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SUMMARY 

Various extracellular stimuli provoke the entry of normally 
quiescent rat thymic lymphocytes into the cell division cycle. This 
study has investigated the events which follow signal presentation and 
which culminate in cell cycle entry. The initial experiments examined 
mitotic activity in cultured thymocytes exposed to mitogenic and anti- 
mitogenic compounds. Like stimuli for secretion and contraction in 
other tissues, mitogens show an intimate dependency upon the extracellular 
cationic environment for their activity. Subsequent work therefore 
investigated the redistribution of various cations across the plasma 
membrane initiated by mitogenic signals. 

Thirty minutes after an elevation of the extracellular calcium 
concentration, which is believed to be a primary mitogenic signal 
in vivo, cultured thymocytes were committed to divide. Stimulation 
was only evident when free access of ionized calcium to the cytosol was 
unimpeded. A three-fold increase in extracellular calcium increased 
intracellular calcium approximately one hundred-fold and was associated 
with heightened potassium exit. An enhanced potassium efflux has been 
observed in a variety of tissues consequent upon an elevation in the 
free cytosolic calcium concentration. Via this indicator, several 
hormonal and non-hormonal mitogens were found to increase ionized 
calcium in the thymocyte cytosol although they failed to promote 
calcium influx. 

Those mitogens which required an extracellular supply of either 
calcium or magnesium ions, all raised intracellular calcium concentrations. 

In the case of those mitogens which interfered primarily with sodium 
metabolism, this was achieved by an inhibition of calcium extrusion. 

Thus a rise in cytosolic ionised calcium, which is known to couple 
extracellular signals to metabolic events such as secretion and contraction 
in various tissues, now appears to play a key role in stimulus-mitosis 

coupling. The increased free calcium concentrations created by enhanced 

entry, impaired exit or mobilization of intracellular stores provides 
the link between extracellular mitogenic signals and the intracellular 
cell cycle regulatory mechanisms. 

Key words: Stimulus-mitosis coupling; calcium; rat thymocyte.
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1.1. Introduction . 

A co-ordinated system of extracellular signalling regulates the 

growth and development of mammalian tissues in vivo. To achieve the 

necessary close control, the external environment must be able to 

rapidly interact with those cytosolic processes that regulate the 

progress of individual cells through the division cycle. In order 

to reach these key intracellular mechanisms any extracellular signal 

(the primary messenger) must first recognise the target cell, and 

of course, be recognised as an appropriate signal by the target cell. 

Initial recognition must not be exclusively at the outer membrane 

surface, although stereospecific receptors for many primary messengers 

are membrane-bound. The second event, following mutual recognition, 

must be transmission of the signal to the appropriate cellular 

mechanism. This may occur without alteration of the primary messenger 

where the first signal is in a suitable form. Alternatively, the 

first signal may be translated into a second (or third) messenger 

which is then able to interact with the necessary processes. At 

this stage an amplification step may occur to ensure a response to a 

weak extracellular signal. The ultimate step will involve the final 

messenger (be it primary, secondary etc.) interacting with the target 

molecules within the cytosol. The present study is intended to 

investigate such a signal-transfer phenomenon which will occur when 

quiescent rat thymic lymphocytes are recruited into the cell cycle by 

a mitogenic signal. 

An increased free calcium concentration is implicated in the 

activation of many cell types following the reception of an accept- 

able stimulus. Such a change in calcium is also indicated when 

thymocytes are recruited. Therefore the subsequent chapters review 

evidence suggesting a general role for calcium in cellular activation



and detail those processes whereby the external mitotic signal 

can be received and transmitted by the cell. Appropriately the 

cellular metabolism of calcium is discussed in the first Section 

before a consideration of the other major intracellular regulatory 

molecules, namely the cyclic nucleotides. The second Section 

reviews other examples where the external and internal environment 

interact to produce a controlled cell activation. As monovalent 

cations play a key role in transmitting extracellular messengers 

their cellular metabolism is discussed in the first part of Section 

2. The remaining parts of this Section review the processes of 

secretion and contraction, where a rise in cytoplasmic calcium is 

known to couple external signal with the cellular response. The 

third Section of the Introduction returns to the model of cell 

proliferation and first considers the basic unit of proliferation, 

the cell cycle. The regulation, both internal and external, of this 

cycle is then discussed in the remaining part. The fourth and final 

Section reviews the specific experimental model, the rat thymocyte, 

and details the known evidence indicating how proliferation is 

regulated in this cell type.



1.2 The intracellular metabolism of calcium. 

It seems probable that the ability to maintain an intracellular 

calcium concentration below that of the surrounding environment predates 

the eukaryotic state; indeed several prokaryotes ee reduced 

intracellular levels (Silvers,Toth & Schribner,1975). Such reductions 

of internal calcium would prevent precipitation of primitive phosphate 

energy sources (KretsSinger,1976), and facilitate regulation of magnesium 

sensitive enzymes by decreasing divalent cation competition (Williams, 1974). 

tb would also allow evolution of complex molecules such as tubulin and 

DNA, both of which are inactivated by calcium levels above 107M 

(Margulis,1975; Williams,1976). The role of calcium in triggering, 

signal effect coupling, cell motility and proliferation suggests that, 

in addition to these evolutionary benefits, the inward calcium gradient 

provides a rapid intracellular signalling system (Heilbrunn, 1956), Calcium 

is uniquely suited to this role as it forms rapidly reversible cross 

linkages with protein molecules (Williams,1976) and its high coordination 

number and irregular geometry make it a "flexible" molecule (Williams,1976). 

7 (DiPolo, Requenza, Basal intracellular calcium concentrations of 10 

Mullins, Brinley, Scarpa & Tiffert,1976) and target protein calcium 

affinities of 10 °M (Urry, Long, Ohnishi, Jacobs & Mitchell,1975) give a 

signal to target ratio of 1:10. Assuming that a hundredfold increase is 

necessary to avoid false message generation a calcium concentration change 

of less than ten micromolar would elevate intracellular levels to 10M, 

giving the desired signal to target ratio of 10:1 (Kretsinger,1976). 

Sophisticated mechanisms capable of creating elevations and subsequently 

restoring normal levels must therefore exist. 

Despite membrane discrimination restricting calcium entry the large 

chemical gradient causes passive influx of ions into the cell. In squid



axons this is sufficient to double total intra-axonal calcium within 24 

hours (Baker & Crawford,1972). Membrane potential directly bars calcium 

entry, consequently depolarization permits influx (Suarez-Kurtz & Reuben, 

1975). Thus membrane depolarizing agents (e.g. neurotransmitters) remove 

the barrier to calcium entry (Kometiani,1978). Depolarization itself may 

carry calcium ions into excitable cells, either by the fast sodium entry 

channel or by the slow calcium channel (Hodgkin & Huxley,1952 ;. Kohlhardt, 

Bauer, Krause & Fleckenstein,1972). Calcium may also enter cells by the 

direct ionophoretic action of certain molecules such as A23187 (Reed & 

Lardy,1972; Reed,1972). Pressman has defined an ionophore as a compound 

Paci ti taking the transport of an ion through a natural or artificial lipid 

membrane, from one aqueous phase to another (Pressman, Harris, Jagger & 

Johnson,1967). Figure 1:1 represents a general schema for cellular 

calcium homeostasis; passive, potential dependent and ionophoretic 

calcium entry is depicted as (a), (b) & (c) respectively. whens processes 

will either continually or spasmodically elevate intracellular calcium. 

To restore basal levels free intracellular calcium must be reduced. One 

mechanism is the sequestration of calcium into non-ionized pools (Baker & 

Crawford,1972; Hodgkin & Keynes,1957). Some of this buffering capacity 

resides in cytosolic components having a limited, high affinity capacity 

for calcium binding (Baker & Schlaepfer,1975; Baker, Hodgkin & Ridgeway, 

1971). This may be particularly important in the restoration of levels 

following action potentials. The majority of sequestered calcium resides 

in mitochondrial stores (Carafoli & Crompton,1976). These organelles are 

capable of concentrating calcium from the surrounding environment (Baker & 

Schlaepfer,1975), via an ATP - dependent process (Baker, Hodgkin & Ridgeway, 

1971). Cellular pH (Gear, Rossi, Reynafarje & Lehninger,1967), and the 

mitochondrial membrane potential (Rottenberg & Scarpa,1974; Mitchell, 1966)



all influence this process. Their almost unlimited capacity is due to 

precipitation of stored calcium as rapidly exchangeable phosphate salts 

(Brierley & Slautterbach, 1964). It is estimated that mitochondrial 

buffering alone may maintain internal calcium at micromolar concen- 

trations (Drahota, Carafoli, Rossi, Gamble & Lehninger, 1965). Indirect 

evidence suggests the sink capacity is reversible (Crawford, 1975; 

Fleckenstein, 1977), with release of calcium from mitochondria able to 

elevate intracellular calcium. One possible mechanism suggests that in 

isolated heart mitochondria extra-mitochondrial sodium provokes calcium 

release by reducing mitochondrial membrane potential (Carafoli, Tiozzo, 

Lugli, Cravetti & Kratzing, 1975). Half maximal release is stimulated 

by 8 mM sodium (Crompton, Kunzi & Carafoli, 1977; Carafoli & Crompton, 

1976). This effect may be restricted to excitable tissue as liver 

mitochondria do not respond to sodium ions. Cyclic AMP at 10° 

releases calcium from isolated renal mitochondria (Borle, 1974). 

This remains a contentious issue, other laboratories fail to reproduce 

the effect (Carafoli & Crompton, 1966) whilst Borle consistently 

observes the effect at even lower nucleotide levels (Borle & Uchikawa, 

L978)%, 

The endoplasmic and sarcoplasmic reticula fulfil a similar storage 

function, demonstrating energy-dependent calcium accumulation (Moore, 

Chen, Knapp & Landon, 1975; Moore & Pastan, 1977; Ford & Podolsky,1972). 

In the model of calcium homeostasis (Figure 1:1) mitochondrial,cytosolic 

and microsomal storage is shown as (d), (e) and (f) respectively. Al- 

though such storage may regulate calcium ion activity over short periods 

they are not infinitely expandable. The cell must therefore balance 

influx by extruding calcium against the electrochemical gradient. Two 

such processes exist. One links calcium exit to sodium influx as a coup- 

led exchange (Reuter & Seitz,1968;Blaustein,1974) ,the other is an uncoupled 

-5-



efflux directly utilising energy in the form of ATP (Lew,1978; Lew,1971). 

Coupled exchange, however, is not entirely energy~independent as ATP is 

required to maintain the sodium gradient (see section Se Abolition of 

this gradient, by removal of extracellular sodium or by increasing 

intracellular sodium, prevents calcium exit and consequently raises 

intracellular calcium levels (Fleckenstein,1977; Cooke & Robinson, 1971; 

Blaustein,1974; Judah & Ahmed,1964). The experimental demonstration of 

coupled exchange is complicated as only a small percentage of inward 

sodium movement is coupled to calcium exit (Blaustein & Russel,1975). 

Using cardiac membrane vesicles the exchange of tracer Na’ and cat* may 

be detected (Reeves & Sutkho,1979). In purified sarcolemma the exchange 

occurs with an electrogenic ratio of 3 Na* for each a (Pitts,1979). 

Vesicular pumping may be run in the reverse direction by manipulating the 

sodium gradient. 

In the red blood cell ATP dependent extrusion of calcium is the sole 

mechanism for the reduction of the intracellular calcium (Lew,1971). Squid 

axon possesses both coupled and uncoupled devices. Here removal of 

external sodium or depletion of ATP reduces calcium efflux (Baker & 

McNaughton,1978; DiPolo, 1978; Dipolo & Beague, 1979). The calcium 

sensitivity of the two systems suggests that at low intracellular calcium 

the ATP-dependent extrusion dominates, but at high internal calcium levels 

coupled exchange predominates (DiPolo & Beague,1979). Using vanadate as a 

selective inhibitor of ATP-ase activity the axonal and red cell uncoupled 

exchange may be prevented, (DiPolo & Beague,1979; Bond & Hudgins, 1978). This 

directly implicates the calcium-stimulated ATP-ase in the export of calcium 

ions. Whilst of undoubted significance in these two cases the contribution 

of calcium ATP-ases in other systems remains uncertain. Calcium extrusion 

may be shown to be partly ATP dependent in cultured cells (Lindsay,1976; 

te



Cittadini, Bossi, Rosi, Wolf & Terranova,1977). Although these 

investigators demonstrate calcium-stimulated hydrolysis of ATP in 

homogenates (often at non-physiological levels) others cannot detect 

calcium-stimulated activity (Chambault, Leroy-Pecker, Feldmann & Hanoune, 

1974). This may be due to the masking effect of large Mg-stimulated ATP- 

ase activity in plasma membrane fractions. In the calcium homeostatic 

model (Figure 1:1) coupled efflux and Ca-ATP-ase activity are denoted as 

(g) & (h) respectively. 

The contribution of plasma membrane calcium to intracellular pools may 

also be significant. Calcium reversibly associates with cell surface muco- 

polysaccharides and carboxylic acid or phosphatidyl serine residues (Langer 

Serena & Nudd,1974; McDonald, Bruns & Jarrett,1976). A variety of stimulants 

displace this membrane bound calcium pool (Tupper, DelRosso, Hazelton & 

Zorgniotti,1979; McDonald, Bruns & Jarrett,1976). This pool is shown in 

Figure 1:1 as (k). The preceding studies demonstrate the compartmentalisation 

of intracellular calcium and the processes by which it is regulated. It 

must be remembered that thymic lymphocytes, employed in this study clearly 

differ in both structure and function from many of the cells detailed above. 

It is important therefore to note that Figure 1:1 represents a generalised 

model, only parts of which may apply in the thymic lymphocyte.
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1.3 The intracellular metabolism of cyclic nucleotides 
  

In addition to mitogenically significant fluctuations in the 

intracellular calcium concentration it appears that alterations in cyclic 

nucleotide metabolism are also important in mitotic events. The next 

section therefore reviews the see ak governing their genesis, action 

and distribution. The major cyclic nucleotides, cyclic 3'5' AMP and 

cyclic 3'5' GMP, which enjoy almost universal cellular distribution are 

generated within the cytosol in response to hormonal stimulii. Specific 

enzymes catalyse their formation from ATP and: GTP respectively. Their 

action as secondary messengers is the result of an activation of spec- 

ific protein kinase molecules, which themselves catalyse specific protein 

phosphorylation. The cyclic nucleotide molecules are de-activated by 

the hydrolytic action of cyclic nucleotide phosphodiesterases, which 

convert them to inactive 5'-nucleotide monophosphates. The overall 

metabolism of cyclic nucleotides is summarised in figure 1:2. 

Fig. 1.2. Generalized reaction scheme of cyclic nucleotide metabolism 

5- NMP - Phospho- 
PDE r protein 

cyclic NMP Protein 

NTP 

er = Re =NuC-Cye 
H - Hormone; R - Receptor; Nuc. Cyc. - Specific hormone activated 

nucleotide cyclase; NTP - nucleotide triphosphate; cyclic NMP - cyclic 

3'5' nucleotide monophosphate; pK - cyclic nucleotide activated protein 

kinase; PDE - phosphodiesterase; 5'-NMP ; nucleotide 5' monophosphate
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Formation of intracelluar cyclic 3 5 AMP 

In response to hormonal occupation of stereospecific receptors 

the enzyme adenyl cyclase catalyses the formation of cyclic AMP (Rall 

& Sutherland,1962). With the exception of soluble enzyme in rat 

testis (Braun & Dodds,1975) the cyclase activity is membrane bound 

and faces the cell interior (Wolff & Jones,1971). As the enzyme is 

resistant to purification, information on its component parts must be 

inferred from chemically treated preparations. These studies reveal 

that functional cyclase consists of at least three components; receptor, 

catalytic & guanyl nucleotide binding units (Cuatrecasas,1974; 

Birnbaumer,1973; Rodbell,1978). Other features of this complex, such 

as divalent cation and fluoride binding, may be associated with either 

the complete holoenzyme or its constituent parts. 

Cell hybridization experiments reveal that hormone receptors, free 

to move in the plane of the outer lipid phase (Rodbell, Birnbaumer & 

Roh1,1970) exist separately from the catalytic units (Orly & Schramm, 

1976). Receptors for different hormones may interact with a single 

catalytic unit (Schramm,1979; Schramm, Orly, Eimerl & Korner,1977). 

Enzyme activity is modified by guanyl nucleotide binding sites, 

present on both receptor and catalytic components (Ross, Haga, Howlett, 

Schwarzmeier, Schleifer & Gilman,1979; Rodbell,1978). GDP binding maintains 

the basal catalytic activity whereas GTP activates the enzyme. 

Depletion of GTP from whole cell preparations or its removal from 

homogenates abolishes hormone responsiveness (Ross et al,1979). 

Micromolar levels of GTP partially activate catalytic activity in the 

absence of hormone (Londos, Lin, Welton, Lad & Rodbell,1977). Hormone 

binding promotes GTP displacement of GDP at the catalytic regulatory 

site thereby activating cyclase activity (Iyengar & Birnbaumer,1979). 

