic ALT levels on day 4 of 8.6520.51
and 8.22%1.14 pmol cyclic AMP/106 cells, ie concentrztions
similar to those in leste leg phese cells on dey 2. These
concentrctions were more than twice the ccncentration in
control cells. At the end of the logsrithmic growth period
(day 5), cyclic AMP concentretions in experimental cells
were the same as control. During the growth decline phsase
(days 5 to 8) ethanol treated cells tended to have lower
intracellular cyclic AMP than control (cf Part I).

Thus the decreased growth rate, or re-entry to a lag
phase, which occurred when ethanol wes added to logarithmically
growing cells was parallelled by increased intrscellulsr
cyclic AMP in these cells over control cells. This was
found z2lso during early to mid logarithmic growth in the

previous experiments.
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CililiGul 11T DA, RiA AND »ROTIIN DURING GRO.UTH

Tventy~four hours after plating, D4, RNA =2nd protein
content yper 106 cells were 36.2%5.1 (SEM) pgs 126.2%15.6 ng
2nd 0.4827-0.126 mg resrectively (Fig :3). For DNA and
RK¥2, theze concentrstions tended to be higher than those of
logarithmically growing cells. Intracellulzr protein measure-
ments for day 1 were scattered (stendard deviestion was 47%
of the mezn) but were within the range of values for cells
during logarithmic growth. These results imyly that the cells
were capsble of synthesising DNA, RNA and protein during the
time interval between trypsinisation and 24 hours =fter plating
out (ef Fart I). The previous series of experiments showed
an early growth period with little or no synthesis of DNA,
where cells in G2 progressed through mitosis to Gl' The
absence of rises in culture RNA znd protein during the lag
rhase in these experiments (Fig 24) implies that cell division
would hove been less sync! ronous tiran in Fart I.

Fluctuations between mean values of cell DNA, RNA and
protein from day to day were less than for previous exreriments
( compare Figs 33 and 24). TFurthermore absolute levels tended to
be higher, eg at logarithmic growth in présent experiments,
intracellular DNA, RNA end protein were 32,1¥3.1 pg; 108.7812.3
pg and 0.523%0.092 mg per 106 cells respectively, at a cell
density of 6.42%0.23 cells per dish x 10™° whereas in the
previous experiments (day 6), concentrations were 28.8i1.4,pg;
95.6311.8‘pg and 0.474%0.030 mg per 106 cells respectively at a
cell density of 6.15%0.22 cells per dish x 1070, Consequently,

cell DNA did not increase progressively during
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FIGURE 33
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Intracellular DNA, RNA and protein from 1 to 8 days'after
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logarith ic growth. This finding is in contrzst to that
found in previous experiments (Figz 24). In the experiments
outlined in Part I RNA per cell rose throughcut logarithmic
grovitl, in the present experiments RNA fell from mid to late
logarithmic growth. TFurthermore in present experiments, an
incresse in RNA did not preceed an increase in DNA before
commencement of logarithmic growth. Whereas the previous
experiments showed that RNA synthesis appeared largely indep-
endent of DNA synthesis during early growth and lag phases,
results of present experiments imply that RNA synthesis is
dependent on DNA synthesis during logerithmic growth.

Intracellular protein began to fzll on day 4 (late
logarithmic growth). On day 5, protein content began to
decline in plates despite continued increases in RNA and DNA
per dish. The results suggest that a decreasein protein may
determine the timing of growth decline.

Intracellular Cyclic AP in Relation to DEA, RNA and FProtein

In Part I, intracellular cyclic ANMP rose by 84% during
the 24 hours before commencement of logarithmic growth. As
~described above, cyclic AMP rose by only 12% in the current
experiments. Such a finding ma%@e related to the higher
cellular protein, RI'A and DNA in present experiments.
Alternsti.ely the "peak" of cellular cyclic AMF obteined in
previous experiments could have been obscured in present ones
by virtue of more asynchronous growth in the absence of an early
growth phase. In both series of experiments a drop in cell
cyclic AMP was concurrent with inéreased DNA, RNA and protein
per plate, and cell division, as logarithmic growth commenced.

Furthermore elevations in intracellular cyclic AMP and decreases
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in intracellular protein arpear to be involved in growth
decline.

Lffect of Ethanol on DNA

As before, addition of ethancl resulted in a decreased
DNA content per rlate within 24 hours of its addition
(Fig 35). DNA content per cell on day 4 was lower in
experimental cells (TzbleXIlI). Between days 4 and 5,
DNA content per dish rose by 60% and 74% respectively in
21mi and 42mM ethanol treated cells. Increasse in DNA
for control dishes over any 24 hour period wss never more
than 53%. This result is consistent with the growth rate
of ethanol treated cells being higher during logarithmic
growth than that of control cells. The result is also
consistent with the cells growing more synchronously.
Ethanol treated cells had lower intracellulsr DNA than control
cells for the same cell density (both series of experiments;
Fig 36).
Effects of Ethanol on RNA

Within 24 hours of ethanol addition (day 4) inhibited cell
division had resulted in lower RNA content per dish in
treated cells (Fig3 7). RNA content rer éell also tended
to be lower in experimental cells (Tableklv). (This effect
occurred at early logarithmic crowth in the previous,exﬁer-
iments). Ethanol potentiated the fall in RNA per cell which
occurred irom mid to late logarithmic growth. Consequently,
as cell numbers rose in experiment-1l and control cells, RNA
rer dish incrcased by 18% and 21% respectively in 21mM and 42mM
ethanol treated cells. Tercentage rise in control cells was
never less than 26% during logarithmic growth. This

effect 1s o;rosite to the relative
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TABLE £111

Growth

Medium Zero Ethanol (Control)v 21ml Ethanol 42mi Ethanol
Days'after 6 +

Plating DNA (pg/10° cells = SE)

1 36.2%5.1 - -

2 33.5%1.3 - -

3 30.523.7 - -

4 32.1%3.1 27.8%2.2 23.6%4.6
5 29.4%4.6 30.1%4.8 28.1%5.6
6 31.1%4.8 24.1%6.1 24,755, 7
7 14.6%2.0 18.7%4.5 20.6%5.1
8 22.5%1.6 21.9%4.6 26.4%14.6

Intracelluiar DNA during the growth cycle of cells

plated at a density of 3.5 x 106

cells/dish.

In experimental

dishes, ethanol containing medium was added on day 3.

- Growth medium was changed daily from day 3 onwards in all

dishes, as described in Methods.

4 experiments.

Results are average of
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TABLE X1V

Growth

Medium Zero Ethanol (Control)| 21mil Ethanol | 42mil Ethanol
Days'after 6 +

Plating RNA/pg(10° cells T SE)

1 126.2415.6 - -

2 94.2%13.8 - -

3 112.7%16.2 - -

4 108.7%12.3 101.3%14.6  [98.4%14.3
5 96.6¥15.2 - 80.638.7 81.3%15.1
6 107.7%15.1 80.6%9.1 89.4%12.0
7 95.0%12.1 77.6%7.6 81.9%15.0
8 104.0%15.3 82.0%15.6  [63.6%15.5

Intracellular RNA during the growth cycle of cells

plated at a density of 3.5 x 10

dishes, ethanol containing medium was added on day 3.

6

are average of 4 experiments.

cells/dish.