S16=



The inability of GTP alone to stimulate maximally is due to intrinsic 

GTP hydrolysis, converting bound GTP to GDP and thereby deactivating 

the enzyme. The non-hydrolysable analogue Gpp NHp fully and irreversibly 

activates cyclase (Londos, Lin, Welton, Lad & Rodbell,1977; Rodbell, Lin, 

Salomon, Harwood, Martin, Rendell & Berman,1975). Thus enzyme deactivation 

is directed by the GTP-ase activity. The promotion of GTP binding and 

its subsequent hydrolysis which occurs in intact cells (Rendell, Rodbell & 

Berman,1977) suggests that activation or deactivation may both be directed 

by hormone binding (Terasaki, Brooker, de Vellis, Inglish, Hsu & Moylan, 

1977). The following mechanism is suggested for GTP activation of catalytic a 

activity (Iyengar & Birnbaumer, 1979). 

Figure (1:3) 

GTP_ activation of catalytic activity 

H+R+ C+ GIP oe 

ne H-R@C 
inactive GIP ative 

  

Rs Co GDP stimulated GTP-ase. 

Hormone receptor interaction is also regulated by GTP (Lad, Welton 

& Rodbell,1977). Receptor occupancy promotes GTP binding which in turn 

diminishes receptor affinity for hormone, thereby deactivating the hormone- 

receptor complex (Rodbell, Krans, Pohl & Birnbaumer,1971; Welton, et al,1977). 

The existence of two guanyl nucleotide binding activities in the small 

fragments of the cyclase (Pfeuffer & Helmreich,1975) suggests that the 

regulatory sites are linked in some way to the major components. This 

does not indicate the nature of the physical coupling between occupied 

at te



receptors and functional catalytic units. One possible linkage may be 

provided by a soluble factor extractable from competent enzyme. This 

factor restores activity to a S49 lymphoma cell line possessing functional 

receptor and catalytic units but lacking hormonal responsiveness (Haga, 

Ross, Anderson, Gilman, 1977; Ross, et_al,1979). The coupling of hormone 

receptor and catalytic unit will also be influenced by the membrane lipid 

fluidity. It is therefore significant that the PB -adrenergic agonists 

activate phosphatidyl inositol turnover, thereby increasing fluidity and 

promoting sub-unit coupling by facilitating lateral movement of sub-units 

(Hirata, Strittmatter & Axelrod,1979). 

The intracellular calcium concentration also regulates adenyl cycalse 

activity. Calcium may either stimulate or inhibit the formation of cyclic 

AMP. Thus in homogenates of rat parotid and adrenal medulla 1mM calcium 

reduces cyclase activity (Rasmussen & Goodman,1975), whereas in the rat 

anterior pituitary apparent elevations of the intracellular calcium, 

induced by the ionophore A23187, promote cyclic AMP formation (Zonefrati, 

Tanini, Rotella & Toccafondi,1978). In brain tissue two populations of 

adenyl cyclase exist (Brostrom, Brostrom & Wolff,1977). Using the calcium 

binding protein Calmodulin (see section 1.4) as an affinity ligand these 

may be chromatographically resolved. The resultant activity comprises 80% 

Calmodulin insensitive and 20% sensitive enzyme (Westcott, LaPorte & Storm, 

1979). The insensitive enzyme is stimulated by magnesium over a range of 

0.5 to 10mM. and is inhibited by elevations of calcium ion (Birnbaumer, 

1973; Brostrom, et al,1977). In contrast the calmodulin sensitive enzyme 

is stimulated by micromolar levels of calcium and is inhibited by magnesium 

(Brostrom, Brostrom & Wolff,1977). Significantly this enzyme is also 

inhibited at high (millimolar) levels of calcium. At high magnesium to 

calcium ratios the insensitive enzyme will be active; the sensitive 
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enzyme is activated at high calcium to magnesium ratios. At higher 

calcium levels both enzymes are inactive. This ionic dualism may apply 

uniquely to brain; calmodulin sensitive cyclase systems exist in other 

tissues but their ionic dependencies have not been defined. 

Thus adenyl cyclase activity is clearly maintained by guanyl 

nucleotides and modified by the ambient divalent cation environment. 

Production of the second major cyclic nucleotide is not, however, as 

clearly defined. 

“ti
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Formation of intracellular cyclic 3 5 GMP 

Guanyl cyclase catalyses the production of cyclic a 5: GMP from 

metal complexed GTP in a manganese-dependent reaction, (Hardman & 

Sutherland,1969; White, Aurbach & Carlson,1969). The enzyme occurs in 

both particulate and soluble fractions from most cells (Kimura & Murad, 

1974). The ratio of soluble to particulate enzyme is a function of the 

cell type or its metabolic state (Sulakhe, Sulakhe, Leung, St. Louis & 

Hickie,1976; Kimura & Murad,1975; Gordius & Reutter,1975; Ichihara & 

Murad,1979). Particulate and soluble enzymes are not identical since 

the latter fails to react with antibody prepared against particulate 

enzymes (Garbers, Chrisman & Hardman,1978). Although a variety of agents 

elevate cyclic GMP levels in the intact cells these same compounds have 

no effect on guanyl cyclase activity in homogenates (Kimura & Murad,1974). 

This suggests hormone receptor interaction indirectly activates guanyl 

cyclase. It is evident that soluble and particulate enzymes are independently 

regulated. A variety of mechanisms may serve to couple receptor binding 

to the activation of both cyclase enzymes (Murad, Mittal, Arnold, Ichihara, 

Braughter & El-Zayat,1978). The inhibition of soluble activity by 

physiological levels of ATP suggests that the particulate activity is the 

major cellular enzyme (Kimura & Murad,1974). Figure 1:4 lists a range of 

treatments capable of elevating intracellular cyclic GMP levels, all these 

agents require the presence of extracellular calcium to exert this effect. 

Figure (1:4) 

Agents capable of elevating intracellular cyclic GMP 

Stimulant Reference 

Cholinergic agonists Schultz & Hardman,1975. 

Q&-Adrenergic agonists Schultz & Hardman,1974. 

Histamine Van Sande, Decoster & Dumont,1975. 

Potassium induced depolarisation Butcher, 1975. 

Calcium ionophore ,A23187 Ferrendelli, Rubin & Kinscherf,1976. 
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Increments in the extracellular calcium concentration itself may 

elevate cyclic GMP (Clyman, Blacksin, Sandler, Manganiello & Vaughan,1975). 

The agents listed in Figure 1:4 are all believed to induce cell activation 

by elevation of intracellular calcium and this may be the coupling 

mechanism between stimulant and cyclase, (Schultz, Hardman, Schultz, Baird 

& Sutherland,1973;, Schultz, Hardman, Hurwitz & Sutherland,1973). Soluble 

guanyl cyclase activity is also stimulated by elevated ionized calcium. 

concentrations in the presence of sub-saturating manganese concentrations. 

Calcium may replace manganese in the metal-GTP substrate complexes 

liberating free manganese ions which would then activate the enzyme (Garbers, 

Chrisman & Hardman,1978). However, the high concentrations of calcium 

required suggest it is not a normal regulatory mechanism. Particulate 

enzyme activity at this high calcium concentration appears to be inhibited 

(Wallace & Pastan,1976), although at physiologically significant 

micromolar levels this enzyme is stimulated in a variety of tissues (Wallace & 

Pastan,1976; Buhme, Graf & Schultz,1978; Bartalfi, Breakfield & Greenyard, 

1978). Powerful oxidising agents, which may generate either nitrous oxide 

or hydroxyl free radical, reversibly activate both forms of guanyl cyclase 

(Murad, Mittal, Arnold, Ichihara, Braughler & El-Zayat,1978). Free radical 

activation of guanyl cyclase reverses the stimulatory effect of calcium 

on the enzyme, which become magnesium sensitive (Bartalfie et al, 

1978; Murad, et al,1978). Physiological production of free radicals is a 

significant feature of fatty acid metabolism (Egan, Paxton & Kuehl,1976), 

and certainly fatty acids can elevate guanyl cyclase activity in homogenates 

(Garbers, et al,1978), or in intact cells (Wallace & Pastan,1976). Thus 

in addition to calcium ions free radicals may also serve as a second link 

in cyclase activation. To date no role of intracellular calcium in free 

radical generation has been described, although any effect of calcium upon 
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the redox potential of the cell may influence radical activity (Goldberg, 

Graff, Haddox, Stephenson, Glass & Moser,1978). Thus calcium and free 

radicals seem to be the most likely candidates for the physiological 

control of cyclase activity, but whether they act in concert or 

independently is still in question. 
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Intracellular actions of cyclic nucleotides 

Alterations in protein activity by the enzymatic transfer of terminal 

phosphates from ATP to specific amino acid residues is mediated by three 

protein kinase systems. One is cyclic nucleotide independent and may be 

activated by intracellular calcium, either directly or via the calmodulin 

activator (Joos & Anderer,1979; Nishizuka, Takai, Kishimoto, Hashimoto, 

Inoue, Yamamoto, Criss & Kuroda, 1978). The remaining two kinases are 

cyclic AMP or cyclic GMP dependent (Kuo & Greengard,1969). The cyclic 

AMP dependent kinase (A-Kinase) can be detected in cytosolic, nuclear and 

plasma membrane fractions (Uno, Ueda & Greengard,1976; Palmer, Castagna 

& Walsh,1974; Grant, Breithaupt & Cunningham,1979). It occurs in two 

isoenzyme forms, Peaks I & II signifying their elution positions (Reimann, 

Walsh & Krebs,1971; Corbin, Keely & Park,1975). Both isoenzyme forms 

contain two regulatory (R) and two catalytic (C) sub-units giving the 

general formula R (Brostrom, Reimann, Walsh & Krebs,1970; Gill & Garren, re 
1970). The two isoenzymes respond to physiological levels of adenyl 

cyclase stimulants (Lee, Radloff, Schweppe & Jungmann,1976; Corbin, Keely, 

Soderling & Park,1975). Regulatory sub-units contain cyclic AMP bindings 

sites whilst catalytic units contain both protein recognition and 

phosphorylation sites (Brostrom, Corbin, King & Krebs,1971; Armstrong, 

Kondo & Kaiser,1979). The holoenzyme possesses little catalytic activity 

but cyclic AMP binding to the regulatory sub-units reveals latent activity 

by dissociating the regulatory and catalytic sub-units (Brostrom, et al, 

LOTAY 

Figure: (17.5) 

General reaction for cyclic AMP activation of protein kinase activity 
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The free catalytic units are reported to translocate within the 

cell but this is disputed (Zick, Cesta & Shaltiel,1979). Although both 

isoenzyme catalytic sub-units are identical the two species of regulatory 

sub-units fail to cross react to specific antisera (Corbin, Keely & 

Park,1975; Rubin, Ehrlichman & Rosen,1972; Beavo, Bechtel & Krebs,1975). 

The intracellular levels of isoenzyme forms are therefore dependent upon 

the ratio of regulatory sub-units (Yamamura, Nishiyamoto & Shimomura,1973). 

The action of free catalytic fragments is minimised by the binding of an 

inhibitory protein to them. (Walsh, Ashby, Gonzales, Calkins, Fisher & 

Krebs,1971). Although catalytic units complexed to inhibitor protein are 

not detected in intact cells sufficient inhibitor protein is present to 

remove all basal activity (Ashby & Walsh,1972; Beavo, Bechtel & Krebs,1974). 

This ensures maximum sensitivity to small increments in cyclic AMP when 

adenyl cyclase is stimulated (Beavo, Bechtel & Krebs,1974). Cellular 

content of inhibitor protein is flexible, and in some cell types may 

regulate the level of kinase activity (Ashby & Walsh,1972; Costa,1978). 

Under basal, non-stimulated, conditions dissociation of the Peak I 

enzyme is reduced by the binding of MgATP to allosteric sites on the 

holoenzyme. This decreases the affinity of the receptor units for cyclic 

AMP (Bechtel & Beavo,1974; Haddox, Newton, Hartle & Goldberg,1972). In 

adipose tissue activation of the Peak I enzyme can be caused by levels 

of adrenaline which provoke increases in cyclic AMP undetectable by 

modern techniques, testifying to the enhanced sensitivity conferred by 

inhibitor protein and MgATP (Corbin, Keely, Soderling & Park,1975). 

Because the Peak II enzyme contains different regulatory sub-units the 

response to MgATP also differs. Thus binding of MgATP induces an 

autophosphorylation which in turn increases the affinity for cyclic AMP 

(Rosen & Ehrlichman,1975; Ehrlichman, Rosenfield & Rosen,1974; Maeno, Reyes, 
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Ueda, Rudolph & Greengard, 1974). Two different cyclic AMP affinities 

are observed in normal Peak II enzyme, depending on whether MgATP is 

bound (Knight, 1975). These responses of Peak I and Peak II to MgATP 

create differential sensitivity to elevations in cyclic AMP. 

Both isoenzymes are activated at a time which coincides with the 

initiation of DNA and histone synthesis during the cell cycle ina 

variety of tissues (Johnson & Hadden, 1975; Cross & Ord, 1971; Ord & 

Stocken, 1969; Russell,1978). In synchronised cells the relative levels 

of Peaks I and II vary throughout the cycle suggesting they activate 

different processes (Costa, 1978; Russell,1978). Protein phosphorylation 

also plays an important role in the regulation of cellular cation content. 

Kinase sensitive intrinsic membrane proteins regulate cation permeability 

in rat sarcolemma and endoplasmic reticulum (Tada, Ohmori, Yamada, & Abe, 

1979; Ferguson & Twite, 1974; Tada, Kirchberger & Katz, 1975), and the 

monovalent ion transport system of avian erythrocytes (Gardner, Klaeve- 

mann, Bilezikian & Aurbach, 1974; Gardner, Mensch, Kiino & Aurbach, 1975). 

The significance of this action in cell activation is discussed in 

Section 2. 

The second cyclic nucleotide dependent protein kinase, cyclic GMP 

(or G-Kinase), is also widely distributed (Kuo & Greengard, 1970;Donnelly, 

Kuo, Miyamoto & Greengard, 1973; Kuo & Kuo, 1977). G-Kinase resembles 

A-Kinase in that it contains two regulatory and catalytic sub-units,how- 

ever,cyclic GMP binding does not induce dissociation of the holoenzyme 

(Gill, Walton, & Sperry, 1977). G-Kinase activity appears to depend upon 

the additional presence of a modulator protein in most tissues (Kuo, 

Kuo, Shoji, Davis, Seery & Donnelly, 1976). In bovine brain the enzyme 

appears independent of modulator but the purity of the preparation is in 

doubt (Takai, Nishiyama, Yamamura & Nishizuka, 1975). The concentration 

of modulator is increased in alloxan diabetic rats (Kuo,1975) 

which may serve to increase the ..... 
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sensitivity of the kinase to cyclic GMP. The extent of protein 

phosphorylation induced by the kinase enzymes will be limited by dephosphor- 

ylation mechanisms and by reductions in cyclic nucleotide concentrations. 

This may occur either by cyclic nucleotide extrusion or by catabolic 

processes within the cell. 

Cyclic nucleotide extrusion makes a significant contribution to the 

intracellular homeostasis of these modecules in lower phyla (Makman & 

Sutherland,1965; Konijn,1972). Mammalian cells also extrude substantial 

quantities of cyclic AMP and GMP (Davoren & Sutherland,1963; Franklin & 

Foster,1973; Broadus, Hardman. Kaminsky, Bull Sutherland & Liddle,1971). 

Their extrusion may be maintained against a concentration gradient, and 

for cyclic AMP at least, a specific carrier is indicated (Clark, Su, Ortmann 

Cubeddu, Johnson & Perkins,1975; De Vellis, Inglish & Brooker,1974) . 

Extrusion is directly proportional to the intracellular content, consequently 

adenyl cyclase stimulants promote extrusion in a variety of tissues 

(Hardman, Davis, & Sutherland,1969; Kowal & Harano,1974). Thus the increase 

in cyclic AMP formation which follows PGE, stimulation of W138 fibroblasts 

is accompanied by increased cyclic nucleotide extrusion. Long after the 

restoration of basal cyclic AMP levels the enhanced extrusion of cyclic 

AMP continues (Kelly & Butcher,1974). Thus extrusion, along with 

refractoriness, receptor density regulation, and catabolism helps to 

regulate the size and duration of the second messenger response. 

The only known catabolic pathway for cyclic nucleotides is irreversible 

hydrolysis to their respective i nucleotide monophosphates by selective 

phosphodiesterase enzymes (Butcher & Sutherland, 1962; Russell, Thompson, 

Schneider & Appleman,1972; Thompson, Little & Williams,1973). In most 

Mammalian tissues hydrolytic activity is the result of multiple particulate 

and soluble enzyme forms. Each isoenzyme possesses unique physical and 
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chemical properties. Several isoenzyme forms have been isolated, however, 

some undoubtedly arise as preparative artifacts (Sheppard & Tsien,1975; 

Goren & Rosen,1972). It is suggested that interconversions of a single 

enzyme species could account for the various physico-chemical characteristics 

(Pichard & Cheung,1976). However, three consistently isolated partly - 

purified enzymes retain different kinetic behaviours and substrate 

affinities (Wells & Hardman,1977). Their in vitro properties are 

discussed below, but it is important to note that these do not necessarily 

indicate their in vivo function. 

In the particulate fraction of cellular homogenates cyclic AMP 

hydrolysis is predominantly caused by a high affinity (low Km) enzyme. 

Although cyclic GMP at high concentrations can serve as substrate the 

enzyme is specific for cyclic AMP at normal nucleotide levels (Thompson 

& Appleman,1971; Russel, Terasaki & Appleman,1973). In the majority of 

mammalian tissues neither cyclic GMP nor calcium regulate this enzyme. 