In experimental

Results




increases in RWA in control and experimental ceils from
mid to late logarithmic growth (days 6 to 7) in previous
experiments, where RNA per cell was rising.

Effects of Ethenol on Proteini

Frotein per dish in 21mil and 42mil ethanol treated cells
increased by T79% and 76% respectively between dayé 4 and 5 (Fig 3§
Percentezge rise in control cells was never more than 52% over
any 24 hour logarithmic growth period. Protein per cell
also rose between deys 4 end 5 in exgerimental dishes, to
reach the szme protein content as control cells on day b.

(Table XV).

On day 5, intracellular cyclic ANP values for control
and experimental dishes were not significantly different (Fig 32)
in the presence of similar protein (Table-Xv) intrzcellular
DA (Teble x1711)but lowered intrecellular ENA (TableerV)and
cell numbers. From day 5 onwsrds, protein per dish declined
in experimentzl dishes as well as in contrcl dishes. Intra-
cellular protein tended to be higher in decline phase cells
of etlhanol trezted cells compared to control. Cyclic AMP
tended to be lower. Intracelluliar prectein for pooied results
(control and experimental; both serics 'of experiments) showed
a negative log linearvrelationship with picomoles cyclic ANME
per milligram protein over the range 0.25 to 0.60 mg proteiﬁ

per 106 cells (r =-0.77; Fig 39).
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TLDLL XV

Growth

Medium Zero Ethanol (Control)| 21mi Ethanol| 42mM Ethanol
Days after .

Plating PROTEIN (mg/106 cells ¥ SE)

1 0.482%0.126 - -

2 0.437%0.168 - -

3 0.510%0.066 - -

4 0.523%0.0092 0.355%0.051 |0.362%0.048
5 0.436%0.047 0.429%0.044 |0.436%0.047
6 0.306%0.102 0.326%0.063 |0.32720.094
7 0.273%0.045 0.294%0.049 |0.238%0.036"
8 0.533%0.047 0.393%0.055 |0.561%0.092

Intracellular protein during the growth cycle of cells

plated at a density of 3.5 x 10

d ishes, ethanol containing medium was added on day 3.

6 cells

are average of 4 experiments.

/dish.

In experimental

Results
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SUMLIARY OF LTIECTS OF  ETHANOL

(i) ZIEthenol hzd no effect on cell numbers during the lag
rhuse, when the cells were not sctiv:sly dividing.
(ii) Cyclic MNP rose slarply during the latter 24 hours of
the lag phase. FEthanol addition blunted this rise in
cyclic ANMP.
(iii) ZEthanol significantly decreased intracellular DNA
content during lag and logarithmic growth phases. Ethanol
trezted cells had lower DNA than the szme cell density in E
control cells.
(iv) RNA rose in the absence of a rise in DNA during the :
latter half of the lag phase. Ethanol did not prevent, but tendedi
to decrease the rise in RNA. v
(v) ZEthznol kad no significaent effect on protein content of
cells when they were not actively dividing (lzg phase). How-
ever, protein per cell tended to be higher in ethanol treated
cells.
(vi) During early-mid logarithmic growth in control cells, W
ettzanol either »
(a) decreased growth rate, or
(v) potentiéted or initiated a lag phase.
Concurrent with inhibited cell division there occurred a decreased
intracellular DNA and an incrcased intracellular cyclic AMP. H
(vii) ZEthanol potentiated the fall in RNA per cell when
added to logarithmically growing cells. This was parallelled
by decrecsed introcellular DNA and protein and increased 7
introcellular cyclic AP

(viii) At the most rapid 24 hour growth period in ethanol-
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trezted cells, rate of increcse of cell popul:ition and

rrotein per dish was greater than over either 24 hour logarithmic
grovwth period in control cells., Cells tended to be poor in
content of RIA end DITA.

(ix) Ethanol did not affect the timing of growth decline. A
drop in intracellulsr protein and simultenecus rise in intra-
‘cellular cyclic AMF were the only consistent events of those
investigeted to occur in the decline phase in control and
experimental dishes. ZElevations in intracellular cyclic ALP

and decreases in intracellular protein appear to be involved

in decline phase and lag phase growth.



PART TIIT

TIily COURSE OF CHANGES IN CELL CYCIIC AMEF IN RESFONSE

TO_ ETHANOL

Short term experiments were carried out to determine
the time length of any changes in intracellular cyclic AMP
produced by ethanol. The experiment was carried out in serum
free medium: in several cell lines, the presence of serum
has been reported to loweg basal cyclic AMP levels (see
Introduction) and to reduce the magnitude of the cyclic AMF
responses to catecholamines and prostaglandins (Makman et al
1974). Cell densities used for experiment corresponded to
early growth, early lag and logarithiic growth phases of
the growth reriod.

TableXVI shows that ethanol addition resulted in an
increase in intracellular cyclic AKMP. In some cases, the
e ffect became evident within 1 minute. Howevér, the effect
was not aglwzsys consistent throughout the time intervals
measured; it did not vary in any consistent manner with
t ime or with concentration of ethanol. The elevations in
cell cyclic AMP produced are presumed to be a non-sﬁecific
response. Sherpard (i972b) has postulated that elevations
in cellular cyclic AP levels sre most likely a response to
extremely poor growth conditions. It has already been
mentioned (page 18 ) that depletion of serum factors in
cultured fibroblasts is reflected by a rise of intrgcellular
cyclic AMP. An additional resrponse became evident in these
experiments, that is, that at the 1 hour time interveal of
incubation, cellular cyclic AP in control cells tended to
be elevated. This lends more weight to the reports that

seruw stervation results in incressed intrescellunlar cyclic ALF.
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TABLE XVI

Serum-free Growth

Zero Ethanoll

Medium Added (Control) 21mi Ethanol] 42mM Ethanol
Time of

Cell Den- Incubat-

sity (cells{ ion 5 +

dish x 10-9) | (mins) pmol cyclic AMF/10° cells =SE

1.48 (early | 1 1.7830.35 8.82%0.32 1. 14{0 31
60 2.46%0.38 8.1370.30 8.83t0.91

2.82 (lag) 1 3.41{1.11 2.23{0.46 6. 76{0 26
5 2.68-1.62 3.961.84 4.0611 76
60 5.8171.1C 5.67=1.43 1.99%0.63

8.03 (logar-| 1 3.0370.46 2.91%0.59 2.48%0.11

ithmic 5 4.0820.15 4.,0221.09 5.07=1.26

growth)

Short-term effect of ethanol on intracellular cyclic AMP

during early growth, early lag and logarithmic phases of the

growth cycle.

Dishes had been equilibrated for 2 hrs in

serum-free medium at room temperature before initiation of

experimental conditions.

room temperature.

The experiment was carried out at

For each estimation n=3.



Cell cyclic ALl was not releted in any direct
manner to the growth rate of the cells over the day of

its measurement (Fig 40).
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FIGURE 40
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PRIVADNY  ASSULETIONS O THE  GROWTHY  STLT: OF  THE

CELLS

The purrccse of this section is to discuss some intracellular
rrocesses involved in the growth of LS29 cells in culture.
Several hypotheses will be advanced in an attempt to exrlain
the changes found on incubation with alcohol.

The originel aim of the work was to examine the sequence .
of events dccurring when resting (decline phase) L1929 cells
are induced to divide and to study the effects of ethanol on
growth control in the cell line. All cells used for.experiments
were subcultured from parent cultures which had been grown to
high population densities and were thus in the decline phase
of growth. Cells obtained commercizlly were transported in
refrigerated containers. Consequently, several major features
of cell culture populations which had previously been reported
in the literature could be assumed:

(i) High populatiorn density decline phase cultures are
arrested in the G1 phase of the cell cycle. Such porulations,
when subcultured into fresh medium, will have conferred
uron them a degree of synchrony as a result of dela&ed
entry into S phase (Lindsay 1S69).

(ii) Further cooling of cells to 4°C confers upon them a
degree of synchrony (depending on the time length of the
incubation at 4°C) by preventing entry into S phase (Newton

and Wildy 1959; Cameron and Padilla 1966).
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GROVIH OF T-CELLS FOLLOWING SUBCULTURE

Growth Rate as a_ Function of Plating Density

In the first series of experiments, cells were plated at

2 x 10°

cells per dish., This corresponds to a cell density of
2.6 x 10% cells/cm2 (using a radius of 5cm when calculating
the surface area of the dish). Confluency, which is the
completion of contact between opposed cell borders, has been
reported uéinf various cell lines as occurring at a cell
density of 4 t06 x 104 cells/cm2 (eg Schutz and Mpra 1968;
Pontén et al 1969; Bannai and Shepprard 1974). Thus the
plating density in the first series of experiments corresponds
to an incomplete monolsyer and cell-cell contact would not
have been complete. In the second series of experiments, the
cells were plated 2t a cell density of 3.5 x 106 cells per
dish (4.5 x lO4 cells/cmz), which would heave resulted in the
formation of an almost complete or complete monolayer and cell-
cell contact without cell division.

Skelisn and Friedman (1974) found that L-cells plated at
@ sparse cell density (1.4 to 3.6 x 103 cells/cm2) showed an
initial period of growth rate acceleration which was derendent
upon plating density. The initial growth rate (from 24 to
48 hours after plating) was proportional to the initial seeding
density. As their cultures aprroached confluency however,
the growth rate decelierated to a low but non-zero value; thus
a méximum growth raté was achieved‘at some point during this
pre-confluent growth period. They interprcted their findings
to mean that co-operative growth-facilitatinhz reactions occur
between cells, which reguire either intercellular contact or a

high degree of proximity. They proposed that such a mechanism
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of growth control allows & populstion density to be achieved
which affords a rezsonable survivel probability. Such co-
operative growth facilitetion has been noted by others (Puck
and Marcus 1955; Rein and Rubin 1968). By analogy with the
hypothesis of Skehan and Friedmen (1$74) the purpose of the
early growth period in my experiments was to allow the culture
a reasonable survival probability.

Timing of the Lag Phase as a Function of Plating Density

Cessation of growth upon confluency in cell lines subject
to density dependent inhibition of growth has been reported as
occurring st cell decnsities of: 5 x 104 cells/cm2 (313;
Todaro et al 1964; 1965); 4 x 104 cells/cm2 (mouse embryo
fibroblasts; Schutz and Mora 1968); 6 x 104 cells/cm2 (human
glia-like cells; Westermark 1971). The mechsnism of the
temporary decrease in rate of cell division occurring at the
lag phase in Part I of the results is likely to be analagous
to "contact" inhibition of cell growth at wnfluency in primary
cell lines.,

Further investigations by Skehan (1976) on the period of
growth rate acceleration mentioned above revealed that the amplitudé
of the maximum growth rate achieved during the pre-confluent
period decreased with increasing seeding density. The timing
of this peak in growth rate was independent of seeding density:
hence time taken to reach confluency fell as seeding density
increased. My results are in agreement with those of Skehan
(1976) since the time taken to remch the logarithmic phase of

growth fell as seeding density incressed (Fig 18).

Timing of the Growth Decline Phase

The growth decline phase following logarithmic growth

4
commenced at mean cell densities of 12.5 x 10 4 and 11.6 x 10
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cells/cm2 respectively in the two serics of experiments. These
cell densities still correspond to = monolayer presumably with
considerable overlap among the cells (Kru.e et al 196S). Growth
decline at these cell‘densities may have been due to the lack
of adequate substratum for attachment (Van Scott and Flaxman
1968; Dulbecco and Elkington 1973) or inadeguate nutrition
(Castor 1970; Hartin et al 1971). Alternatively, it may have
been due to the endogenous mechanism of growth control proposed
by Skehan (1976) which he stated as occurring also in multilayered
cultures. |

Growth did not stopr et these cell densities, since the
few cells which became detached &t medium changes were replaced
by new cells inserting into the monolayer (evident in Fig 30).

The Intervention of Ethanol in Cell Division

The decreased production of cells after ethanol treatment,
when logarithmic growth was taking place in control cells, could
have been czaused by:

(i) an extended cell cycle

(ii) an increase in the proportion of non-dividing cells

eg, cell death ¢

(iii) cell detachment.

Since ethanol showed no evidence of affecting cell adhesion when
compared to control plates, possibility (iii) would be unlikely.
The first two possibilities ultimately mean some alteration in
the control of cell division (Baserga 1965). Results from cell
counts alone give no indication of where and how ethanol inter-

vened in the cell cycle.

Ethanol extended the time length of the lag phase but did not
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affect the timing of the growth decline phase, . perhaps favouring
the hypothesis of Skehan (1976) that some.endogenous mechanism

determines the timing of the growth decline phase.
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THE  CYICIC AMP  ASSAY: MITHODOLCGICAL PROBLEIS

Reliability of the Assay

The religbility of any protein binding assay depends on
the degree of fulfillment of the four parameters: specificity,
accuracy, precision, and sensitivity (Rees Hidgeley et al
1969; Ekins 1970) throughout the range of concentrations for
which it is to be used. In the Methods section, I reported
on some of the practical problems encountered in establishing
a valid asszy for meacsurement of cyclic AMP in tissue culture
cells grown as a monolayer.

Tris/EDTA Buffer and Hydrochloric Acid Extraction

These methods of extraction of intracellulzar cyclic AMP
were found to give spurious results due to inadequately
rapid denaturation of the enzymes of cyclic AP metabolism.
This difficulty has been described by Otten et al (1972) who
advise against any rinsing of the cell sheet between the
removal of the medium and the addition of the extraction
agent.

Trichloroacetate and Perchlorzte Extraction

These reagents ,commonly used as deproteinising agents
for extracting cyclic ANP from biclogical ﬁedia, when incom-
pletely removed from cell extracts gave rise to non-specific
effects which were not uniform throughout the standard curve.
This observation invalidates the addition of phosphodiesterase
to samples by investigators (eg Otten et al 1972; Rudland et
al 1974b), the remaining assayable material being subtracted as
a quantitstive measure of non-specificity. The magnitude of

the correction made would have to depend on the concentration
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of nucleotide in the system. In addition, phosphodiesterase
was found to decrease the precision of the results by virtue
of the procedure uced in its addition and subsequent denatur-
ation, (Fig 12). Similarly, addition of an internal stzndard
(eg Brown et al 1971) is not a reliable indicetor of non-
specificity unless a complete standard curve is carried out
for each sample (Weller et al 1972). Thus although non-
specific interference in protein binding assays for cyclic
AMP is well documented (Albano et al 1974; Bronstrom and Xon
19743 Arner and Ostman 1975) standard methods of "correcting"
for such non-specific effects are not always valid. The
results imply that a significént cause ofAinaccurate cyclic AMP
determinations would tend to stem from interfering substances

resulting from the extraction procedures employed.