However, enzyme from rat kidney is activated by both agents (Van Inwegen 

& Pledger,1976:, Van Inwegen, Swafford, Strado & Thompson,1977). The 

proximity of this high affinity cyclic AMP phosphodiesterase to adenyl 

cyclase suggests it may be the primary regulator of cyclic AMP concentration 

Indeed in many circumstances where hormones increase adenyl cyclase 

activity the high affinity phosphodiesterase activity also increases 

(Thompson & Strada,1978). Some agents which have no association with 

adenyl cyclase may also stimulate this low Km enzyme suggesting that 

elevation of cyclic AMP is not the sole stimulus for phosphodiesterase 

activity, (Fain, 1975).°In fat cells both lipolytic and antilipolytic 

agents increase phosphodiesterase activity but only the lipolytic 

stimulants elevate cyclic AMP (Allan & Sneyd,1975; Pawlson, Lowell-Smith, 

Manganiello & Vaughan,1974; Loten & Sneyd,1970; Desai, Marian & Appleman, 
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1976). In some instances where cyclic AMP is not involved in phosphodie- 

sterase activation new protein synthesis is a necessary prelude to 

activation (Thompson & Strada,1978). However, examples also exist of 

steroid hormone inhibition of phosphodiesterase which also involves new 

protein formation (Gardner, Thompson & Stancel,1976). Thus the 

particulate form of phosphodiesterase not only appears to restore elevated 

cyclic AMP levels to normal but may also reduce basal levels. 

The hydrolytic activity in the soluble fraction is the product of 

two isoenzymes. One form has a low affinity for both nucleotides (Beavo, 

Hardman & Sutherland,1971). Nevertheless in crude homogenates it may 

hydrolyse Significant quantities of both nucleotides and thus limit 

elevations in their concentrations. Physiological levels of cyclic GMP 

may direct this enzyme towards cyclic AMP hydrolysis (Beavo, Hardman & 

Sutherland,1971;,Terasaki & Appleman,1975). It is possible that the 

elevation of intracellular cyclic GMP could further increase the cyclic 

GMP / cyclic AMP ratio by this effect. The second soluble isoenzyme is 

activated by micromolar concentrations of intracellular calcium in the 

presence of the calcium binding activator calmodulin (Cheung,1970; 

Kakiuchi, Yamazaki & Nakajima,1970; Teo, Wang & Wang,1973; Teo & Wang, 

1973). In whole cells this effect may be mimicked by large extracellular 

calcium concentrations; the stimulation is proportional to the 

extracellular calcium content (Namm, Mayer & Maltbie,1968; Harary, Renaud, 

Sato & Wallace,1976). In guinea pig brain cyclic AMP hydrolysis is 

inhibited by the EGTA chelation of calcium concentrations (Schultz,1975). 

These abnormal treatments of intact cells suggest that intracellular 

calcium is a primary regulator of cyclic AMP hydrolysis. However, partly 

purified soluble enzyme preparations indicate that cyclic GMP may be the 

preferred substrate. Although the enzyme possesses a higher Vmax for 

229%



cyclic AMP (Goren & Rosen,1972; Ho, Wirch, Stevens & Wang,1977; Brostrom 

& Wolff,1976; Morrill, Thompson & Stellwagen,1979), the reported affinity 

for cyclic GMP is approximately ten times greater (Uzunov, Gnegy, Revuelta 

& Costa,1976; Ho, Wirch, Stevens & Wang,1977). Indeed intracellular 

cyclic GMP concentrations seem to be inversely correlated with the 

activity of the soluble diesterase enzyme (Weiss & Geenberg,1975). This 

suggests that under physiological conditions cyclic GMP is the preferred 

substrate. The similar cytosolic distribution of both guanyl cyclase 

and the phosphodiesterase would tend to confirm this. Whatever the 

physiological consequences of the regulatory mechanisms proposed above 

the role of calcium in activating some cyclase and phosphodiestemse 

activities suggests the ion may play a significant role in ensuring that 

hormonally induced elevations in cyclic nucleotides are self regulating. 

Since these actions of calcium are in part mediated by the calcium binding 

protein calmodulin its actions are discussed below.



1.4. The calcium-dependent regulatory protein, Calmodulin 

The activity of a variety of intracellular enzymes is modified 

by changes in cytosolic calcium. The recent discovery of a widely 

distributed calcium-binding protein, Calmodulin, able to interact 

with many calcium-sensitive proteins has shown how it is possible 

for calcium to influence so many diverse enzyme activities (Figure 

1.6; Means & Dedman, 1980). Calmodulin has an affinity for calcium 

approaching the physiological free calcium concentration of cytosol 

(Dedman, Potter, Jackson, Johnson & Means, 1977). Thus more 

properly it may be considered as a cytosolic "calcium receptor". 

Bigs. 6. 

Adenyl cyclase 

Soluble cyclic nucleotide 

phosphodiesterase 

Skeletal muscle actomyosin 

ATPase 

Myosin light kinase 

Phosphorylase kinase 

Synaptic membrane phosphor- 

ylation 

Microtubule assembly 

Erythrocyte membrane Ca/mMg 
activated ATPase 

Pre-synaptic nerve terminal 

phosphorylation 

Glycogen synthetase 

phosphorylation 

Calmodulin and calcium-sensitive cell processes 

Brostrom, Huang, Breckenridge & Wolff,1975 

Brostrom et al., 1975; Cheung, 1970 

Amphlett, Vanaman & Perry, 1976 

Teshima & Kakiuchi, 1974 

Andersen, Osborn & Weber, 1978 

Grab, Berzins, Cohen & Siekevitz, 1979 

Welsch, Dedman, Brinkley & Means, 1978 

Gopinath & Vincenzi, 1977 

Grab et al., 1979 

Srivastava, Waisman, Brostrom & Soderling, 

1979 

Physico-chemical analysis of highly purified Calmodulin has revealed 

three equivalent and one non-equivalent binding sites for calcium or 

magnesium (Vanaman & Watterson, 1976; Yerna, Hartshorne & Goldman, 

1979). The different divalent cation affinities of these two classes 

of binding sites ensures that all four sites are occupied by magnesium 

at basal intracellular calcium and magnesium levels. In such a Mg 3Mg, 
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configuration the protein is inactive. A micromolar elevation 

in the ambient calcium concentration will substitute calcium for 

magnesium at one or more of the three lower affinity sites 

(Brostrom, Brostrom, Breckenridge & Wolff, 1979). Such calcium/ 

magnesium-bound Calmodulin configurations are active and will 

interact with the Calmodulin-binding portion of sensitive enzymes. 

This interaction will serve to activate the enzyme in a calcium 

and calmodulin dependent manner. A further increase in calcium 

within the cell will result ina Ca,Ca, configuration which is 

inactive. Thus Calmodulin serves as a protein activator only in 

response to physiological elevations in calcium (Wang & Desai, 

1976). Thus it is apparent that the calcium/calmodulin complex 

will be able to modify intracellular processes directly (or 

indirectly via cyclic nucleotide changes). This will ensure the 

co-ordinated transfer of extracellular information to a variety 

of extracellular processes. 

Although calcium metabolism has been considered in isolation 

other cations are important for the maintenance, and indeed mani- 

pulation, of the cytosolic calcium content. Perturbation of any 

single species will induce complementary changes in the other 

members of an inter-linked ionic network. Thus changes in cyto- 

solic calcium will be induced by, or accompanied by, altered 

transmembrane distributions of monovalent cations. Indeed, ina 

variety of tissues, stimulation of differentiated cellular 

function due to a rise in cytosolic calcium is associated with 

such changes in monovalent ion balance. In muscular contraction 

and cellular secretion it is evident that calcium furnishes the 
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link between stimulus and activation. The present study is 

intended tc establish potential similarities between these 

stimulus-activation events and the mitotic recruitment. To 

enable such a comparison, the next section first reviews intra- 

cellular monovalent cation metabolism and then considers 

stimulus-secretion and excitation-contraction coupled events. 
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2.1. Intracellular homeostasis of monovalent cations 

The sodium potassium ion activated ATPase 

The high potassium, low sodium, interior of mammalian cells is 

partitioned from the low potassium, high sodium, external environment 

by the semi-permeable plasma membrane. This unequal distribution, 

maintained by the expenditure of metabolic energy, is essential for 

sustaining the transmembrane potential, for the functioning of 

potassium-dependent cytosolic processes and for the maintenance of 

a low concentration of free calcium ions in the cytosol (Suelter, 1970 

and see Section 1). Because the existing transmembrane monovalent 

cationic gradients produce passive ionic traffic, considerable active 

transport in the reverse direction is essential to maintain the 

necessary internal environment. The mechanism of the active transport 

is the sodium and potassium ion-activated ATPase (EC 3.6.1.3) (Na/K 

ATPase) present in the plasma membrane (Skou, 1957). This enzymic 

ion pump exchanges intracellular sodium for extracellular potassium. 

Under normal conditions this is a magnesium-dependent reaction result- 

ing from the hydrolysis of ATP (Skou, 1957; Glynn, 1962). Evidence 

linking the ion pumping mechanism with the hydrolytic reaction may 

be summarized thus:- 

1. Hydrolysis and pump activity exhibit identical ionic 

requirements (Abeles, 1969). 

2. Optimal substrate and cation concentrations produce maximal 

hydrolytic and pump activity (Post, Merritt, Kinsoluing & 

Albright, 1960; Glynn, 1962). 

3. Cardiac glycosides demonstrate identical structural and ionic 

requirements for the inhibition of both pump and ATPase 

hydrolytic activity (Abeles, 1969; Lindenmayer, 1976). 
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4. Both activities may be donated to artificial lipid vesicles 

by the addition of partially purified ATPase protein (Hilden 

& Hokin, 1975). In such restored vesicles three sodium ions 

are exchanged for two potassium ions when each ATP molecule 

is hydrolyzed (Goldin & Tong, 1975). 

The overall reaction may be summarized thus:- 

++ 

ATP + 3Nay 4 Pee ete ee +eADP iCDQeel) 

o = outside cell membrane 

i = inside cell membrane 

During the ion-pumping process the major of the two constituent 

pump proteins becomes phosphorylated at a specific aspartic acid 

residue under the influence of magnesium and sodium ions (Nishigaki, 

Chen & Hokin, 1974). The second, smaller protein, is associated with 

the pump activity; antibody directed against this protein inhibits 

pumping (J¢grgensen, 1974; Jean, Albers & Koval, 1975). Photoaffinity 

labelling with extracellular ouabain and binding with anti-catalytic 

antibody reveals that the enzyme does indeed span the membrane (Dahl 

& Hokin, 1974; Kyte, 1974; Ruoho & Kyte, 1974; Garay & Garrahan, 1973). 

The precise mechanism of ion exchange is unknown but phosphorylation, 

resulting in an active phospho-enzyme complex, initiates the reaction 

(Post, Kumes, Tobin, Orcutt & Sen, 1969). 
+ + + 

Na Mg 

E+ P&£———._ — pp (22) eee 

This phosphorylation reaction accompanies the binding of sodium ions 

to each of three identical intracellular cation binding sites (Garay 

& Garrahan, 1973). Although these are selective for sodium the high 

internal potassium content ensures some competitive inhibition at 

each of these sites (Glynn, 1962; Simons, 1974). Thus, under basal 
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conditions active (3 Na* bound) and inactive (less than 3 Na* bound) 

forms of the enzyme are in equilibrium. 

+ + + + + + 

[E°3K Je[E*2K NalelE* K2NalafE*3Na] active «.:) 
Any change in the intracellular monovalent cation content will alter 

the proportion of active and inactive enzymes. Increased cytosolic 

sodium will serve to stimulate pumping whereas a raised concentration 

of potassium will reduce active ion transport. 

The kinetics of ATP hydrolysis suggest the existence of a second 

phosphoenzyme complex, induced by potassium binding to two non-identical 

external cation binding sites (Post, Sen & Rosenthal, 1965; Lindenmayer 

& Schwartz, 1975). Although sodium may compete for these sites there 

does not appear to be a regulatory role per-se at the external face 

(Lindenmayer, Schwartz & Thompson, 1974). This may be because the 

level of extracellular sodium is not prone to wide fluctuations. The 

overall reaction may be summarized thus:- 

NaMg K E BENGE, PRE, Pees P 
(After Fahn, Koval & Albers, 1966) 

It must be noted that this represents only one of a series of proposed 

models for the pump function. It is however the only model accounting 

for the stoichiometry of the in-vitro enzyme. 

The number and activity of pump enzyme units present at the cell 

membrane will also regulate ion pumping. Thus expression of latent 

enzyme, synthesis of new active enzyme, and the recycling of denatured 

or inhibited enzyme will all contribute to overall pumping capacity 

(Cook, Will, Proctor & Brake, 1976; Averdunk & Lauf, 1975; Vaughan 

& Cook, 1972). Intracellular ionized calcium is able to modify the 

activity of the pump when present in broken membrane preparations. 
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Millimolar calcium levels inhibit activity by competing for the 

magnesium activation sites present on the catalytic protein (Tobin, 

Akera, Baskin & Brody, 1976) . Even allowing for an over-estimation of 

the free calcium content due to non-specific binding, this cannot be 

considered a physiological effect. Indeed, the dissociation constant 

for calcium at this binding site is higher than the free cytosolic cal- 

cium concentration (Lindenmayer & Schwartz, 1975). At physiological 

calcium levels calcium can still inhibit the enzyme but this action is 

due to an elevation in the sodium threshold necessary to activate the 

phosphorylation of the enzyme. This is believed to be due to com- 

petitive inhibition between sodium and calcium at the cation binding 

sites (Lindenmayer & Schwartz, 1975). At physiological calcium levels 

approximately one per cent of the pump sites would be inhibited. 

Therefore a slight increase in cytoplasmic calcium would be sufficient 

to perturb pump function. Eventually the new sodium threshold for 

activation of the pump would be exceeded due to the unrestricted 

passive sodium influx. 

Although membrane lipids are required for normal enzyme activity, 

they probably non-specifically maintain the conformation of ‘active 

sites (Hilden & Hokin, 1976; Grisham & Barnett, 1972). Pumping may be 

secondarily modified due to lipid-mediated changes in membrane perme- 

ability (Kimelberg & Paphadjopoulais, 1974). Lipid ratios favouring 

membrane fluidity support a higher enzyme activity due to enhanced 

passive sodium and potassium movements (Chen, Heiniger & Kandutsch, 

1978; Bakker Grunwald & Sinenisky, 1979). Conversely a high sterol 

content reduces passive permeability and lowers puns action (Chen 

Setralc, LO 78)-6 
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A number of hormones are also known to influence pump activity 

although their precise action is unknown. Activation after cholinergic 

stimulation of intact cells has been variously attributed to a direct 

effect of the hormone (Kometiani, 1978) or to cyclic GMP induced by 

the cholinergic receptor (Stewart, Sax, Funk & Sen, 1979). Certainly 

beta-adrenergic induced activation is not mediated by cyclic AMP (Flat- 

man & Clausen, 1979). Indeed, although cyclic AMP directed protein 

kinase phosphorylation of the pump is observed (Dowd & Schwartz, 1975) 

other investigators find exogenous cyclic-AMP, albeit at high concent- 

rations, inhibits the enzyme (Braughler & Corder, 1978; Limas, Notar- 

giacomo & Cohn, 1973). In addition to direct hormone enhancement 

the pump may be activated as a result of hormone induced changes in 

membrane permeability (Putney & Parod, 1978). The oestradiol provoked 

increases in ATPase activity of rat hypophysis and vascular smooth 

muscle is due to an initial change in membrane permeability (Knudsen, 

1976; Harder & Coulson, 1979). 

2.2. Regulation of membrane permeability 

The large transmembrane monovalent ion gradients ensure that any 

chemically or electrically provoked alterations in membrane potential 

will result in the rapid movement of monovalent cations. The speed 

of these potential dependent transmembrane currents, their activation 

and inactivation, and their cation selectivity cannot be accounted for 

by simple phase-partition, carrier-mediation or displacement of intra- 

membrane ions (Armstrong, 1974; Narahashi, 1974; Parsegian, 1969; 

Kramer, 1976). Studies of the electrically excitable squid axon 

suggest that a series of transmembrane, hydrophilic, ion-selective 

channels exist to carry the ions (Verveen, De Felice,1974; Keynes, 

Bezanilla, Rojas, Taylor,1975). 
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The number of channels is believed to be constant, alterations in 

ionic fluxes being dependent upon the assembly of channel subunits or 

the gating of hitherto inactive, preformed channels (Ehrenstein, 

Lecar & Latorre, 1978). As hydrolytic enzymes selectively destroy 

an apparent gating function of treated membranes, the latter model is 

favoured (Rojas & Armstrong, 1971). 

The action potential, and associated monovalent ion movements, 

induced by excitation of squid axon is believed to represent a 

universal system of potential-dependent membrane permeability regulation. 

The initial, and major, depolarizing current is carried into the axo- 

plasm by a very fast, self-inactivating movement of sodium ions (INa), 

travelling through potential dependent sodium channels. The sodium 

current is followed by a slow, secondary, inward current (Isi). This 

is carried predominantly by calcium ions (Hodgkin & Huxley, 1952). 