Religbility of the liethod Used

The method which was established involved extraction using
5% trichloracetic acid followed by ether washing and further
purification using ion-exchange chromatography. This procedure
yielded measurements with adequate specificity. Ottgn et al
(1972) reported interference from Dowex 50W x 8 resin, not
found in my laboratory, where carefully washed analytical
grade resin was used. The method is capable of determining
cyclic AMP concentrations with an accuracy of no less than 97.3%
and a minimum precision of within 17.5% for the experimental
range of standards &sed, ie 0.5 to 4 pmol per 50 yl sample.
Precision could be improved (approaching 11% q.oted by the
manufacturers) by the inclusion of a standard curve at the

beginning, middle and end of an assay.
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INTaaCulLULag  CYCLIC  Aiir

There were considerible veriations in cellular cyclic
AlY content durin: the various stageé of the growth period
from early gzrowth to decline (mezn values fluctusted from
a minimun of 3.66 pmol/mg protein at logarithmic growth
phase to¢ a maximum-of 20.21 pmol/mg protein at decline
phzse., An important aspect involved in quantitatively
comparin; cyclic AP results betweeﬁ investigations is a
simultaneous comparison of populztion densities., As far
as I can find there zre no reiorts which relate intracellular
cyclic AlP levels to cell densities over the entire period
of zrowth from pre to post confluency. Diversity of interests,
apcrozches, cell lines, technical details and terminology
have combined to complic:.te the study of cyclic AMP metabolism
in cultured cells (see review, Chlsipowski et al 1975).

Quantitustive Comparisons with Cther Investigators

Heidrick and Ryan (1971) reported no measurable
quantiscies of cyclic AMT in 1929 cells until development
of & st tionary population -t 19.2 x 10% cells/cm®. The
decline ph.se commenced in my experiments at mean cell
densities of 12.5 md 11.6 x 1¢7cells/on? respectively in
conirol cells for the two series of experiments. In terms
of cell density, theilr results are compar.ible tc mine only for
late logarithmic growth/decline cells. Although their éyclic
AMNP me.surements qualitatively Qarallel mine, their values
of 1C.7 to 13.% pmol per 106 cells on confluency are more than

twice those obtained in these experiments. The finding that

they obtained no measur .ble yuzantities of cyclic AlP during
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the two days previous tc their growth decline period, when
cellular cyclic AMP levels were lower, implies that their
assay method was compearstively insensitive. According to
the nature of the non-specific effects in the assay of
cyclic AMP in my investigations and those of others (Albano
et al 1974: Brostrom and Kon 1974; Arner and Ostman 1975),
high levels of cyclic AME would tend to indicate a lack of
assay specificity.

The results of langaniello and Veughan (1¢72), who
reported values of 10 to 16 pmol cyclic' AMP per mg protein
in 1829 cells, are within the range of values cobtained in
my experiments., Their cells were rplated at a two-fold lower
density than mine (0.9 x 10° cells per dish) using identical
dishes, and incubated 3 to 4 days before cyclic AMF measure-
ments were made. Assuming time taken to remch the logarithmic
growth period is related to density of plating (Fig 418 ) their
cells would possibly have been in the early growth period when
assayed. Their measurements are higher than those of 6 to 9
pmol cyclic ANMF per mg protein obtained in this thesis during
the early growth period. i

Otten et al (1971) quoted a Valué of 21 pmol cyclic AMP
per mg protein for 1929 cells in logarithmic growth. During
logarithmic growth in the two series of experiments quoted
above, intracellular cyclic AMP fluctuated from a minimqm of
3.7 to a maximum of 9.2 pmol/mg protein., Such fluctuations
in cell cyclic AMP during different stages of the logarithmic

growth phase do not support the hypothesis that growth rates

83



of cultured cells are inversely prorortional to intracellular
concentrations of cyclic AMP, based on zn arparently constant
level of intracelluler cyclic AMF mecsured "during logarithmic
growth" (Heidrick end Ryan 1671, Otten et =1, 1971, 1972;;ﬂ?giig
Inter-leboratory varistions in methodology and assay

validity have tended to mezke quantitative comparisons difficult.

Qualitctive Comparisons with Other Investigators

The elevated cyclic AP at the l=g period, 24 hours
before logarithmic growth commenced, is qﬁalitatively similer
to results found with confluent cultures of non-transformed
("contzct" inhibited) fibroblest lines (Froelich =nd Rachmeler,
1672; Anderson et al, 1973; Rudland et al, 1S747) and with
the report that cell cyclic AMP levels are highest at or near
the beginning of the S phase (Chlapowski et al, 1975). On
the other hand, the fact that cell cyclic ALT remzined constant
during the eesrly growth pecriod until 24 hours after the lag
period had begun, is consistent with the reports which say
that cyclic AMP does not rise on confluency in transformed
cell lines (Otten et al, 1971; Sheppard, 1972a; Burstin et
al, 1974). Such ambiguity of reported results amplifies the
necessity in future experiments to monitor in detail the point
in growth at which cell-cell contact is complete.and confluency
has occurred, eg by time-lapse cinematography (Castor, 1968).

However, qualitative comparisons with other investigators
tend to be more meaningful. It has been convincingly documented
(see Sheppard, 1972a, Ryan and Heidrick, 1974) that a rise
in cell cyclic AMP tends .to be associated with a decrease in

growth rate in cultured cells, as occurred during the lag and
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decline phases in my experiments.

Intracellular Cyclic AMP During Growth Inhibition by Ethanol

During the esrly logarithmic growth period in control
cells, the extended lzg ihase or decreased gzrowth rate of
the etranol trcsted cells was reflected by elevated intra-
celluler cyclic AT, Since at this point, control cultures
had more mitotic cells than experimental cultures and cyclic
"ALP is reported to be lowest during the S and M phases of the
cell cycle (Ryan and Heidrick 1974), this reéult is consistent
with deleyed entr; into S phase in ethanol treated cells.
Inhibition or suppression of growth in cultured cells resulting
from treatment with agonists whick increase intracellular
cyclic ANMP arrests cells in the G1 phase of the cell cycle
(Frank 1971; Rosengurt and Pardee 1972; Willingkam et al 1972;

Zimmermann and Raska 1972; Bombik and Burger 1973).
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DA, RiJA  ARD  PROTEIN

Lindsay (1969) reported that decline phase ("stationary")
populations of 1929 cells had a greatly reduced capacity to
synthesise DI'A in comparison to rapidly dividing cultures.

My results can be interpreted as confirming Lindsay's findings,
since intracellular DNA tended to fall during the growth
decline period. In my experiments, as reported elsewhere
(Swaffield and Foley 1960; Ward and Plagemann 1973), the cells
had apparently synthesised DINA, RNA and protein over the period
between trypsinisation and 24 hours after plating out.
Nevertheless, entry into S phase subsequent to day 1 was
suppressed until logarithmic growth commenced, when culture

DNA increased.

In the first series of experiments, population increases
of 34% and 26% respectively during the two day early growth
period, in the presence of DNA increases (per culture) of 11%
and 3% respectively, indicate that a minority of the population
were passing directly from G2 to G1° Since L-cells are poly-
ploid (Hsu and Klatt 1958), cells passing from G, to G, via
mitosis, without concomitant DNA synthesis is a féaSible event
and may have been a means of increasing the population density
to allow a reasonable survival probability (as discussed;
page 76). Gelfant (1962) reported a resting "G, population"
amounting to 16% of the cells in mouse epidermis. Such a
condition is found in the myocardial cells of man (Sandritter
and Scomazzoni 1964). The significant rises in RNA and protein
per culture which occurred in the absence of rises in DNA are
consistent with cells progressing from G2 to G1 but being

prevented from entering the S phase.
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The early growth period was not present in the second
series of exveriments, or in those of Lindsay (1969), where
cells were plated at 2 higher cell density. This means that
a larger proportion of the population were in G2 when logarithmic
growth commenced in the second series of experiments, implying
that growth would have been less synchronous. Similarly, |
this would disguise any occurrence of a rise in culture RNA
preceeding a rise in culture DNA, since cell division would have
occurred in a biphasic manner.

Further similarities may be seen with respect to the lag
prhases in the two series of experiments and "contact" inhibited
growth at confluency:

(i) decreased BNA synthesis (Schutz and Mora 19683;

Pontén et al 1969; Griffiths 1971);

(ii) decreased RNA and protein synthesis (Levine et al
1965; Griffiths 1971).

(iii) A loss of protein from the cell has been reported
(Kruse et al 1967)
as well as the elevated intracellular cyclic AMP. Contact
inhibited cells are arrested in the G1 phase of the éell cycle
(Nilausen and Green 1965). |

The above events also tended to occur when cells entered
the decline phase of growth. A drop in cell protein preceeded
the drop in cell DNA and RNA in the first series of experiments.
In the second series of experiments these events occurred
simultaneously. Since the magnitude of the terminal cell
density has been reported to be related to the serum content

of the medium (Castor 1971; Westermark 1971) the decline in
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cell protein msy be rsrt of the endogenous mechsnism which
determines the timing of growth decline as descfibed by
Skehan (1976).

Between tvwo and three days after commencement of the
growth decline period, a2 drop in cell numbers (Fig 29)
occurred simultaneously with a rise in cell DNA and RNA
(Fig 33). It is 1likely that this took place as lost cells
were rerlaced from the monolayer. The levels reached of
cell DNA and RNA were still low in comparison to lag phase
or logaritkmically growing cells.

Macromolecular Events When "Resting" Systems are Stimulated
to Divide

In various other systems where cells arrested in Gi are
stimulated to proliferate, eg

(a) 1liver regeneration after partial hepatectomy
(Brues et al 1944; Ultmann et al 1953; Giudice and Novelli
1963; Giudice et al 1964).

(b) kidney cortex cells freshly explanted from the
animal (Lieberman et al 1963a,b)

(¢) confluent, "contact" inhibited cells after the
addition of serum (Todaro et al 1965, 1967)

(d) rat hepatoma (Ward and Plagemann 1973) and mouse
L-cells (Weissman et al 1960; Iindsay 1969) subcultured from
decline phase populations, the authors above reported or
suggested that initiation of DNA synthesis was preceeded by
the synthesis of specific RNA and protein. On this basié,
the sequence of events in initiation of DNA synthesis could
be compared to enzyme induction in bacteria (Kepes 1963) and
higher animals (Fardee and Wilson 1963) or to the mechanism of

action of certain hormones (Hamilton 1964) =nd could be
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summarised as follows: An environumental stimulus, eg a

critical concentration of a nutrient or modification in

the physical state of a cellular molecule may allow the synthesis
of a template RNA, resulting in the engymes involved in the
replication of the DNA,

Thus elevated rates of RNA synthesis are required for
subsequent DNA synthesis during 12 to 22 hours after estab-
lishment of rabbit kidney cortex cells in culture. Low
levels of Actinomycin-D which abolish this rise in rate of
RNA synthesis while not preventing the normal rates of RNA
turnover have been shown to prevent the subsequent rise in
DNA. The induction of a new species of messenger RNA seems 1o

be the Actinomycin-D sensitive process (Pujioka et al 1963).
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THE INTERVEVTION OF ETHANOL I STILULATION OF CHLI DIVISION

Ethanol addition resulted in an alteration in the
control of cell division. A cell that hes synthesised DNA
is one which has made the decision to divide (Bascrga 1965).
An alteration in the control of cell division ( Swann 1957,
1958) then becomes some alteration in the initiation of DNA
synthesis. TFactors that may intervene in the temporal
regulation of DNA synthesis are as follows:

(i) +the regulation of the synthesis of RNA and proteins

(ii) the availability of DNA percursors

(iii) the physical state of the DNA molecule

(i) Possible Effects of Ethanol in Influencing the Synthesis
of RNA and Proteins

Ethanol treated cells tended to have lower DNA per culture
during the lag phase of growth in control cells, when cell
populations in control and experimental dishes were identical.
This DNA was used as the template for synthesis of RNA during
the latter half of the lag phase., ZEthanol treatment tended
to decrease, but did not prevent the rise in RNA which preceeded
the rise in DNA before commencement of logarithmic growth.

This perhaps suggests that ethanol did not interfere qualit-
atively with transcription. During the first 24 hours of
logarithmic growth in the first series of experiments, there was
some rise in culture protein at the suppression of cell division
in ethanol treated cells. Interpretation of results at this
point in growth is difficult due to differing growth states:of
control and experimentzl cells. However, DNA per culture in

ethanol treated cells was the same or lower than lag phase



control cells, wheress protein per culture was sisnificantly
higher 2% this point than in lsg phase control cells. This
implies that ethanol did not interfere with general protein
synthesis from RIA in G,. In the second series of experiments,
where the rise in RNA was more deyehdent upon de novo synthe-
sised DNA, addition of ethanol simultaneously suppressed

rises in culture DNA, RNA and protein during the first 24
hcurs after its addition. The results amplify the suggestion
that suppression of growth by ethanol was a result of delayed
entry into S phase in treated cells.

Furthermore, experimental cells, being poor in DNA, were
also poor in RNA. Protein synthesis was not so markedly
affected. However it is known that protein synthesis can
occur independently of DNA synthesis (Rueckert and Mueller
1960; Churchill and Studzinski 1S7C). However to completely
exclude ethanol interference with general KNA and protein
synthesis in G1 the experiments carried out would have to
take account of their rates: of synthesis per unit DNA in
the presence and absence of ethanol, eg 3H—uridine uptake
and 3H-—leucine uptake.

Small (but significant; Figs 19and 30) increases in
cell population in the absence of significant rises in
culture DNA (Figs 26 and 35 ) implies that during these periods,
cells in GZ were not prevented from dividing and enterihg

G Thus when ethanol treated cells divided, they did so with

1.
a greater degree of synchrony than control. An experiment could
be carried out to further justify this conclusion by estimating

cell population over consecutive time intervals which are



small in comparison to the length of the cell cycle.
Data from counts alone gives degree of synchrony (Engelberg
1961).