Some sodium may enter via these latter channels but it is of little 

significance to the depolarization (Connor, 1977). In some excitable 

tissue Isi is a major depolarizing current. Prevention of calcium entry 

by antagonists such as lanthanum and cobalt prohibits the depolarization 

(Meech 1974; Hagiwara, 1973). In squid axon, and many other tissues so 

far studied, the two inward currents are succeeded by an outwardly dir - 

ected current (Io) carried by intracellular potassium ions (Krnjevic 

& Lisiewicz, 1972; Hodgkin & Huxley, 1952). This Io current causes 

membrane hyperpolarization which terminates the excitability created by 

the initial depolarization. The resting membrane potential is sub- 

sequently restored by the membrane Na/K ATPase (see above). Induction 

of Io appears to be related directly to a rise in cytosolic calcium 

ions (Meech & Sturmwasser, 1970; Meech, 1972). It has been suggested 

that the passage of calcium through the slow channels converts them 
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into a potassium selective configuration (Hofmeier & Iux, 1979). However, 

during potassium egress the slow calcium channels remain functional 

(DiFrancesco & McNaughton, 1979). Moreover, direct injection (ionto- 

phoresis) of calcium can elicit potassium conductivity without prior 

use of the slow calcium channels (Isenberg 1975; Meech & Sturmwasser 

LO7®):. The general applicability of calcium induced potassium con- 

ductance has recently been reviewed by Meech who cites nine excitable 

tissues where the effect occurs (Meech 1976). 

In non-excitable tissues the calcium-activated efflux of potassium 

is also well established. Passive elevation of calcium within ery- 

throcytes induces an outward potassium current (Romero & Whittam 1971; 

Lew & Ferreria, 1976) resulting in membrane hyperpolarization (Lassen, 

Pape & Vestergaard-Bogind 1976). It would appear that this widely 

distributed ionic phenomenon is essential for any rapid intracellular 

signalling system employing an increased cytosolic calcium concentration 

as a secondary messenger. Irrespective of the initial signal the 

stimulatory calcium concentration may be restored by potassium efflux 

induced hyperpolarization of the membrane and the subsequent Na/K ATPase 

acbhivationy (Big. 2.1) . Mechanisms such as these are believed to act in 

both secretory and contractile tissues, where intracellular calcium 

provides the link between extracellular stimuli... and the cell activation. 

These events are discussed in detail in the following section. 
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Eigarie . li Ionic changes following cellular excitation 
  

          
ECE CYTOSOL EGE 

The initial stimulus induces either membrane depolarization (1) or 

direct calcium influx (2). The former will inhibit calcium extrusion 

by restricting Ca/Na exchange (3), whilst the latter restricts sodium 

extrusion via the ion pump (4). The resultant increase in free calcium 

is halted by initiation of the potassium conductance (5). The reduced 

cytosolic potassium will allow the Na/K ATPase to function. (6) This 

will result in restoration of the transmembrane sodium gradient which 

will in turn reduce the calcium content through Na/Ca exchange (7). 
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2.3. Stimulus~secretion coupling. 

Considerable evidence indicates that intracellular calcium pools 

provide the necessary coupling between secretagogue and secretion in 

exocrine and endocrine tisgies (Douglas, 1968; Del Castillo & Stark, 

1952). Both vesicular and non-vesicular secretions are enhanced by a 

rise in the cytosolic calcium content. 

Exocrine parotid 

Ion and fluid release from the parotid is enhanced by a rise in 

cytosolic calcium which acts directly upon the membrane to modify its 

permeability. The secretory response is evoked by substance P, para- 

sympathetic and alpha-adrenergic sympathetic stimulation (Rudich & 

Butcher, 1976; Selinger, Batzri, Eimerl & Schramm, 1973; Douglas & 

Poisner, 1962). All these agents furnish the required calcium ions 

by increasing calcium entry from the extracellular fluid (Douglas @ 

Poisner, 1962; Putney, 1976; Butcher, Rudich, Emler & Nemerovski, 1976; 

Butcher, 1978). As predicted above, one consequence of this calcium 

influx is an enhanced potassium exit, this being the major electrolyte 

released from the parotid (Putney, 1976; Kanagasuntheram & Randle, 1976). 

Two phases of potassium efflux are observed from the hormone stimulated 

parotid. The first is a rapidly inactivated flux, independent of exo- 

genous calcium. The second is dependent upon extracellular calcium and 

is a sustained efflux providing the majority of the released ions 

(Pedersen & Petersen, 1973; Peterson & Pedersen, 1974). The initial, 

essentially extracellular calcium-independent, efflux is believed to be 

mediated by secretagogue induced transfer of calcium from the membrane 

to the cytosol (Putney, 1977). All three classes of secretory hormones 

have been shown to displace this pool by a receptor-mediated event 

(Marier, Putney & Van de Walle, 1978). Once calcium has entered the 
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cell from this membrane pool it must be replaced before a further such 

secretion can be induced (Putney, 1977). The sustained efflux of 

potassium corresponds with the sustained calcium influx, which is pre- 

sumed to occur via calcium channels (Putney, 1977; Marier et al. 1978). 

Secretagogue action is also associated with the entry of extracellular 

sodium ions into the parotid (Putney & Parod, 1978). In the rat 

lacrimal gland, whose response appears to be identical to the parotid, 

the sodium influx occurs through what are thought to be potential- 

dependent channels (Tangkrisananinont & Pholpramool,1979) . The rise 

in cytosolic sodium may account for the calcium influx, which in 

turn will initiate potassium efflux and the subsequent Na/K ATPase 

activation (Putney & Parod, 1978; Roberts & Petersen, 1978). Cyclic 

GMP has been proposed as a link in the secretory stimulation, indeed 

alpha-adrenergic and cholinergic agents enhance the formation of 

parotid cyclic GMP (Butcher, McBride & Rudich, 1976; Rudich & Butcher, 

1976). However, substance P does not alter cellular cyclic GMP whilst 

activating secretion (Rudich & Butcher, 1976). Significantly, inhibition 

of parotid phosphodiesterase, leading to a cyclic GMP rise, without 

any influence on calcium, fails to initiate secretion (Butcher et al. 

1976). It is reasonable to assume that coupling between stimulus and 

secretion is provided simply by calcium and that cyclic GMP may or may not 

influence the coupling. 

Although the release of parotid amylase does not depend upon the 

influx of extracellular calcium the ion is required in the external 

environment to maintain sufficient cytosolic calcium for the beta- 

adrenergic induced vesicular secretion (Butcher, 1978; Guidotti & 

Costa, 1973). The cyclic AMP generated by beta-adrenergic agonist- 

receptor interaction induces secretion by mobilizing internal calcium 
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reservoirs, presumably mitochondrial or endoplasmic reticulum (Kana- 

gausuntheren & Randle, 1976). Other adenylate-cyclase stimulants, or 

even exogenous cyclic AMP can substitute for the beta-adrenergic 

stimulus (Schramm & Selinger, 1975). It would appear that the cyclic 

AMP so generated, as well as the calcium released, is essential for the 

release of enzyme, as ionophoretic elevations of cytosolic calcium 

only submaximally release enzyme in the absence of cyclic AMP. Upon 

the addition of cyclic AMP producing stimulants the enzyme release due 

to ionophore was greatly eabre acs (Selinger, Batzri, Eimerl & Schramm, 

1973; Butcher, 1978). This partial requirement for cyclic AMP may provide 

a necessary intracellular device, allowing the intracellular discrimin- 

ation between secretory stimulii requiring vesicular or non-vesicular 

responses (fluid and electrolyte). The two responses are, however, 

separate in their calcium source and their cyclic AMP dependency. The 

following model may be applied to such a system whereby a common coup- 

ling factor can independently activate two systems (Figure 2.2). 

Figure 2.2. Stimulus secretion coupling of the exocrine parotid. 

Substance P 
Parasympathetic 
Alpha -adrenergic _™ Cait 
  

  

cGMP 

cA P-Qe— Ca" 

Beta-adrenergic 
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Exocrine pancreas. 

Since cholinergic and alpha-adrenergic stimulation is coupled to 

the vesicular secretion of pancreatic enzymes, rather than fluid re- 

lease as in the parotid, a different mechanism must govern pancreatic 

fluid release. Evidence suggests that the release of fluid, rich in 

sodium and bicarbonate ions from the pancreatic ductal cells is evoked 

by secretin, acting specifically through adenylate cyclase (Rutten, 

De Pont & Bonting, 1972). Thus, the action of secretin is reproduced 

by artifically increased cyclic AMP concentrations (Smith & Case, 1975; 

Kempen, DePont & Bonting, 1975). The precise mechanism of cyclic AMP 

mediated fluid release is unknown. However, when pancreatic enzymes 

are released, the raised cytosolic calcium is also associated with 

fluid secretion (Schulz, Milutinovic & Heil, 1978; Ueda & Petersen, 

1977; Folsh & Wormsley, 1973). The raised cytesolic calcium concent- 

ration, probably provoked by the cyclic AMP generated by secretin, 

may well be inducing the fluid release (Schulz et al. 1978). In the 

duck salt gland the induced sodium influx has been attributed to a 

cyclic GMP activation of the Na/K ATPase (Stewart et al. 1979). Thus, 

it is possible that calcium activates guanylate cyclase, which in 

turn acts as a quaternary messenger. A similar, four-step mechanism 

(stimulant-cyclic AMP-calcium-cyclic GMP), may also account for the 

mitogenic response of parotid tissue to a beta-adrenergic stimulus (see 

Section 3). 

As mentioned above, pancreatic enzyme release may be mediated by 

three groups of hormones, namely cholinergic agonists, cholecystokinin/ 

pancreozymin and related hormones, and by the bombesin family of peptides. 

Each of these groups use a different receptor system to activate pan- 

creatic enzyme release (Hokin, 1966; Kanno, 1972; Petersen & Philpott, 

1975; Ueda & Petersen, 1977; Philpott & Petersen, 1979). Although 
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all these agonists require extracellular calcium to stimulate secretion, 

evidence suggesting this calcium enters the cell is conflicting 

(see Kanno, 1972; Philpott & Petersen, 1979); Whilst no secretagogue 

stimulated calcium influx is demonstrable in pancreatic slices (Case 

& Clausen, 1973), preparations containing only hormone responsive 

cells do show enhanced calcium uptake (Schulz, 1975; Schulz Milutinovic 

& Hedl 7978). The actual stimulatory role of calcium is indisputable, 

an increase in the extracellular calcium concentration of the perfusate 

provokes calcium uptake and stimulates secretion by pancreatic slices 

(Sehirug, TOS. The mechanism by which calcium activates enzyme release 

appears to be ion-promoted fusion of vesicles and the secretory 

apparatus (Creutz, Pazoles Pollard 1979). Thus, although both mechan- 

isms in the pancreas are stimulated by calcium,. they are associated 

with different calcium reservoirs. Enzyme release is dependent upon 

external ions whilst fluid release is believed to be mediated through 

cytosolic calcium. It would appear that two mechanisms of secretory 

stimulation exist, one using cyclic AMP and cytosolic calcium, whilst 

the other is provoked by cholinergic, alpha-adrenergic and similar 

stimulations and uses extracellular calcium. These two pathways may be 

coupled to either vesicular or non-vesicular secretions, depending upon 

the tissue. 

The chromaffin cells of the rat adrenal medulla release catecholam- 

ines in response to cholinergic stimulation. The response requires 

extracellular calcium ions, which can be seen to enter the stimulated 

cells (Douglas & Rubin, 1961; Douglas & Poisner, 1962; Kidokoro, 

Ritchie & Hagiwara, 1979). That the raised cytosolic calcium is the 

secretory coupling factor can be seen when ionophoretic increases in 

cytosolic calcium trigger secretion (Lastowecka & Trifaro, 1974). 

The mechanism by which cholinergic agonists increase calcium uptake 

is through a potential dependent calcium influx (Stallcup, 1979) 
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1979; Kidokoro et al. 1979). It has been suggested that extracellular 

cyclic AMP may influence secretion, however, such effects are only ob- 

served at grossly elevated cyclic AMP concentrations (Peach, 1972; 

Poisner, 1973; Rahwan, Borowitz & Miya, 1973). There is a secretagogue 

induced increase in cyclic AMP content under normal conditions (Jaanus 

& Rubin, 1974). This increase does not coincide with secretion and 

merely serves to replenish depleted catecholamine stores by promoting 

new hormone synthesis (Guidotti, Kursowara, Chuang & Costa, 1975). 

This model of secretory action follows the general model proposed above, 

where cholinergic-extracellular calcium-intracellular calcium produce 

stimulation. 

Unlike the above secretory events, protein release from mononuclear 

leucocytes is influenced by both cyclic nucleotides. Upon antigen 

addition to sensitized mast cells there is a rapid increase in calcium 

uptake, which proves to be the coupling agent necessary for the sub- 

sequent exocytosis (Mongar & Schild, 1958; Foreman & Mongar, 1972; 

Foreman, Mongar,& Gomperts, 1973). Similar changes occur when neutro- 

phils encounter phagocytosable material (Ignarro, 1978; Smith, 1978). 

The rise in cytosolic calcium serves to promote cyclic GMP formation 

(Smith & Ignarro, 1975). This cyclic GMP may be essential for secretion 

as the addition of exogenous cyclic GMP stimulates secretion (Ignarro 

& George, 1974). In both mast cells and neutrophils exogenous cyclic 

AMP, or adenylate cyclase stimulants are able to inhibit calcium uptake 

and prevent secretion (Foreman, Hallet & Mongar, 1977; Ignarro, 1978). 

It is possible that cyclic GMP promotes, and that cyclic AMP inhibits, 

the stimulatory calcium influx, such a mechanism also exists in the 

lectin stimulated lymphocyte (Freedman, 1979). This dualistic action 

of cyclic nucleotides may be specific for mononuclear leucocytes. 
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However, in all the tissues detailed above the response to the 

secretagogue is coupled by a change in cytosolic calcium. In the 

exocrine pancreas and parotid the two secretions from each tissue 

are provoked from different calcium reservoirs, and may be associated 

with one or other cyclic nucleotide. In the mononuclear leucocyte 

the secretion is modified by both cyclic nucleotides acting in opposite 

directions. 

2.4. Excitation- contraction coupling. 
  

Unlike secretory tissues, which lack direct electrical excitability, 

muscular tissue is able to respond to both electrical and chemical 

stimulation. Contraction is initiated in all three classical muscle 

types by a rise in cytosolic calcium (Blinks, Prendergast & Allen, 

1976; Solaro, Wise, Shiner & Briggs, 1974; Ruegg, 1971). By binding 

to troponin/tropomyosin units calcium de-represses the contraction- 

producing interaction between actin and myosin (Ebashi, Nonomura, 

Toyo-oka & Katayama, 1976). Thus, an increased cytosolic calcium con- 

centration activates the contractile apparatus (Ebashi, 1972). As in 

secretory tissue, the coupling calcium may originate from either the 

extracellular or intracellular calcium stores. In skeletal muscle, the 

coupling calcium is provided exclusively from internal sources, whilst 

cardiac and smooth muscles are able to employ both reservoirs (Sandow, 

Krishna, Pagala & Sphicas, 1975; Ebashi & Endo, 1968; Langer, 1973). 

Smooth muscle. 

The heterogeneous nature of smooth muscle types prohibits general- 

isations concerning the coupling mechanisms. Depending upon the 

species and the location of the muscle either extracellular or intracell- 

ular calcium may provide the coupling between stimulus and contraction 

(Greenberg, Long & Diecke, 1973). As a rule of thumb, the calcium con- 

tent of muscle is dependent upon the sarcoplasmic reticulum. Thus the 
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quantity of sarcoplasmic reticulum, and hence calcium, determines which 

pool of calcium is utilized (Devine, Somlyo & Somlyo, 1972). Smooth 

muscles such as guinea pig taenia coli, lacking a well defined sarco- 

plasmic reticulum, depend almost exclusively upon external calcium 

(BUlbring & Tomita, 1970). In this case the coupling calcium enters 

the sarcoplasm as the Isi current of depolarization (Anderson, Ramon, 

Snyder 1971). As no internal calcium store is available repeated 

action potentials may be necessary to activate contraction through 

calcium influx (Casteels & Raeymaekers, 1979). 

In contrast to such forms of smooth muscle those possessing extensive 

sarcoplasmic reticulum do not exhibit significant Isi calcium currents 

(Keatinge, 1968; Mangel, Nelson, Connor & Prosser, 1979). Calcium 

necessary for the coupling is provided by potential-induced release of 

internal sarcoplasmic reticulum calcium stores (Mangel et al., 1979)". 

In the extracellular calcium dependent form of smooth muscle the 

relaxation appears to require re-export of the triggering calcium via 

sodium/calcium exchange (Blaustein, 1977). For this to occur membrane 

hyperpolarization is necessary to re-establish the potential gradients 

essential for this exchange (Burgen & Spero, 1968). This hyper- 

polarization is caused by the calcium activated potassium conductance 

discussed in Section 2.2 above. In the somewhat unique guinea pig 

taenia coli the alpha-adrenergic induced relaxation is mediated by this 

calcium-induced hyperpolarization (BUlbring & Tomita, 1970). Whether 

cyclic GMP is involved in this process in unclear but there does appear 

to be activation of guanylate cyclase (Diamond, 1978). In the intra- 

cellular calcium-dependent smooth muscle the sarcoplasmic reticulum 

store of calcium, released to induce contraction, is rebound by the 

action of a cylcic AMP stimulatable calcium pump (Hurwitz, Fitzpatrick, 

Debbas, Landon, 1973). However, the reported contraction-inducing action 
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of the E-series prostaglandins is associated with a wise’ in cyclic 

AMP (Harbon, Vesin, Khac & Leiber, 1978). In both of the smooth 

muscle forms the role of calcium is quite convincingly demonstrated 

and follows the external and internal calcium dependencies observed 

with the secretory tissue. 