The Fossibility of an Induction HMechanism in Ethanol Treated Cell;

The inhibition of growth was a temporary effect: ethanol
treated cells eventually prolifersted. ZExamination of the
results indicates that ethanol did not appear to interfere
cualitatively with RNA and protein synthesis. However, the
evidence is consistent with induction of enzymes for replication
of DNA as an event occurring before logarithmic growth as has
been described for the model systems above. It is possible
therefore that during the extended or initiated lag rhase
in experimental cells they may have been occupied in the
induction of a specific mechanism to compensate for nufritional
and/or physical changes in the cell brought ab. ut by the
presence of the ethanol molecule. Thus, red blood cells of
alcoholics have been shown to increase the activity of the
sodium pump to compensate for increased intracellularENa+]
brousht about by alcohol (Lindsay 1974a). The increase is
thought to be a result of de novo synthesis of protein
(Lindsay 1974b). Other investigators have provided evidence
for the involvement of the nucleus in alterations in sodium
pump density in response to changes in intracellularlﬁa+]
(Boardman et al 1975). Raising extracellular [kt Jhas been
shown to interfere with amino acid transport into L1929 cells
(Kuchler 1967). The nucleus has been shown to be important

for the maintenance amd modification of amino acid transport
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in Hela cells (lume et 21 1¢75). Bacteria removed from a
glucose-containing medium and placed in a lactose-containing
medium enter a lag phese in growth during which they synthe-
sise enzymes for metabolism of the lactese. Subsequently,
logarifhmic growth can occur (lsndelstarn snd licQuillen 1973).
By analogy with the evidence above such a mechanism in

ethanol-treated cells would require transcription §f prev-—
iously "masked" genes to produce a new species of RNA with
subsecuent synthesis of an enzyme to counteract the metabolic
changes produced by the ethanol molecule. Logarithmic growth

would be delsyed until completion of this compensatory mechanism.

(ii) ©Possible Effects of Ethanol on Availability of DNA Precursorf
It is possible that etlanol may have prevented the increased |

culture DNA which occurred at logarithmic growth in control

cells by affecting the uptake into the cell of nucleotides

by a perturbation of the membranc structure. As discussed in

the Introduction (page 10 ) non-sypecific depolarisation of

the cell membrane by ethznol has been exhibited in many situa-

tions in vivo, even in those where depolarisation does not

normally occur. As stated above, raising extracellular [k+:]

has been shown to interfere with amino zcid transport into

1929 cells (Kuchler 1967). An experiment involving nucleotide

t ransport eg measurement of 3H—thymidine incorporation into

total cellular mesterial would be & means of further investigatin.

(iii) ©Possible Effects of Ethanol in Affecting the Physical
State of the DNA Molecule

Ethanol is known to be capable of entering the cell by

simple diffusicn across the cell membrane. Although I could

see no evidence of metabolic degradation of ethanol, it is

feasible that a small amount entering the cell could affect
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tne hysicel stote of the nucleus. Any perturbstion of the
membrane structire by ethanol conld feasibly affsct the

ohysieal shole of bhe M4 molzcule without ethanol having
o antaer

1e celi, Bthanol has been shown to producs ju-n-

titotive changes in membreane Lipids {(liceli and Fervell

0

nce

A

1973). With reference to the ability of ethanol fo. influe
ion ‘%ransport, raising extracellular LK+] has been shown to
inhibit DNA synthesis within minutes in baby hamster kidney

cells, an effect which preceeds any significant change in

interacellular [K+]- (0Orr et al 1972).
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CYCLIC AMP 1N HKWLATION TO DNA, RNA AND TROTEIN

According to the present hyrothesis in the literature
of the role of cyclic AP in cell growth, the peck in intra-
cellular cyclic ANFE which occurred 24 hours before logerithmic
growth commenced could be related to:

(i) Initistion of DN4 replicstion. A trecnsient increase
in cyclic AMF hss been observed to occur before DNA synthesis
in thymic lymphocytes stimulated to divide using various prost-
aglandins, which raise intracellular cyclic AMP (MacManus et
al, 1975). Perallel changes in cyclic AMF levels snd DNA
synthesis have been achieved in vivo by the infusion into
partially hepatectomised rets of an émpirically devised
hormone mixture containing triiodothyronine (T,) and glucagon
(MscManus et al, 1975). These zuthors reported a pesk in cell
cyclic AMFP 12 hours after partiel hepatectomy, which if prevented
resulted in suppression of the rise in DNA at 18 hours.

(ii) ZEvents resulting in the synthesis of a specific
messenger RNA, where elevated cyclic AMF and thé presence of
the lag rhase may be related to induction of specific enzymes
necessary for uptaske znd utilisation by the cell of specific
nutrients. By analogy with enzyme induction in bacteria, where
cyclic AMP is required for the transcription process itself
(Mandelstam and McQuillan, 1973) the nutrients would be
."inducers" and the cyclic AMF a "mediator" of the induction
mechanism. The evidence to suggest such an. occurrence in

mammalian cells is as follows:-
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(a) Addition of serum to cultured cells results in
decrezsed cell cyclic AMP. For certain cell types, the
promotion of protein synthesis and cell proliferstion by
serum factors is definately s function of serum conccntration
(Amos, 1667; Temin, 1967; Todaro et al, 1867). Elucidation
of the factors ("inducers") which exert regulatory éffects
on cells in vitrohas been attempted. Highly fractionated
and rartizlly characterised serum conponents hzve been
found in part to replace the stimulatory activity of serum for
cell proliferation (Todaro et al 1965; Holmes 1967; Puck et
al 1968).

(b) Insulin has also been found to exert considerable
such zctivity (Gey and Thalimer 1924; Schwartz and Amos 1968).
Insul n lowers intracellular cyclic AMF in vitro (Sheppard 1972a,
b; Bombik and Burger 1973; Scher et al 1974), whether it exerts
such an effect in vivo is controvers:ial (Pastan and Perlman 1971;
Wicks 1974). In vivo, insulin stimulates sugar (Levine et al 1949,
1950) and arino acid (Wool et al 1965) transport, and increases
protein synthesis, the latter being an effect believed to be
brousht about by the translation of synthesised RNWA (Wool et al
1968).

(¢) As stated in the Introduction, a prominent action
of cyclic AMF dependent protein kinases is their ability to
rhosphorylate histones (Langan 1969). The proposed role of
histones, the basic protein associrted with DNA, is to regulate
gene trenscription, and the rhosphorylation of histones has been
rrojosed to uncover gene sequences allowing them to be transcribed

(see Voeton ond Terlman 1¢71). In liver cyclic AMF is involved

i n the dindnction
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of various enzymes, including tryosiné transaminase, rhosph-
enol pyruvate carboxykinase and serine’dehydratese. (Wicks
et al 1969).

In accord with (a), (b) and (c) above, the rise in cyclic AMP
would result in transcription of RNA to be "translated" by
serum factors. A subsequent fall in cyclic AMP would sig-
nify completion of the induction mechanism.

The requirement for an enzyme induction mechanism may not
have been present until the lag phase, where, for example,
confluency of the cell sheet may have hindered diffusion of
nutrients across the cell membranes. The addition at con-
fluency of fresh medium containing at least 10%Vserum has been
reported to result in cell division in many cell lines which
normally show density dependent inhibition of growth (Kruse
et al 1969) and are presumably arrested in G, (Nilausen and
Green 1965).

(iii) The occurrance of low protein per cell in comparison
to the phases of more rapid growth (early and logarithmic).
Cyclic ANP reached a maximum during the two days after commence-
ment of the growth decline phase in the second series of exper-
iments (days 5 to 7 of Fig 31) when cell protein reached a
minimum. Elevations in intracellular cyclic AMP and decreases
in intracellular protein both appear to occur in lag phase and
decline phase growth. Cell cyclic ANP was related to cell
protein by a negative log linear relationsbip in my experiments
(Fig 39). 1In this respect, an elevation in cyclic AMP could
be a response to, as well as a possible mediator of, changes
in metabolism. The elevated cyclic AMP in cells whose growth
rate was low (lag and decline phase cells) may be a reflection

more of the availability of crucial nutrients to the cell rather



tlon their absence in the nedium (Sheprerd 1972

N

selfert

&Y

and Trul 14$72) since the medium was changed dailyvin my
experinents.

Since =denyl cyclsse is 2 membrazne bound enzyme (Sutherland
et 1 1962) it is fezsible, as suggested by Bannai end
Sherrerd (1974) thet changes in cyclic ALTF levels are a
reflection of an altered nutritionsl envircnment eg a
crucizl degree of cell-cell contact at the lag phase; a
crucizl degree of cell overlay at the decline thase. Bannai
and Sheypard (1974) reported cell contact in trsnsfoimed (3T6)

6 cells at a cell density of

cells 2% 0.376 mg rrotein/10
4.4 x 10% cells/cmz. In my model, 24 hours after logarithmic
grovth commenced, mean cell densities in control cells were

4.8 x 104 arnd 4.3 X 104 cells/cm2 resrectively, with mean
protein contents of 0.370 and C.437 mg/106 cells resgectively
in the two grours of experiments. The 7% increase in cell
numbers between days 4 and 5 in the first series of experiments,
parellelled by a 122% increasse in cell cyclic AlP, may have
been sufficient to bring the cells from a precontact to a
contzct stete. Since many cell membrane parameters change

as a function of normel cell contact (eg nutrient transport,
membrane enzyme activity; see Introduction) the decrease in
cyclic ANMP which occurred when the cells began to grow logar-
ithmicelly may not hsve been the primary event which allowed
the increases in cell protein, RNA =2nd DNA, and cell numbers
observed. However, since agents which increase intracellular
cyvclic Au¥ hove been shown to supyress growth, while agents
which decrease intracellular cyclic AMP have been shown to

stimulate growth (see Introduction) it seems likely that an

increase in cell cyclic AMP is a critical event which responds

to the availability to the cell oi crucial nutrients.
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In this resypect the decrease in cell cyclic AP produced
by insulin (above) could be interpreted ss = result of
increzsed glucose and amino 2cid transport, or vice versa.
Similar?y glucagon zcts purely at the cytoplasmic level,
increasing cyclic AMP and promoting glycogen breakdown (Fig 4 ).
This action could in turn incresse glucose transport. The
decrezsed cell cyclic AKP of actively dividing cells in
comparison to»cells of the slow growth periods (1ag and
decline) may be due for example to incressed motility,
aiding diffusion (Castor 1970, 1971). Since in many sit-
uations in vivo in which cells show a high mitotic activity,
they are moving in relation to each other (Carter 1968).

Cyclic AWP in Relatibn to the Nutritional State of the Cell

Any relationship of cyclic AP to the nutritional state
of the cell would not exciude it from mediating or potentially
medisting any subsequent change by the mechanisms prorosed by
(i) to (iii) above, or by some other mechanism. The above
evidence implies thst inhibition of growth can be avoided if
the cell 1is able to tazke ur an adequate supply of nutrients
in a crowded environment.

(i) Cyclic AMT in Ethanol Treated Cells in Relstion to Initiation
of DNA Synthesis

Increzsed intracellular cyclic AMP was concurrent with a
suppressed rise in DNA content per culture in ethanol treated
cells during the first 24 hours of logarithmic growth in control
cells. It is possible that the two events may be directly
related., However, the decrease in cell cyclic AMP may not have
been the primary event which resulted in DNA synthesis. My
results imply that ethanol prevented entry into S phase without

affecting the general rises in RNA and protein which preceeded
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it. In trasdoried celles whose growth in inkibited by

¢ibutyryl cyciic Au¥ or agonists which maintain hizh intra-
celluler cyclic AT, the suppression of DIA syntresis has

been reprorted to be parzllelled by an increase in RNA and
protein synthesis (Lim and iZitsunobu 1972; Van Wik et al

1972; Curtis et al 1973; FKorinek et al 1973; Kram et al 1973).
Since such cells are inhibited in G1, this could be the con-
sequence of continued synthesis of RNA and protein while

entry into S phase is prevented.

(ii) Cyclic AP in Ythanol Trested Cells in Relation to Synthesis
of a Specific llessenger RNA

Ethanol did not appesr to interfere with general transcriv-
tion which preceeded the first round of DNA replication. How-
ever, assuming an enzyme induction mechanism in control cells
during the lszg phase, with the resultant synthesis of a new
species of messenger RINA, ethanol may have prevented the syn-
thesis of this new RIA. Alternatively, ethanol may have
required the synthesis of a messenger RNA specific.to ethanol
treated cells to compensate for changes in metabolism produced
by ethanol (cf evidence for the induction of (Nat+ Kf)-stimulated
ATPase to compensate for increased intracellular [Ngf]produced
by ethanol in Hela cells; ITindsay 1974b). Assuming the
direct participation of cyclic AMP in the transcription
process, as prorosed by its abiiity to phospho&ylate histones,
the elevated cyclic AMF during the lag in ethanol treated cells
when control cells were growing logarithmicall;, may account
for such a mechanism. Adding low amounts of Achnomycin D
(cf TFujioka ct al 1963) would give an indication of experimental
cells inducing a new species of messenger RNA while control
cells were not. Hybridisation studies (Church and McCarthy
1967a,b) could be used to detect a species of messenger RNA

in ethanol treated cells, not prresent in control cells.
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(iii) Cyclic AP in Ithanol Trested Cells in Relation to Cell
Protein

In the first series of experiments, ethanol blunted the
rise in cyclic AP during the lag phase, when cell protein
tended to be higher in ethanol trested cells; during growth
decline in both series of experiments protein content tended to
be higher in experimental cells while cyclic AMP content
tended to be lower. In fect most fluctuations in cell cyclic
AP during grovth in ethanol treated cells in comparison to
control could be anticipated by the'lpg linear relationship
of intracellular cyclic AMP to intracellular protein (Fig 39).
Furthermore during the first 24 hours of the growth decline
period the fall in cell protéin,together with a rise in cell
cyclic AMP were the only consistent variations of the parametens
megsured fto occur in control and expe:imental dishes in the
two series of experiments. Together with the evidence indic-
ating a decreese in cell protein as the primary event. of those
measuréd. to occur before growth decline,this implies a relation-
ship between cell protein, cell cyclic AP and growth rate.