Skeletal muscle. 

It is still uncertain if the well established calcium component of 

the skeletal muscle action potential contributes to the coupling cal- 

cium (Beaty & Stefani, 1976; Blinks, Prendergast & Allen, 1976). 

Contraction can still occur long after the removal of external cal- 

cium (Armstrong, Bezanilla & Horowicz, 1972;Andersson & Edman, 1974), 

and in the presenceof calcium antagonists (Dérrscheidt-Kafer, 1977) 

or chelating agents (Andersson & Edman, 1974). The quantity of 

calcium entering via the Isi current is itself not sufficient to in- 

itiate contraction (Taylor & Godt, 1976; Reuter, 1974). Thus it is 

evident that an intracellular pool must be utilized to provide sufficient 

calcium. Studies of the membrane depolarization reveals that the 

sarcolemmal trabecular system is also depolarized (Constantin, 1970). 

This system is physically very close to the sarcoplasmic reticulum 

and there is evidence suggesting that their depolarization can trigger 

potential gating of sarcoplasmic reticulum stores of calcium (Ebashi 

& Endo, 1968). The suggestion that the trabecular system releases 

calcium, which induces a further sarcoplasmic calcium release, has been 

questioned because the effect was not observed at physiological levels 

of magnesium ions (Polimeni & Page, 1970). As calcium is released from 

internal stores it must be returned there during relaxation. 

Adrenaline mediated relaxation is associated with a rise in sarcoplasmic 

cyclic AMP, which promotes return of the activating calcium through 

a cyclic AMP activated calcium pump (Katz, Tada e@ Kirchberger, 1975). 
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Cardiac muscle. 

The reliance of skeletal muscle upon internal calcium allows 

only an all-or-none contractile response. In cardiac muscle a more 

graded contraction is necessary. The importance of calcium in reg- 

ulating the contraction and relaxation phases of cardiac muscle is 

indicated by the complexity of the coupling mechanism linking excitation 

and contraction. Two inward currents are again responsible for the 

action potential induced depolarization of cardiac muscle. Following 

potential-dependent arrest of the fast sodium current (INa) the plateau 

phase of the action potential is established by the secondary calcium 

current (Isi) (Ulbricht, 1977; Beeler & Reuter, 1970). This depolariz- 

ation-induced increase in cytosolic calcium instigates a chain of 

events culminating in contraction (Langer, 1973). In the frog heart 

the Isi alone provides sufficient calcium to initiate contraction 

(Kavaler, Anderson & Fisher, 1978; Fabiato & Fabiato, 1977). However, 

in mammalian hearts the increase in calcium is not sufficient to pro- 

voke contraction and must be supplemented from internal stores (Solaro 

& Briggs, 1974). The mechanism for the calcium release is not certain 

although it has been suggested that a potential-dependent release, 

similar to that occurring in skeletal muscle occurs (Langer, 1976). 

However, as calcium influx is critical for contraction, and the sarco- 

plasmic reticulum stores may be released by the direct addition of 

physiological sarcoplasmic calcium concentrations it is also possible 

that a calcium-induced calcium release occurs (Fabiato & Fabiato, 1979). 

Interestingly the rate of increase in cytosolic calcium directly 

influences the rate of release of stored calcium. As in skeletal 

muscle there is a well defined sarcoplasmic reticulum calcium pump 

(Katz et al. 1975). This can only restore the second phase of cyto- 

-44-



plasmic calcium and another process must be responsible for removing 

the initial calcium that enters from the external environment. This 

is accomplished by the sodium/calcium exchange (Langer, 1976; Tillisch, 

Fung, Ham & Langer, 1979). 

The more specialised function of muscle tissue has resulted in the 

unique calcium storage organ - the sarcoplasmic reticulum. This may 

contribute all the calcium required for the coupling or may supplement 

the initial transmembrane fluxes. Whether such a calcium reservoir 

exists in the intracellular calcium-dependent secretory tissue is 

uncertain although both mitochondria and endoplasmic reticulum may 

store calcium. It is evident that both external and internal calcium 

ions may link the extracellular stimulus with cell activation. The 

third sectionis devoted to a discussion of the possible role of such 

a coupling process in mitotic activation. 
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3.1. The cell cycle 

The fundamental unit of cell proliferation is the mitotic, or 

division cycle. This is the period between the production of a cell 

by the mitosis of its parent cell, and the formation of daughter cells 

by its own mitosis (Mitchison, 1971). The cycle, stretching between 

successive mitosis, may be divided into four unequal and biochemically 

distinguishable phases, each based on a temporal relationship to the 

period of DNA synthesis (Howard & Pelc, 1953; Petersen, Tobey & Ander- 

Son, 1969):. After the initial mitotic phase (M), there is a pre- 

synthetic pause (or gap) designated G,, which precedes the incorpor- 

ation of nucleotides into DNA. Following the subsequent DNA synthetic 

phase (S), the cell enters the second pause, or post —synthetic gap (Gp). 

The G, phase is termihated by mitosis which marks both the initiation 

and completion of a cell cycle. Mitosis itself is characterized by 

condensation and separation of the chromatin and by the ultimate cyto- 

kinesis (Mitchison, 1971). Sucha four phase cycle (G) Ss Go M) is 

presented in figure 3.1. 

After dividing, newly formed cells may embark immediately upon the 

next division cycle by entering G, directly from M. Alternatively, 
is 

they may reversibly de-cycle and enter a non-dividing phase termed 

Gg (Lajtha, 1963). The Gor or resting phase, is kinetically and bio- 

chemically distinguishable from the G, phase; Gy cells take longer to 

reach S than immediately post-mitotic cells (Epifanova, Abuladze & 

Zosimovskaya, 1975) and exhibit reduced macromolecular synthetic 

activity (Martin & Stein, 1976). This fifth compartment is presented 

in. figure 322 
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Figure 3.1. The four compartment cell cycle (after Howard & Pelc, 1953) 
  

G, 

Go 

The Go phase may be exited either to provide terminally-differ- 

entiated cells (figure 3.2a)) or to allow quiescent cells to re-enter the 

diviston, cycle’ (figure 3.2.5) ):. It is evident that Gy is a broad term en- 

compassing a wide range of metabolic states. One such Gy compartment will 

contain cells, such as neurones, incapable of re-entering the cycle whilst 

a second cohort of G, cells will he able to rejoin the cycle in response 

to an appropriate stimulus (e.g. peripheral lymphocytes and the hepatocyte) . 

These responsive cells will be termed G/D to distinguish them from non- 

differentiated cells residing in a quiescent state. Such a cell is the 

rat thymic lymphocyte, or the burst forming unit of haematopoietic tissue, 

which can rapidly divide to produce differentiated cells. These quiescent 
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Figure 3.2. The five compartment cell cycle (after Lajtha, 1963) 
  

4 
(a) Bxit* from G. producing differentiated cells. 

(ob) Exit from G, to the division cycle. 

cells are Go/o in the terminology used here. A further population 

or cells residing .in Gy will contain cells temporarily restricted 

from entering G, by the lack of an essential nutrient or growth 

factor, or by a hostile external environment. Restriction due to 

the lack of alanine, serum or a correct temperature have all been 

observed (Naha, Meyer & Hewi, 1975; Talvare & Basilico, 1978; Hart- 

well, 1976). These restrictions due to sub-optimal growth conditions 

may be distributed throughout the G, phase of the cycle, with cells 
1 

capable of passing from one restriction Gy to another (Talvare & 
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Basilico, 1978). For convenience these separate restriction points 

are grouped together as Cus and are presented in figure 3.3. in con- 
R 

junction with other G, stages. The lack of extracellular calcium is 

also capable of causing restriction in 3T3 fibroblasts (Paul & Ristow, 

1979), although some confusion arises over whether this calcium re- 

striction occurs in cells already committed to divide (Whitfield, 

Boynton, MacManus, Sikorska & Tsang, 1979). Such an uncertainty ill- 

ustrates the nebulous nature of the junction between the Se and Gy 

phases. If exchange does occur between the two phases, it must be 

before the cell is irrevocably committed to the events in Gy (see 

Frankfurt, 1968). This has led to a second model camprising a two phase 

cell cycle. One phase, termed the B phase, encompasses the obligatory 

and sequential events after commitment and will include part of 

G), S Gy and M. The second, (A), phase contains G, and the non-committed 

portion of G, (Smith & Martin, 1973). 

Figure 3.3 Components of the G. and G. phases of the division cycle 
  1 

_—_—- —- 

Broken line illustrates direct transit of a cycling cell from M to 

G. The events of G, are depicted in a linear sequence for convenience. 
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The two-phase and five phase cycle models both predict that under 

the appropriate intracellular and extracellular environments the Gy 

cell will be stimulated to re-enter the cycle. This commitment appears 

to be due to the synthesis of a cytosolic protein(s), that initiate the 

cycling and replicatory machinery (Taylor, 1965). Such cytoplasmic 

factors are detectable and will induce precocious DNA synthesis in 

quiescent nuclei implanted into S phase cells (Prescott & Goldstein, 

1967; Rao & Johnson, 1970). This signalling is also evident from the 

synchronous behaviour of nuclei in multinucleate cells (Church, 1967). 

Whether there is one, oraseries of commitment events is unknown but 

it is evident that their effect is exerted late in G, when a whole 

series of DNA replicative enzymes become active or are synthesized. 

Some of these are listed in figure 3.4 - as can be seen, these may run 

into the S phase, which illustrates the arbitrary designation of the 

model. 

Fig. 3.4 Replicative enzymes produced prior to DNA synthesis in 

lymphoid cells. 

  

Enzyme Cycle phase Reference 

Histone kinase late Gy Cross & Ord, 1971 

Histone phosphorylase late Gy Cross & Ord, 1971 

RNA directed DNA poly- G,/S Penner, Cohen & Loeb, 1971 
merase 

Thymidine kinase G,/s Wilms & Wilmanns, 1969 

Thymidylate synthetase G,/s Youdale & MacManus, 1975 

RNA polymerase II s Handmaker & Graef, 1970 

After completing DNA replication the short and relatively invariable 

Go phase is entered (Prescott, 1976). The Go phase appears to prepare 

the cell for the imminent mitosis, indeed protein synthesis is nec- 

essary for G, transit (Doida & Okada, 1969). There is what appears to 
2 
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be a restriction point in G. as high extracellular cyclic AMP con- 
2 

centrations reversibly inhibit the G. progress of certain epithelial 

cells (Voorhees, Colburn, Stawiski, Duell, Haddox & Goldberg, 1974). 

This G. restriction would result in the arrest of cells containing 

double the normal DNA content, such non-dividing 4n cells have been 

identified in certain tissues (Gelfant, 1962). This second non- 

dividing compartment has been designated Ce in some models (fig.3.5). 

Fig.3.5. The six compartment cell division cycle. 
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Obviously, the normal passage of a cell through the various stages 

of the cycle will depend upon the ordered expression of the metabolic 

steps necessary for each stage. Many theories exist to describe the 

nature of these steps. They may be sequentially expressed, with each 

requiring the completion of its predecessor (Figure 3.6a)); they may 

each proceed individually after the initial event (figure 3.6b)); or 

they may be a mixture of the two (figure 3.6c)). 

Fig. 3.6. Models for the expression of events throughout the cell cycle 
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For the initial induction, (and possibly the continuation), of these 

events, some system of intracellular regulators is essential. Intra- 

cellular cyclic nucleotides and the calmodulin protein are prime con- 

tenders for this regulatory role, indeed cyclic nucleotides and cal- 

modulin induce activation of many intracellular enzymes and processes 

(see Sections 1 and 2). 

Dissection of potentially significant changes in cyclic nucleotide 

content during the cell cycle, almost exclusively in-vitro studies,is 

fraught with many difficulties. 

1. Low internal concentrations, imprecise assay conditions, and 

the lack of non-invasive cell synchrony techniques lead to 
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many conflicting observations in the literature. 

2. Effects attributed to cyclic nucleotides which are inferred from 

studies using exogenously added nucleotides or phosphodiesterase 

inhibitors may not be attributable to cyclic nucleotide changes 

(Smith, Steiner & Parker, 1971). 

3. Inconsistencies could also result from changes in the effectors 

of cyclic nucleotides, notably protein kinases and their sub- 

strates which may change during the cycle (Russell, 1978). 

The cyclic nucleotide changes associated with the initiation of 

cell replication are discussed below. 

3.2. Cyclic nucleotide fluctuations during the cell cycle. 

S. and early G) 

Figure 3.3. predicts that a cycling cell may be immediately post- 

mitotic,or a hitherto quiescent cell recruited by external stimulation 

or even a cell released from a temporary restriction. As cyclic nucleo- 

tides have been measured in all three cases some attempt has been made 

to correlate the immediate history of the cell with the reported cyclic 

nucleotide changes. 

1. Cells released from restriction. Generally these are cultured 

cells grown in serum free or serum poor conditions, and consequently 

are arrested in a non-dividing state (Gy 7p) Upon the addition of 

serum or certain growth factor and hormone combinations these cells 

rapidly re-enter the division cycle. Unless otherwise indicated, the 

studies below are all performed on the 3T3 murine fibroblast model. 

Serum addition, and consequently ee exit, has been associated with a 

rapid decrease in the intracellular cyclic AMP content (Burger, Bom- 

bick, Breckenridge & Sheppard, 1972; Siefert & Rudland, 1974; Oey, 

Vogel & Pollack, 1974). Similar mitotic and cyclic nucleotide res- 

ponses also follow the application of fibroblast growth factor 
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(Rudland, Gospadorowicz & Siefert, 1974) insulin (Goldberg, Haddox, 

Dunham, Lopez & Hadden, 1974) and non-serum mitogens such as phorbol 

esters and trypsin (Burger et al., 1972; Rochette-Egly & Castagna, 

1979).. The cyclic AMP fall has not been observed by some invest- 

igators using apparently identical procedures (Coffey, Hadden, Lopez 

& Hadden, 1978). In the regenerating rat liver in vivo, cyclic AMP 

levels rise rather than fall, during early Gy) (Tsang, Rixon & Whit- 

field, 1980). Moreover, prevention of the cyclic AMP drop by adding 

exogenous cyclic AMP did not prohibit the normal mitotic response to 

serum (Rechler, Bruni, Podskalny, Warner & Carchman, 1977). It is 

quite possible that this cyclic AMP fall is not a universal event and 

is merely associated with the metabolic changes of the recruitment of 

restricted cells. 

Upon entering a restricted G, , caused by nutrient depletion at 

cell confluency or high density, the cyclic AMP content of 3T3 cells 

rises (Otten, Johnson & Pastan, 1971). Application of exogenous cyclic 

AMP inhibits the growth of many cell types, moving them into a G, state. 

These cyclic AMP inhibitable cells include murine diploid fibroblasts 

(Froelich & Rachmeler, 1974; Heidrick & Ryan, 1970), lymphoma (Coffino, 

Gray & Tomkins, 1975), and neuroblastoma (Gilman & Nirenberg, 1971). 

Human iaphooeean are also sensitive to such high cyclic AMP levels 

(Parker, 1976). This phenomenon has led to a general theory that cyclic 

AMP negatively regulates proliferation (Coffino, Gray & Tomkins, 1975) 

and therefore a fall in cyclic AMP would coincide with the end of growth 

restriction. Bearing in mind the pharmacological doses required for 

growth inhibition and the unreproducibility of the cyclic AMP fall this 

attractive hypothesis would appear to be an oversimplification. 

Findings concerning cyclic GMP changes following activation of serum 

starved cells are equally contradictory. Many investigators have ob- 
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served a cyclic GMP rise during the early stages of release from re- 

strictions (Friedman, Johnson & Zeilig, 1976; Siefert & Rudland, 1974; 

Estensen, Hadden, Hadden, Touraine, Touraine, Haddox & Goldberg, 1974). 

However, other studies detect the opposite change (Miller, Lovelace 

& Pastan, 1975; MacManus, Boynton & Whitfield, 1978), or no alteration 

(Zeilig & Goldberg, 1977). 

2. Recruited quiescent cell. The commonly employed model for these 
  

investigations is the human peripheral blood lymphocyte. Recruitment 

is initiated by the application of plant lectins or other suitable 

polyclonal activators, the mitotic consequences of which are discussed 

later. As in other systems, the cyclic nucleotide changes reported 

by different groups are contradictory. Different cyclic GMP measure- 

ment techniques may account for some inconsistencies (Coffey, Hadden, 

Lopez & Hadden, 1978). A rise in lymphocyte cyclic GMP has been ob- 

served following recruitment of human lymphocytes (Hadden, Coffey, Hadden 

& Haddox, 1977). This rise appears to be associated with the sub- 

sequent cell division as both the cyclic GMP surge and mitosis are 

mitogen concentration dependent, are dependent upon extracellular 

calcium ions and can both be provoked by A23187-induced calcium iono- 

phoresis (Coffey et al. 1978; Hadden et al. 1977). A second group 

of investigators consistently fail to confirm these findings, using a 

system of proven sensitivity and the same cell model (Parker, Sullivan 

& Wedner, 1974; Parker, 1978; Wedner, Dankner & Parker,1975). In 

contrast they observe a cyclic AMP surge during lectin treatment 

(Parker, Sullivan & Wedner, 1974). As this cyclic AMP rise also 

occurred at lectin concentrations that inhibit cell division, and even 

with non-mitogenic lectins (Parker, 1978) the physiological significance 

of the cyclic AMP surge is uncertain. 
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Perhaps the most convincing evidence for the cyclic GMP surge 

reported in many cycling, recruited and restriction released cells is 

the ability of added cyclic GMP to activate DNA and RNA synthetic 

machinery in isolated lymphocyte nuclei. This occurs at a cyclic 

GMP concentration approaching that of the stimulated cell (Johnson 

& Hadden, 1975), and may signify a physiological role for the mitogen 

induced cyclic GMP rise. 

3. Synchronously dividing cells. These cells, although artificially 
  

synchronized, approximate to immediately post-mitotic cells embarking 

on a round of division. The cyclic nucleotide levels have been 

quantified for a variety of cell types, synchronized by many different 

techniques. These cells include foetal rat hepatocytes (George, 

Rodgers & White, 1978), Chinese hamster fibroblasts and human lymphoid 

cells (Millis, Forrest & Pious, 1974). In all three types the cyclic 

AMP fall and the cyclic GMP rise were detected. In summary, it 

appears that the cycic AMP change is of doubtful significance and that 

cyclic GMP changes, whilst controversial, could signal the start of the 

cell cycle. 

Late G, and S 

After the initial recruitment cells committed to divide exhibit a 

rise in their cyclic AMP content during the late G, and early S phase. 

Figure 3.7 lists several examples of cell types where this increase 

is observed. 

Fig.3.7. Cultured cells exhibiting a rise in cyclic AMP during late G,. 
  

and S. 

Foetal rat liver 

Marine lymphoblasts 

Novikoff hepatoma 

Synchronized hamster fibroblasts 

Murine 3T3 fibroblasts 
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This surge in cyclic AMP is essential for the further progress of 

cycling cells. By inhibiting the increase in vivo regenerating liver 

cells are prevented from dividing (MacManus, Braceland, Youdale & 

Whitfield, 1973; Tsang et al. 1980). The late G) rise in cyclic AMP 

may be an intracycle 'cue', serving to regulate further cycle pro- 

gression by initiating the events necessary for cycle transit. The 

nucleotide changes observed during the M and G, stages of the cycle 

may also reflect such mechanisms (Zeilig, Johnson,Friedman & Sutherland 

1972; George et al. 1978). If indeed cyclic nucleotides regulate 

recruitment and cycle progression they must be responding to the extra- 

cellular signals that regulate growth. The following paragraphs 

discuss these external messengers in more detail, demonstrating the 

integrated action of extra- and intracellular messengers in correlating 

cell division with the demands for increased cell production. As with 

cyclic nucleotides, the majority of the evidence for growth regulating 

substances is obtained from in vitro studies. 

3.4. Extracellular growth regulatory substance 
  

The positive regulation of cell growth by extracellular factors. 
  

Many components normally present in the extracellular environment 

are able to sustain or stimulate cell proliferation when added to cells 

in culture (Baserga, Rovera & Farber, 1971). Amongst these agents are 

a series of growth stimulating peptides, not yet promoted to the ranks: 

of true hormones. Although the physiological function of many of these 

"growth factors' remains obscure, some in vivo growth potentiation has 

been detected. Broadly speaking, growth factors are divisible into 

those enhancing mitosis with little cell selectivity, and those pro- 

moting tissue-specific division and differentiation. Some may not dir- 

ectly promote growth, merely aiding the passage of cells through the 
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cycle or postponing cell death (Nishawaki, Armelin & Sato, 1975). 

Rather than consider these widely different peptides as a group, the 

subsequent paragraphs illustrate similarities and differences between 

selected factors. 

Nerve growth factor (NGF). 

Although initially identified in snake venom and murine onary 

glands, the principle target of this peptide is neural tissue (Levi- 

Montalcini, Meyer & Hamburger, 1954). In vitro it has been found to 

support only the:proliferation and development of neuronal cells (Levi- 

Montalcini & Angeletti, 1963). The factor is required in vivo for the 

formation of a competent nervous system, its removal using anti-NGF 

antiserum severely impairs neural development (Levi-Montalcini, 1964). 

NGF has a well characterized plasma membrane receptor (Frazier, Boyd 

& Szutowicz, 1974), but the consequences of receptor occupancy remain 

obscure. One report documents rapid receptor-ligand internalization 

(YYankner & Shooter, 1979), whilst a second shows immobilized peptide re- 

taining full biological activity (Frazier, Boyd & Bradshaw, L973) 

Membrane depolarization appears to result from NGF binding, indeed 

transient depolarization and subsequent calcium influx can substitute 

for NGF (Schubert, La Corbiere, Whitlock & Stalleup, 1978). 

Epidermal growth factor (EGF). 
  

After the initial purification of murine epidermal growth factor 

the isolation of human EGF revealed a protein apparently identical to 

urogastrone, a potent inhibitor of gastric acid secretion (Gregory, 

1975; Carpenter & Cohen, 1976; Hirata, Moore, Bertagna & Orth ,]1L980).. 

Unlike NGF the cell specifity of EGF is very broad, responsive cells 

including fibroblast, epithelial and mammary cells (Cohen & Taylor, 

1974; Cohen & Savage, 1974; Rheinwald & Green, 1977; Lechner & 

Kaighn, 1979). EGF internalization after membrane receptor binding 
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has been observed (Fox & Das, 1979). The addition of the factor to 

tissue culture lowers the amount of extracellular calcium necessary to 

support continued and enhanced proliferation (McKeehan & McKeehan, 1979), 

which suggests that EGF can, like NGF, manipulate cellular calcium 

metabolism. Indeed, the reported cyclic AMP fall after EGF (Hollen- 

berg & Cuatrecasas, 1975) may be due to calcium/calmodulin action on 

cyclic nucleotide metabolism. 

Fibroblast growth factor (FGF) 
  

This again is a broad spectrum growth factor, influencing a wide 

range of responsive cells of emlodermal and mesodermal origin (Canalis 

& Raisz, 1980; Gospodarowicz, 1974). Unlike the previously discussed 

factors the action of FGF requires additional compounds normally 

present in serum (Holley & Kiernan, 1974). The high concentration of 

FGF in the supernatant of cultures containing large quantities of 

platelets has led investigators to suggest that FGF is identical to 

the platelet produced growth factor (Antoniades, Stathakos & Scher, 

1975). Immunological cross reactivity has been detected between FGF 

of pituitary origin and the platelet factor (Antoniades & Scher, 1977). 

The platelet factor (PDGF) is released by platelets at sites of tissue 

damage (Rutherford & Ross, 1976) and may assist in the healing response 

oss Clomset, Kariya & Harker, 1974). These two factors FGF/ PDGF may 

act as progression factors,assisting other more selective growth 

promoting factors to stimulate the proliferation of a specific group of 

cells (Vogel, Raines, Kariya, Rivest & Ross, 1979). A similar role has 

been proposed for the E and F series prostaglandins which may also act 

as short-range "homing signals' for mitogenic factors (O'Farrell, 

Clingon, Rudland & Jiminez de Azua, 1979). The ability of FGF to 

elevate fibroblast cyclic GMP (Rudland, Gospadorowicz & Siefert, 1976) 

suggests the FGF/PDGF action may be to recruit cells from Gp: 
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Growth hormone dependent growth factors (The somatomedins) 

The ability of growth hormone (GH) to stimulate the division of 

a multitude of cell types is the result of an intermediary series of 

mitogenic growth factors (Salmon & Daughaday, 1957; Salmon & Hosse, 

1971). Five such factors are identified GH mediators ; these are two 

insulin-like growth factors (ILA I and II), Multiplication Stimulating 

Activity (MSA), and Somatomedin A and C (Phillips & Vassilopoulou- 

Sellin, 1979). These compounds stimulate cartilage and fibroblast 

cell proliferation (Salmon & Hosse, 1971, Pierson & Temin, 1972). 

All of them bear remarkably similar structures and exhibit parallel 

growth promoting activities, moreover all can substitute weakly for 

insulin in activating normal insulin-like metabolic changes (Zapf, Rinder-— 

knecht, Humbel & Froesch 1978), Insulin itself stimulates a variety 

of cells to grow (Zapf et al. 1978). This parallel and cross-reactivity 

has been partly resolved by the high degree of structural homology 

(Rechler, Zapf, Nissley, Froesch, Moses, Podskalny, Schillny & 

Fryklund, 1977) which allows the two groups (GH factors and insulin) 

to cross-react with each other's receptors (King, Kahn, Rechler & 

Nissley, 1980). 

It is apparent that these circulating factors may contribute to 

growth and are responsible for many of the growth promoting activities 

of serum. However, it is unclear if their circulating levels fluctuate 

within the plasma in response to physiological demands. The additive 

action of many hormones and factors would allow hormone level changes 

to control proliferation without a necessary change in systemic GF 

levels. The final paragraph discusses the mitogenic potential of 

hormones both in vivo and in vitro. 

Hormonal mitogens 

Many hormones, both steroid and peptide, are able to modify cell 
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proliferation. Perhaps the most obvious of such hormones are those 

responsible for secondary sex organ development. Thus testosterone, 

oestradiol and progesterone are essential for the continued mitotic 

activity in these developing tissues in vivo (Chatterton, 107 1) SAL sor, 

Appleton, Hanwell & Wright, 1976). Although oestradiol has been shown 

to promote division in vitro (King, Cambray & Robinson, 1976, Pietras & Szego 

1979), it is thought to act through an inducible growth factor 

(Sirbasku, 1978). Amongst other trophic hormones are ACTH, acting 

upon the adrenal cortex (Gospadorowicz, Ill & Birdwell,1977 ) TSH upon 

thyroid gland (Westermark, Karlsson & Wolinder, 1979) and FSH/LH for 

granulosa and luteal cells (Gospadorowicz & Moran, 1976). The actual 

mechanism of these hormonal stimulations is not clear. The disappoint-— 

ing lack of direct effects of pure hormone preparations upon target 

tissue in vitro, in the absence of serum, suggests that growth factors 

mediate hormone action (Nandi, Yang, Richards, Guzman, Rodrigues & 

Imagawa, 1980). 

When hormonal mitogens are added to cultured cells in the presence 

of serum, ionic changes reminiscent of those associated with stimulus- 

activation coupling in Section 2 are observed. Thus vasopressin, a 

mitogen of 3T3 fibroblasts (Rozengurt, Legg & Pettican, 1979), promotes 

a rapid sodium entry, reminiscent of depolarization (Smith & Rozengurt, 

1978). This sodium influx may account for the calcium changes observed 

under similar circumstances (Chen, Babock & Lardy,1978). Serum itself is 

associated with the rapid entry of calcium into stimlated fibroblasts 

(Tupper, Del Rosso, Hazelton & Zorgniotti, 1978). This limited consideration 

of ionic events during mitotic recruitment is continued in the discussion. 

Negative regulation of cell growth 

At this juncture it is worthwhile considering the existence of 

negative or inhibitory, growth regulators which would counteract the 
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positive factors discussed above. The principle negative factors 

are undoubtedly the elusive chalones. These compounds would be pro- 

duced continually by differentiated cells within an organ or tissue. 

When the local extracellular level attains a pre-determined concent- 

ration, further growth of the tissue is prohibited by a mitotic block- 

ade, cells being placed into a Gs state (Bullough, 1972). This model 

of chalone action predicts that removal of the chalone producing 

(differentiated) cells will automatically reduce the external chalone 

concentration and allow restoration of cell division until the inhibit- 

ory chalone level is restored (Bullough, 1975) (Figure 3.8). 

Fig.3.8. Proposed action of chalones on the cell cycle 
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Although, to date, over twenty water soluble cellular extracts 

have been shown to reversibly inhibit proliferation of their native 

tissue (Attallah & Houck, 1976), the very existence of chalones has 

been challenged by many investigators. Criticism stems largely from 

the lack of pure, or even partly characterized chalone preparations, 

and from the often demonstrated lack of tissue specificity. Evidence 

for the existence of a lymphoid chalone, which would be particularly 

pertinent for thymocyte proliferation, is reviewed below. 

Lymphocytes may be characterized as either thymu s-dependent (T) 

or bone marrow dependent (B) cells (see Section 4). Soluble extracts 

from lymph node, spleen and thymus caused the inhibition of lectin 

stimulated T cells (Garcia-Giralt, Diaz-Rubio & Rappaport, Mo WAs) Bei, 

be designated a chalone, this putative T cell chalone would have no 

influence on B cell proliferation. However, similar extracts were 

later shown to inhibit lipopolysaccharide (LPS) induced B cell prolifer- 

ation (Attallah,Sunshine,Hunt & Houck,1975).It is possible that this cell 

product exerts a general suppressive effect on lymphocyte proliferation. 

Such a factor would be a candidate for the T-suppressor cell product 

which would have the same capabilities. A second T cell extract, 

suppressing allograft rejection and graft versus host reaction has been 

shown. to be highly cytotoxic, and a non specific immuno-suppres sant 

(Garcia-Giralt: et al. 1975; Kiger, Florentin & Mathe, 1975; Attallah 

& Houck, 1977). It is reasonable to conclude that at present there is 

no firm evidence for the existence or otherwise of a lymphoid chalone. 

A variety of serum components are able to inhibit cell prolifer- 

ation in vitro by directly interacting with mitotic cells. These include 

the vitamin A-derivatives, retinols, which show a broad range of cell 

specifity (Sporn, Dunlop, Newton & Smith, 1976; Sporn & Newton, 1979). 
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Prostaglandins of the E series, which show selectivity for connective 

tissue (Korn, Halushka & LeRoy, 1980) and myeloid precursor cells,are 

also inhibitory (Kurland, Hadden & Moore, 1977). The mechanism by which 

the levels of these negative factors are modulated, and their role in 

shaping overall cell proliferation, is unknown. 

Before discussing the thymocyte cell model it is worth discussing 

in detail an example of mitotic activation that supports the concept 

of stimulusmitosis coupling (Berridge, 1976). 

3.5. Lectin induced lymphocyte proliferation - an example of stimulus- 

mitosis coupling? 

The normal response of quiescent lymphocytes to an appropriate 

antigen is the division of a restricted clone of cells (Ling & Kay,1975). 

Lectins seem to mimic and amplify this process by acting as polyclonal 

mitogens, stimulating up to 70% of the mitotically competent population 

(Loeb, 1975). This permits biochemical analysis of events associated 

with the recruitment of a well synchronized population. The earliest 

event of triggering is the lectin-mediated cross linkage of glyco- 

proteins present in the membrane (Greaves & Janossy, 1972; onc & 

Parker, 1976). This "receptor' binding is followed by a plethora of 

metabolic changes associated with the increased activity necessary for 

division (Resch & Ferber, 1972; Van den Berg & Betel, 1973), the majority 

of which are not causally related to recruitment (Kaplan, 1978). 

Activation itself is not a single inductive event, lectin presence 

is necessary for both the initiation of G, exit (signal I) and an event 

late in G,/s (signal II) (Kay, 1970). Recent evidence suggests that 

signal II is provided by a factor released from adherent cells (Rosen- 

streich, 1976) which may be identical to those released during mixed 

lymphocyte reactions (Alvarez, Silva & de Landazuri, 1979) (Figure 3.9). 
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Fig. 3.9.) Hierarchy of lectin induced mitogenic signals 

adherent cell 

LEG 

SIGNAL 1 

  

      lymphocyte SIGNAL 2 

The initial signal, 0, is of interest to us as it 1s) the recruiting 

stimulus that activates the quiescent cells. One of the earliest events 

following lectin stimulation is a rise in the influx of calcium from 

the external environment (Allwood, Asherson, Davey & Goodford, 1971; 

Ozato, Huang & Ebert, 1978; Freedman, Raff & Gomperts, 1975). This 

rise in cytosolic calcium has biological significance as calcium-free 

extracellular environments do not support stimulation (Allwood et al. 

1971; Whitney & Sutherland, 1973). Furthermore, the calcium ionophore 

A23187 initiates identical proliferative responses whilst promoting 

calcium influx (Maino, Green & Crumpton, 1974; Jensen, Winger, 
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Rasmussen & Nowell, 1977). This suggests that a rise in cytosolic 

calcium is the triggering stimulus in lectin-induced lymphocyte 

proliferation. This has many similarities with cell activation as 

described in Section 2. 

The subsequent events of activation are also in accord with a 

general model of cell activation. Thus a rapid efflux of cytosolic 

potassium occurs from the triggered lymphocytes (Aull, Nachbar & Oppen- 

heim, 1977; Iversen, 1976). This may be provoked by the rise in 

cytosolic calcium or by the change in membrane lipid composition 

(Crumpton, Auger, Greene & Maino, 1976). However, the net effect 

of potassium efflux is controversial as an equal and opposite potassium 

influx is detectable (Averdunk & Lauf,1975). ‘This K’ influx is through 

the sodium-potassium ATPase and may be restorative, like the potassium 

efflux and recapture cycle in other systems (see Section 2). A second 

possibility, that the futile K* cycle lowers cytosol ATP content, is 

discounted as there was no decrease in ATP after stimulation (Segel, 

Androphy & Lichtman, 1978). 