In the short term experiments carried ocut in serum-free
medium, serum depletion raised intracellular cyclic AIP in
control cells and ethanol addition apirarently achieved this
effect more rapidly. The elevation in cyclic AMP in these
experiments cannot be related to an induction meclhanism per se,
since there were no "inducers" present in the medium, and the
same effect occurred at various cell densities (corresponding
to early growth, lag and logarithmic growth). The response is
probably comparable to the stress response postulated by

Sheppard (1972b).
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Cyclic AP in Ethzsnol Trezted Cells in Reletion to the
Nutritional State of the Cell

Repliczction of DA was: delayed after ethanol treatment
in comparison to control; experimental cells were affected
at some point in the G1 pliase of the cell cycle. If
ethanol suppressed cell division by affectingz:

(i) the synthesis of specific RNA and proteins;

(ii) +the availability of DNA precursors; or

(iii) +the physical state of the DNA molecule,
then the elevated cyclic AMP which resulted in ethanol treated
cells could be related to an effect on the nutrition of the
cell.

Assuming a "response'" of cyclic AMP, as proposed by its
postulated role as a regulator of cell metabolism, and by
anglogy with |

(a) an increése in cell cyclic AMP being the signal
involved in nutritionel deficiency in mammalian cells
(Sheppard 19725) as well as in bacteria (Mandelstam and
lcQuillen 1973)3

(b) +the in vivo connection of cyclic AMP with- hormones
of energy metabolism and stress (Table 1),
the elevation in cyclic ANMP in experimental cells may have
been related to mediating a compensatory mechanism which
released the inhibition on growth. Whether the subsequent
growth of ethanol treated cells was a result of:

(i) release of inhibition on DNA synthesis;

(ii) an increase in synthesis of a specific messenger RNA4,

(iii) increased availability of general and/or specific
nutrients to the cell;
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(iv) a combination of (i) to (iii) above,
the evidence strongly suggests than an enzyme induction
mechanism was involved. This reasoning has the advantage
that it provides a unitary explanztion for events in control
and experimental cells and gives an analagous type of role
to cyclic AMP to that found in bacteria., Thus during the
lag phases in growth, the cells may have been occupied in a
specific induction mechanism to compensste for changes in
metabolism brought about by, eg cell-cell contact. The
extended lag phase in ethanol treated cells may have been
due to some kind of inhibition of this mechanism by ethanol.
However the finding that ethanol treated cells "recovered"
within 24 hours to grow at least as rapidly4as contfol cells
implies that experimental cells were themselves occupied in
an induction mechanism to compensate for changes in metabolism
brought about by the presence of the ethanol molecule. The
results suggest that elevated cyclic AMF may hsve been involved

in the mechanism.
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POSSIBLE RELATIONSEIEFS OF THE RESULTS TO

IN VIVO EFFECTS OF ALCOHOL

Ethanol interfered temporarily'with the growth of the cells,
without affecting their viability #nd appzrently without being
metabolised by the Ceils. In view of the known ability of
ethanol to penetrate cell membranes (Kalant 1971) it is likely
that some kind of membrane change occurred. Ethanol is pot-
entially capasble of reaching the cell membrane of any cell of the
body (Williams 1S75).

The results in this thesis imply that where an increased cell
cyclic ANMP occurred in experimental cells, it was related to an
effect on the nutrition of the cell., That the response was non-
specific is in general agreement with the changes found by the
authors in Tables II and I11, with the possible exceﬁtion of
the results of Gorman and Bitensky (1$70).

Regarding the postulated role of cyli¢c AMP as the '"second
messenger" in thé actions of the hormones illustrated in
Table I , any non-specific changes in cyclic ANMP ocqurring.in
the cells of the body could feasibly affect systems as diverse
as impulse induction, neurotransmitter and catecholamine release
and actions, water permeability. The evidence that activation
of adenyl cyclase in vivo often requires a certaein ionic
environment (Brodie et al 1966: Robison et al 1971) is of
additional significance 1f any change produced by ethanol
affected the ionic potential of the cell membrane. For
example, the interference of ethanol in the nutritional
stute of the cell could be extrapolated to the reports bf
decreased uptake of neurotransmitters into synartosomes
(Roach et al 1973) amino =cids into brain in vivo (Choy

et 21 1672; TFreud 1972), reduced intermediary metzbolism
in the brain (Veloso et al 1972) as a result of ethanol
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treatment, all of which may be simply reflections of decrezsed
neuronal activity as a result of cell mewbrane perturbation.
Tolerance

Desyite continued addition of ethanol-contsining growth
medium, experimental cells grew logarithmically approximately
one day later than control cells. A compensatory mechanism
occurring over this one-dsy period allowed ethanol tregted cells
to grow logarithmically. That this mechanism involved enzyme
induction is a feasible possibility, consistent with the
reports that physiological tolerance to zlcohol may involve
incressed synthesis of (Na' + K')-ATPase in brain (Israel et al
1970) possibly contributing to adrenergic supersensitivity
(French et al 1975); in liver, contributing to the "hypermetabolic
state" (Berstein et al 1974; Israel et al 1S75) and other
tissues (Lindsay 1974a,b). By analogy with similarities between
thyrotoxicosis and chronic ethanol treatment and with the evid-
ence that thyroid hormones increase adenyl cyclase synthesis
(Brodie et al 1966),the adrenergic supersensitivity produced by
ethanol may be a reczult of incressed adenyl cyclese activity
(Isrzel et al 1972; Kuriyama and Israel 1973).

The advantage of using a whole cell system, free from hormonal
perturbations whereby chenges in cyclic AMP were reflected by
chenges in growth rate,allowed monitoring of cyclic ALF changes
without inadvertently affecting the physical state of the adenyl
cyclase molecule. By analogy with bacteria (Mandelstam and
McQuillen 1973) cyclic AMP may have played a role in the compen—
satory mechanism whereby the experimental cells could grow. The
results do not dispute the possibility discussed in the Intro-

duction, that the same tyre of molecular action, involving the
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cell membrazne, may be included in all the effects of ethanol
on the body,

Possibilities for Further Investigstion

As vell as the suggestions cited in the text, possible modes
of further investigation could include the molecular mechenism of
ethanol interference. Thus radiosctively-labelled ethanol could
be usefully employed to investigate the degree of penetration of
ethanol into the cell membrane and any entry into the cell.
Further studies could be carried out to examine the growth and
cyclic AP changes in experimental cells in relation to ionic
perturbstions and hormonal responses. Comparisons with results
observed using primary cell systems (eg kidney cortex cells,
connective tissue) isoleted and subcultured from previously intox-
icated experimentsl animals would help in releting in vivo
phenomena.

A knowledge of the quantitative levels of cyclic AMF during
the various phases of the cell cycle would be of value in
invesl.igeting the direct site of action of ethanol in the cell
cycle; Experiments involving isolation, characterisétion and
comparison of the species of messenger RNA formed by control and
experimental cells would investigate the presence of an enzyme
induction mechsnism specific to ethanol treated cells. Similarly,
the possibility of de novo protein synthesis in experimental
cells as a result of an enzyme induction mechanism could be
regarded as a feasible hypothesis for further investigations.

The specificity of the cyclic AMP response in experimental cells
could be further investigated by monitoring adenyl cyclase and

phosphodiesterase activities in whole cell preparations.
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