The preceding chapter suggests that the extracellular environment 

directly influences cell proliferation, acting through intracellular 

regulator processes that govern the cell cycle. The link between 

the external signal and the internal response has not been considered, 

although evidence suggesting that calcium fulfills this role in other 

cell processes has been presented in Section 2. The final intro- 

ductory chapter now considers the specific cell model employed in the 

current investigation, and attempts to provide some insight into the 

coupling between mitogen and mitogenesis. 
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4.1. The control of thymic lymphocyte proliferation in vivo. 

There are two functionally distinct lymphocyte populations within 

the mammalian immune system. One, composed of antibody-secreting 

cell precursors (the so-called B lymphocyte), derives directly from 

the bone marrow (Greaves, Owen & Raff, 1973; Nossals & Makela, 1962; 

Miller & Mitchell, 1967). The second population, which mediates 

cellular immune reactions and exerts a regulatory influence over the 

antibody response, also originates from bone marrow stem cells (Davies, 

Leuchars, Wallis & Doenhoff, 1971; Metcalf, 1970; Ford & Micklem, 

1963). These cells, which emigrate from the marrow and mature within 

the thymus are termed T-lymphocytes (Clanmann & Mosier, 1972; Miller 

& Osoba, 1967). In addition to this seeding the thymus, particularly 

in early life, also contains a self-renewing stem cell population 

(Claesson & Hartmann, 1976; Ropke & Everett, 1974). 

The end product of the intrathymic division and differentiation of 

T lymphocyte precursors is the small, non-cycling, terminally differ- 

entiated cell which comprises some 75% of the total thymic lymphoid 

pool in the rat (Craddock, Nakai, Fukuta & Vansleyer, 1964). Although 

the thymus contains such a high proportion of non-dividing cells the 

entire murine lymphoid compartment is renewed within four days 

(Metcalf & Wiadrowski, 1966). This self-renewal is due to the high 

mitotic activity of the remaining 15% of the lymphoid population. 

These active cells primarily distinguishable by their size and stage 

of differentiation (Saint-Marie & Leblond, 1965; Metcalf & Wiadrowski, 

1966), give rise to the end cell through a series of reduction div- 

isions (Craddock et al. 1964). For the thymic mass to remain stable 

the very high rate of proliferation must be balanced by large scale 

intrathymic death of self-reactive cells and by a smaller scale cell 

emigration (Joel, Chanana, Cottier, Crankite & Laissue, 19:77:73 
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cl¥esson & Hartmann, 1976). 

Although proliferative events within the thymus were originally 

considered to be autonomous (Miller & Osoba, 1967), thymocyte pro- 

duction in vivo is now known to be influenced by both the external 

and internal environment. Initial development and maintenance of the 

tissue is dependent upon both growth hormone (GH) and corticotropin 

(ACTH). Hypophysectomy or anti-GH antiserum administration both induce 

thymic atrophy in young animals (Pierpaoli & Sorkin, 1972). Indeed, 

both a direct effect of GH on thymocyte mitosis, and an indirect 

effect on the nutritive epithelium have been observed in vitro 

(Whitfield, MacManus & Rixon, 1971; Comsa, Leonhardt & Ozminski, 1979). 

ACTH may also influence the epithelial tissue, which responds to ACTH 

injection in adrenalectomized mice (Brink-Johnson & Dougherty, 1965). 

A further pituitary-thymus axis is indicated by the TSH-induced re- 

storation of thymic growth in congenitally hypopituitary mice 

(Pandian & Talwar, 1971; Pierpaoli, Baroni, Fabris & Sorkin, 1969). 

The TSH effect may be mediated by Ty which can itself restore growth 

(Pierpaoli et al. 1969). Parathyroid hormone can also positively 

influence intrathymic cell production. The thymus gland atrophies in 

surgically hypoparathyroid adult rats (Rixon & Whitfield, 1972). 

A variety of PTH dependent mitotic responses in vivo are discussed 

in more detail below. 

Reduction of plasma testosterone, oestradiol and corticosterone 

following castration or adrenalectomy results in enhanced thymic 

growth, suggesting that the steroid hormones exert a negative influence 

over thymic proliferation (Dougherty, 1952; Dougherty, Berliner, 

Scheebeli & Berliner, 1964). Adrenalectomy may both remove lympho- 

toxic corticosteroids (Kinoshita, Kimura & Fukamizu, 1974) and 

enhance circulating levels of the trophic ACTH. The latter poss- 
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ibility may be more valid. Although cortisol will lyse thymic lympho- 

cytes at high concentrations, more physiological levels actually promote 

division (Whitfield, MacManus & Rixon, 1970). The inhibitory role of 

sex-steroids is more precisely defined, their removal by castration 

increases thymus size, whilst their administration produces marked 

thymic atrophy (Sobhon & Jivasattham, 1974; Ito & Hoshino, 1963; 

Scheiff & Haumont, 1979). 

In addition to this external influence there is considerable 

evidence for intrathymic self regulatory processes. Several products 

released by the thymic epithelium are able to exert a stimulatory 

influence over lymphocyte development. Both T-cell immuno-competence 

and overall cell numbers in athymic mice can be restored by thymic 

epithelial tissue grafted into the recipient within a cell impenetrable 

container (Bach, 1976; Metcalf, Sparrow, Nakamura & Ishidate, 1961). 

A polypeptide isolated from bovine thymus is capable of modifying T- 

cell activity in vitro (Goldstein, Asanuma, Battisto, Hardy, Quint & 

White, 1970). This peptide, thymosin, also stimulates thymocyte pro- 

liferation and differentiation in vivo (Goldstein, Slater & White, 1966; 

Wara & Ammann, 1975). A second peptide, thymopoietin, has also been 

identified. This appears to influence the same processes as thymosin 

and its precise in vivo role is unclear (Goldstein, 1975). In add- 

ition to these two factors the thymus and T lymphocytes themselves 

produce a variety of active substances during an immune reaction. The 

majority of these influence the immune response and are not considered 

here. In vivo production of thymosin is particularly susceptible to 

hormonal modulation. Those extrathymic hormones reported to stimulate 

or inhibit thymocyte proliferation influence thymic hormone production 

in the same fashion. Increased thymosin production follows castration, 

whilst hypophysectomy decreases its production. Both of these effects 
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are reversed by restoration of the appropriate hormone (Comsa, 

Leonhardt & Ozminski, 1979). 

A rapidly responding population is responsible for the increased 

thymic lymphocyte proliferation associated with physiological demands 

for lymphocyte production in the rat, and presumably other species 

(Whitfield, Rixon, Perris & Youdale, 1969; Miller & Osoba, 1967). 

As mentioned above proliferation of the rat thymic lymphocyte is 

closely linked to parathyroid hormone levels. Closer investigation 

has revealed that parathyroid dependent changes in the divalent cation 

climate of the external fluid modulate thymic mitotic activity in vivo. 

A similar relation between PTH divalent cations and mitosis is observed 

in rat bone marrow and regenerating liver (Perris, 1971). Artificially 

elevated divalent cation levels in vivo, produced by calcium or mag- 

nesium ion injections, were followed by the recruitment of the rapidly 

responding cell population (Perris & Whitfield, 1967). This “unphysiol- 

ogical" effect has close physiological parallels. The circadian rhythm 

in thymocyte recruitment closely follows changes in plasma calcium con- 

tent, peaks in both are coincident (Hunt & Perris, 1974). During the 

cellular immune response the plasma calcium concentration rises at the 

same time as thymic proliferation is increased (Edwards, Mekori, Atkin- 

son & Perris, 1976). Surgical removal of the parathyroid glands re- 

sults in a hypocalcaemia and hypoplasia of the thymus and other para- 

thyroid dependent tissues (Perris, 1971; Rixon & Whitfield, 1972). This 

reduced proliferative activity delays the cell mediated immune response 

and abolishes the hypercalcaemic proliferative episode in the thymus 

(Atkinson, 1976). Calcium may be the ultimate mediator of PTH dep- 

endent thymic proliferation as normocalcaemic aparathyroid rats do not 

exhibit thymic aplasia (Edwards pers. comm. ). These effects of cal- 

=70«



cium appear to be confined to the male rat (Dawson & Perris, 1974). 

This is due to the presence of the anti-proliferative sex-steroid, 

oestradiol in the female (Smith, Gurson, Riddell & Perris, 1975; 

Morgan & Perris, 1974). During the oestrus cycle decline in oestradiol, 

the calcium stimulatable response may reappear, as a marked increase in 

both calcium and thymic mitosis is evident (Smith et al. 1975). The 

present investigation has revealed that oestradiol may potentiate some 

aspects of calcium-induced proliferation in vitro. Thus it may be 

that in the female the presence of oestradiol lowers the calcium level 

required to trigger the quiescent population in the same way EGF acts 

upon mammalian fibroblasts (McKeehan & McKeehan, 1979). Consequently 

the hypercalcaemia inducing proliferation may not be readily apparent 

in vivo. 

Whilst it may be argued that the mitotic response to calcium 

ions could be induced by an intermediary active mitogenic agent in 

vivo the many in vitro observations favour a more direct role for 

calcium. Such studies, using short-term serum free cultures, do not 

reproduce the precise intrathymic environment and may not reflect the 

coordinated response occurring in vivo. However, the intracellular 

regulatory mechanisms will remain essentially intact, providing a 

powerful tool for the investigation of in vivo mitotic regulation. The 

mitogenic capacity of magnesium illustrates this point. Although in- 

jections of magnesium ions, or their addition to cultured cells, pro- 

vokes mitosis there does not appear to be a physiological counterpart 

to the stimulatory in vivo hypercalcaemia (Whitfield, Perris & Rixon, 

1969; Perris, Whitfield & Rixon, 1967). Even though this is the case 

the magnesium-ion activated thymocyte has provided valuable information 

regarding the recruitment mechanism. 
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4.2. Mitogenic stimulation of rat thymocytes in vitro. 
  

In vitro studies have provided a great insight into mitotic act- 

ivation of the rat thymocyte. Four hours after the addition of 

mitogenic agents in vitro (and in vivo) the stimulated production of 

mitotic figures becomes evident (Whitfield, Rixon, Perris & Youdale, 

1969; Perris, 1971). The quiescent, recruitable population, has been 

identified as a pre-S"G ." population. Both S phase blockade and in- 

hibitors of DNA synthesis prevent the recruitment response, which it- 

self involves DNA synthesis (Morgan, 1976; Youdale & MacManus, 1975; 

Whitfield, Perris & Youdale, 1969). From comparisons with murine 

thymocyte cell cycle times it is possible to predict that the mitotic 

cells originate in the G, period (Metcalf, 1966) (Figure 4.1). 
it 

Fig.4.1. Murine thymocyte cell cycle. 
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Such a G, entry point would agree with the observed cyclic AMP surge 

occurring thirty minutes after stimulation (MacManus & Whitfield, 1971). 

This cyclic AMP rise would then be equivalent to that observed as 

other cells pass the G,/Ss boundary (see Section 3). This places the 

entry time approximately thirty minutes before the onset of the S 

phase. 

The quiescent population may be recruited in vitro by a 

temporarily increased extracellular divalent cation concentration as 

stated above. Although this produces a smaller recruitment than the 

in vivo response the lower basal rate in vitro means that the same 

proportion of mitotic cells are produced in both cases. In addition 

to these two mitogens a variety of stimulatory compounds have been 

identified. Table 4.1 lists many of the agents so far shown to 

initiate recruitment in vitro. 

Table 4.1. Mitogens acting upon cultured thymocytes. 

Cortisol Whitfield, MacManus & Rixon, 1970 

Bradykinin Perris & Whitfield, 1969 

Adrenaline MacManus, Whitfield & Youdale, 1971 

Isoprenaline Morgan, Hall & Perris, 1975 

Growth hormone Whitfield, Perris & Youdale, 1969 

Oxytocin Whitfield, Perris & Youdale, 1969 

Prolactin Whitfield, Perris & Youdale, 1969 

PTH Whitfield, Perris & Youdale, 1969 

ADH Whitfield, Perris & Youdale, 1969 

Histamine Morgan & Perris, 1975 

Acetylcholine Morgan, Hall & Perris, 1975 

Insulin Morgan, Hall & Perris, 1975 
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Table 4.1. (continued) 
  

Dopamine Morgan, Hall & Perris, 1975 

Glucagon Morgan, Hall & Perris, Lgg5S 

Concanavalin A. Whitfield, MacManus, Boynton, Gillan 

and Isaacs, 1974. 

The absence of extracellular calcium renders several of these 

compounds mitogenically impotent, the remainder being fully active 

in the absence of calcium ions. This calcium-independent group are 

without exception dependent upon the extracellular presence of mag~- 

nesium ions. Thus thymocyte mitogens may be divided into either 

calcium or magnesium-dependent axes (Morgan, Hall & Perris, 1975) 

As the cations are mitogenic in their own right, it is quite probable 

that the mitogens act ultimately through their respective divalent 

cation. This concept of two discrete mitogenic axes has been con- 

siderably reinforced by the observation that sex-steroids exert an 

inhibitory influence in vitro strictly related to the cation dep- 

endency of the mitogen. As noted earlier oestradiol prohibits calcium 

stimulated proliferation. This inhibitory action is extended to all 

calcium-dependent mitogens (Morgan, Hall & Perris, 1975; Morgan & 

Perris, 1975). Furthermore testosterone addition abolishes selectively 

magnesium and magnesium-dependent mitogen action (Morgan & Perris, 

1975). The calcium dependent axis may be re-defined as a calcium- 

dependent, oestradiol inhibitable, limb whilst the second axis may 

be termed magnesium-dependent and testosterone inhibitable. 

The list of hormonal mitogens in table 4.1. includes hormones 

believed to exert their normal action through different cyclic nucleo- 

tide second messengers. Interestingly, the two members of each pair 
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(Insulin:Glucagon) and (Beta-adrenergic:Cholinergic or Alpha- 

adrenergic) act through separate mitogenic axes (Table 4.2.) More- 

over, it can be seen that the two groups of calcium-dependent hormones 

act normally through cyclic GMP and that magnesium dependent mitogens 

classically use cyclic AMP (see Section 2). 

Table 4.2. Cationic dependency of antagonistic hormone pairs 

(after Morgan and Perris, 1975) = 

Ca dependent Mg dependent 

Insulin Glucagon 

Cholinergic/Alpha-adrenergic Beta-adrenergic 

This dichotomy suggests that the two cyclic nucleotides are influencing 

separate mechanisms for inducing mitosis, in the same way as they can 

promote different secretory responses within one cell type. 

The two principle regulatory actions of cyclic nucleotides have 

been discussed in Sections 2 and 3. These are (1) to provide the 

calcium for stimulus-response coupling and (2) to regulate cell 

cycle progression. Thus any interaction between exogenously added 

cyclic nucleotides and the mitotic processes may be the result of 

several different reactions. It is important to recognise that mito- 

genic studies using such exogenous additions of cyclic nucleotides 

are not intended to represent faithfully in vivo mitogenic events. 

They have been performed solely to elucidate the mechanisms governing 

recruitment. 

Addition of exogenous cyclic AMP or cyclic GMP will stimulate 

mitosis when at high extracellular concentrations (107 ’M) . At such 

a level both cyclic AMP and GMP are magnesium-dependent and testo- 

sterone inhibitable (Morgan, Hall & Perris, 1977). Conversely, when 

added at low (107+2m) concentrations both nucleotides will stimulate 
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mitosis in a calcium-dependent oestradiol sensitive manner (Morgan 

Stral. Loy. As cyclic GMP can inhibit the thymocyte phosphodiest- 

erase at ree molar concentrations, and thereby elevate cyclic AMP 

within the cell, it is possible that high concentrations of both 

compounds raise intracellular cyclic AMP, which is itself believed to be 

involved in magnesium-dependent hormonal mitogenesis (Whitfield, Mac- 

Manus, Franks, Gillan & Youdale, 1971; Morgan et al. 197.7 )o (The wow 

cyclic nucleotide concentrations may both enhance cytosolic cyclic GMP 

levels but this is uncertain. If they did it would conveniently explain 

the calcium dependency of their action. 

The addition of the adenylate cyclase activators Guanosine tri- 

phosphate (GTP) and Guanyl imido triphosphate (Gppnhp) will increase 

cytosolic cyclic AMP formation (Rodbell, Lin & Salomon,1974; Rodbell, 

Lin, Salomon, Londos, Harwood, Martin, Rendell & Berman, 1975) %5°. - BOLD. 

of these agents stimulate mitosis and require external magnesium ions 

(Berris:.&-Morgan, 1975). Thus: the magnesium-dependent step lies after 

cyclic AMP formation. This is confirmed by the use of inosine triphos- 

phate (ITP) which will prevent mitogen induced cyclic AMP formation by 

inhibiting adenylate cyclase (Bilezikan & Aurbach, 1974). ITP addition 

inhibits only those mitogens believed to act via cyclic AMP formation 

(Perris & Morgan, 1975). The action of magnesium and external cyclic 

AMP themselves is unabated. This suggests the following model for 

thymic lymphocyte activation through an ultimate magnesium-dependent 

step. (Figure 4.2). 

By



Fig. 4.2. Magnesium dependent mechanism of thymocyte recruitment 
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By analogy with this model the following figure (Figure 4.3) has been 

" constructed suggesting a possible calcium and cyclic GMP interaction 

to evoke calcium dependent mitogenesis. 
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Fig. 4.3. Calcium dependent mechanism of thymocyte recruitment 
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The connection of two different nucleotide mechanisms within one cell 

type has already been illustrated in detail in Section 2. Indeed 

the dichotomy of the mitotic response between Mg/ CAMP and Ca/ .cGMP 

axes has several parallels with other cell activation events. Most 

notable of these is the secretory response to an excitatory stimulus 

and the contractile response of muscle tissue. In both of these 

cases the ultimate link between external signal and the cellular response 

is a change in the internal calcium ion content. If such changes 

occur within the thymocyte they would directly implicate calcium ions 

in stimulus-mitosis coupling. The following experimental observations 
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have been made with a view to investigating the events occurring 

within the thymic lymphocyte cationic homeostatic system upon stimul- 

ation with the ultimate intention of identifying the precise mechanisms 

by which calcium (and magnesium) ions mediate the action of extra- 

cellular growth-promoting substances and influence the mitotic 

activity of quiescent cells. 
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5 Methods and Materials 
  

Unlike the majority of continuously cultured cells the mitotic 

behaviour of thymic lymphocytes, in short term suspension cultures, 

closely follows that observed in the intact animal (Perris, 1971). 

The regular appearance of mitotic cells in vivo and in culture is the 

result of comparable basal proliferative activities (Hunt, 1974). 

Moreover a series of mitogenic agents exhibit the same capacity to 

stimulate the proliferation of a normally quiescent pes ) cell popul- 

ation in vivo and in vitro (Morgan & Perris, 1974; Whitfield, Rixon, MacMams 

and Balk, 1972). This parallel reactivity provides an almost unique 

insight into mitotic events closely related to in vivo proliferative 

responses of the native tissue. The technique of short-term suspension 

culturing is itself remarkably suited to the study of in vitro mitotic 

activity as detailed below:- 

1. The availability of a responsive, naturally quiescent, cell pop- 

ulation avoids the need to induce cell synchrony or quiescence by 

using artificial procedures. 

2. The short incubation period avoids the necessity to supply serum for 

growth supplementation, thereby avoiding complex interactions between 

mitogenic and serum factors. Furthermore the simple salt solution 

permits experimental manipulation of both organic and ionic com- 

ponents of the extracellular medium. 

3. Unlike cultured adherent cells the entire thymocyte surface is exposed 

to the culture medium, and consequently added mitogens. Apart from 

providing a physiological environment this enables clear examination 

of such parameters as nutrient uptake or receptor binding. 

4. Density dependent growth inhibition and nutrient depletion are avoided 

due to the short culture period, moreover constant agitation 
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avoids the local accumulation of potentially toxic metabolites. 

5. The rapid and simple preparation of the cell suspensions avoids the 

metabolic duresses incurred during the preparation of cell cultures 

from already established cell lines and intact tissue. 

Thymocyte cultures were prepared using a modification of the 

technique developed by Whitfield and co-workers (Whitfield, Brohee 

and Youdale, 1964). Albino male Wistar mee . weighing under 

200 grammes were used exclusively, avoiding fluctuations in mitotic 

activity due to age-related thymic involution or oestrus cycle endocrine 

periodicity (Perris, 1971, Smith, Gurson, Riddle and Perris, 1975). 

Animals were housed in a controlled-temperature environment with free 

access to food and water. Lighting was partly regulated, with electric 

illumination being available from 08.00 to 17.00 hours. Animals were 

sacrificed between 08.30 and 09.30 hours, thereby minimising changes due 

to the inherent circadian rhythm in rat thymocyte mitotic activity (Hunt 

and Perris, 1974). Despite these precautions a slight seasonal drift in 

basal activity was observed. This may reflect seasonal changes as it 

correlates with changes in the plasma calcium content (Edwards and 

Atkinson, unpublished observations) . 

Thymus glands were rapidly excised from animals anaesthetized with 

a weak ether/air mixture, barbiturates were not employed as they have a 

reported antimitotic action (Baserga and Weiss, 1971). Recently it has 

become evident that stress-induced changes in rat plasma hormone levels 

are produced by a variety of sacrifice techniques (Wong, personal comm.) 

However the time course of these changes only coincides with the later 

stages of gland excision so the washing procedure after removal should 

adequately remove the stress-hormones before they can influence mitotic 

Footnote 1. Bantin & Kingman Ltd. 
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activity. Indeed the relatively unstressful decapitation technique does 

not alter basal mitotic activity. After removal of the thymic tissue 

the entire organ was rapidly rinsed in three changes of 0.9% saline, 

which removes superficial debris and blood. Thymocytes were freed from 

the reticulum by thorough mincing in culture medium, cell aggregates 

and the reticulum were then removed by filtration through four-ply 

moistened muslin. The resultant cell suspension was assessed using a 

Coulter ZB electronic particle counter “Oe * After adjusting the 

concentration to approximately 5 x 107 cells per millilitre aliquots 

(1 ml) were placed into sterile plastic culture tubes and incubated 

at 37°C in a rotating roller drum assembly for six hours. During this 

period the number of viable cells (as assessed by the Trypan blue 

exclusion) only dropped by two to four per cent from 92 - 96% initial 

to 90 - 94%. This drop is accounted for by a reduction in the small- 

cell population which are mitotically inert. 

Although thymocytes appear to proliferate normally in a simple 

salts solution a more complete pre-prepared culture medium was used. 

Medium oo ee 2 wickaen, Morton & Parker, 1950) was used throughout, 

avoiding the possibility of mitogen-induced nutrient requirements causing 

Gl restriction. The medium 199 was manufactured nominally free of added 

calcium and magnesium ions, having no detectable calcium present (detect- 

ion limit Six 10-°M). EGTA buffers were not used to regulate the free 

calcium concentration as the chelator may perturb cell membranes or 

chelate other vital metal ions. Where desired calcium and magnesium ions 

were added from stock-solutions of their respective chloride and sulphate 

salts. The various ionic environments will be referred to by the desig- 

nation provided under FigureMl (column 1) which also lists the final 

Footnote 1. Coulter Electronics Ltd. 

Footnote 2. Wellcome Ltd. 
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media composition (column 2). Addition of putative mitogenic or anti- 

mitotic agents was performed as desired in 10 microlitre aliquots. 

An equal volume of the diluent used (0.9% NaCl or 0.9% NaCl Ethanol) 

was also added to the control cultures. 

Figure M1 

Divalent cation content of culture medium 199 employed in mitotic 

investigations. 

  
  

Treatment Ionic content Volume of stock solutions added 

(mM) per ml. of culture (1) 

Ca Mg 
Control O26 1. 10 10 

High Ca 18 Lee 30 10 

High Mg 0.6 235 10 25 

OCa - Le) - ie) 

OMg 0.6 - 10 - 

As the mitotic activity of cultured cells ismarkedly pH sensitive 

(Eagle 1973) precise buffering is essential, particularly in long term 

cultures. For these short-term investigations adequate buffering was 

provided by a simple bicarbonate-carbon dioxide equilibrium. This was 

established between the co. evolved by the cells and NaHCO, added at 

2.4 g/l of medium. The cell concentration employed ensures sufficient 

co, is produced, provided the vesseis remain sealed, to maintain a pH 

of 7.2 +0.2 throughout the incubation. Where appropriate the metaphase 

arresting agent colchicine ers was added to the culture medium to 

give a final concentration of 0.6 x io this being the minimum re- 

quired to provoke spindle disruption without influencing mitotic activity 

(Whitfield, MacManus & Gillan,1973). After six hours of incubation two 

drops of the culture were removed and placed on a microscope slide and 

mixed with one drop of a binding agent (calf serum). After drying ina 

Footnote 1. Ciba Ltd. 
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stream of warm air the cells were fixed in neutral formalin and 

stained in Delafield's haematoxylin according to established procedures 

(Whitfield, Brohee, & Youdale, 1964). Mitotic activity was determined 

by scoring the cell population for the percentage of cells arrested in 

quasi-metaphase configurations. One thousand cells from duplicate 

cultures were examined under oil immersion at 1250 x magnification by 

two observers. The 4000 + cells counted will provide an adequate 

sample of the culture; previous studies have shown that trained ob- 

servers rarely differ by more than 0.5% using this technique. Where 

such differences occurred the slides were recounted. Using this 

technique with a basal ionic composition (see figure Ml) approximately 

4% of the cells entered mitosis over the six hour period. When either 

cation was elevated approximately 6% of the cells reached mitosis over 

the same period (figure M2). The substitution of the inorganic buffer 

HEPES did not alter the measured mitotic activity. 

Figure M2. Mitotic activity (% colchicine metaphase) observed with 

altered ionic environments and buffer system. 

Culture conditions Buffer system 

Bicarbonate/Co,, Hepes 

Control 4.1+0.1 (N=65) 3.940.2 (N= 6) 

High Ca 6.3+0.1 (N=55) 6.140.2 (N= 6) 

High Mg 6.0+0.2 (N=15) 6.1+0.2 (N26) 

O Ca 3.9+0.1 (N= 25) 

O Mg 3.940.1 (N= 25) 

Although the rate of proliferation is nearly doubled during mitotic 

stimulation (see above) the actual increase is only two per cent of the 

entire population. Clearly the use of a subjective technique ‘to measure 

such small changes is potentially hazardous, and was only attempted by 

trained observers. Despite the laborious and somewhat subjective nature 
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of the colchicine metaphase technique it has proven superior to alter- 

native methods. A brief review of these is now included, demonstrating 

the unsuitability of other subjective and objective techniques for the 

measurement of rat thymocyte mitotic activity. Conveniently these may 

be grouped under direct and indirect observation of the dividing cell. 

Direct. The simplest such estimate would be the measurement of the 

progressive increase in cell numbers as proliferation proceeds. 

Unforturmitely over a short incubation insufficient cells would divide to 

make such measurements valid. During mitosis the dividing cells in 

the culture will become morphologically distinguishable. A count of the 

percentage of mitotic cells in the entire population (mitotic index) 

would then give a measure of proliferation. If a given treatment re- 

cruited additional cells it would be supposed that the proportion of cells 

in distinct phases of the cell cycle would increase correspondingly, 

giving a higher mitotic index. If however, the agent altered the 

duration of mitosis, or indeed other phases of the cell cycle, this 

would result in a spurious alteration in the mitotic index. Further- 

more, as thymocytes are recruited in a semi synchronous fashion the 

number of mitotic figures would only be elevated for a short period, 

making such measurements hazardous. The laborious and highly subjective 

nature of direct estimates has influenced the development of indirect 

techniques. 

Indirect. Most such techniques attempt to measure DNA synthesis, 

assuming this to be directly related to mitotic activity. Autoradio- 

graphic analysis of cells which have incorporated the radioactive pre- 

cursor *wehwindaline (FHraR) will reveal that portion of the population 

synthesizing DNA. However, DNA synthesis by non-mitotic cells, tracer 

Yeutilization or changes in the length of the cell cycle may spuriously 
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alter the number of labelled-cells.To counter these problems the proportion 

of labelled cells present in recognisable mitotic configurations must 

be determined er cent labelled mitoses). This is extremely sensitive 

but again is laborious and somewhat subjective. The simplest method 

for quantifying DNA synthesis would appear to be waeicnek pe Adaneiee 

ication of labelled precursor incorporation into newly synthesized DNA. 

This requires that the precursor pool remains relatively constant during 

the synthetic phase of the cell cycle. Unfortunately recent experiments 

have revealed that the thymidine pool of cultured cells is highly labile 

(Simnett & Fischer 1973; Youdale and MacManus 1975). Therefore 

it is essential to establish whether the thymocyte precursor pool re- 

mains constant. Iodine labelled deoxyuridine etude) ee : which 

is incorporated into DNA as a thymidine analogue was employed (see 

Figure M3). 

Figure M3. Chemical structure of Thymidine and 12a uaR. 

oy 
i eeriitee fas ounces 

3 
This analogue is highly stable in comparison with ~HTdR, moreover 

  

ie HN eo 

in contrast to thymidine, the iodinated derivative is only poorly in- 

corporated into DNA. This ensures that reutilization of incorporated 

isotope is negligible (Feinendeegen, 1973). 

The initial experiment was performed to determine if mitotic 

25 
stimulation by high calcium influenced the rate of uptake of IUGR 

into the cells. Using the isotope tracer uptake technique described 

Footnote 1. Amersham Ltd. 
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below the incorporation of n23 into thymocytes was found to be 

identical in both control and stimulated cells. Discrimination is not 

exerted at the entry stage in the metabolism of nucleotide (Fig.M4) . 

Moreover ,the transmembrane equilibration of the tracer was extremely 

rapid, thereby minimizing the pre-incubation time required to saturate 

internal nucleotide pools. 

Figure M4 1251yap uptake into thymic lymphocytes following calcium 
  

chloride administration. 
  

°% UDR 
uptake 5 és 

x10 3 " se ane 

  

25's 

2a a high calcium 

15 - © control 

10 - :   
  

Ss | T 

5 10 tS Min. 

Cells were incubated with tracer for the desired times and then separated 

from the incubation medium by centrifuging through a water-impermeable 

oil. The uptake is expressed as percentage radio-activity taken up by 

the cells. 
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When the effect of known thymocyte mitogens was investigated upon 

: ‘ 125 : 
the incorporation of IUdR into ethanol insoluble (presumably DNA 

bound) pools (Pritchard & Micklem 1972) it was apparent that DNA 

synthesis did not correspond with mitotic activity (Fig.M5) 

Figure M5. Effect of mitogen addition upon 125 TuaR incorporation into 
  

DNA 

Treatment % of control incorporation Mitotic 

activity 

Zero calcium 102 Basal 

High calcium 85 +++ 

High Magnesium 87 Sate 

Concanavalin A Sway 89 ane 

Concanavalin A/Zero Calcium’ 102 Basal 

Adrenaline 5 x 10 °M* 83 +44 

Adrenaline/zero Mg — * 105 ec) 

* Maximum mitogenic dose 

+ Ca dependent mitogen 

+ Mg dependent mitogen 

Cells were pre-incubated with tracer at a concentration of 2Ci/ml for 

30 minutes. Mitogens were then added and cells harvested after 30 
minutes by centrifugation with 70% ethanol. After three ethanolic 

extractions the remaining radioactivity was measured. The results are 

expressed as % of control incorporation and are from three separate 

experiments. 

From figure M5 it is evident that enhanced proliferation was always 

associated with a reduced isotope incorporation. Furthermore, mitogens 

in the absence of their required divalent cations did not depress 

incorporation in the absence of stimulated mitosis. It is probable 

that the tracer incorporation is lowered in stimulated cells due to 

activation of endogenous thymidine synthesis. This would be mediated 

through thymidylate synthetase and thymidine kinase (producing de novo 

thymidine and converting other nucleotides (Weber 1975) .) 

As the use of indirect techniques is somewhat inaccurate the assay 
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of mitotic activity chosen for these experiments was the direct, col- 

chicine induced, metaphase arrest estimation. Whilst somewhat sub- 

jective this assay is the most convenient and simple to perform, being 

the most suitable direct technique available. By using the minimum 

stathmokinetic concentration the side effects of tubulin disaggregation 

will be lessened, if not avoided. Indeed, colchicine treatment reveals 

the same number of dividing cells as the PIM technique. Moreover at 

the concentration used colchicine did not influence glucose, leucine, 

calcium, sthymidine or 125 Tua passage across the cell membrane in 

unstimulated cultures (Morgan, 1976, Atkinson, unpublished data). 

It was suggested above that the coupling between stimulation and 

proliferation is provided by changes in the transmembrane ion distrib- 

ution, linked ultimately to an increased intracellular calcium con- 

centration. In large cells such as squid axon or amphiuma red cells 

the free calcium concentration of the internal fluid may be measured by 

calcium induced fluorescence of an appropriate chromophobe dye intro- 

duced into the cytosol. Such a technique is impractical with the 

thymocyte as its size precludes the micro-injection of fluorescent dyes. 

Direct measurement is also inappropriate as the ratio of free to bound 

calcium is very small and would change during measurement. To reveal 

the mitogen induced alterations in cytosolic calcium an indirect measure- 

ment technique was employed. This quantifies the transient trans- 

membrane fluxes of tracer molecules during stimulation. To be 

effective the tracer must satisfy the following criteria first proposed 

by Ussing. 

1. The tracer must have the same thermodynamic properties as the mole- 

cule it replaces e.g. molar volume and activity coefficient. 

2. It must not alter the system chemically, nor must its transport 
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cause a shift in the centre of mass of the system. The latter 

would only be appropriate when the mass of the tracer greatly 

exceeds that of the substituent, i.e. tracer/substituent mass ratio 

must be close to unity. 

The tracer chosen to represent calcium was the B-emitting isotope 

Calcium-45' Cotnote o Being the isotopic form of the natural molecule 

this will fulfil ;all) conditions: When added at a concentration of 1 

UCi/ml the calcium content of the tracer (50 ug/ml) present in the 10 

Hl aliquot will not significantly alter the external calcium concent- 

ration. Potassium isotopes suitable for tracer investigation are very 

costly and extremely short lived. Consequently the widely used periodic 

vélative Rubidiumes6 oo 4 was chosen. This ‘v-emitting isotope 

was chosen to substitute for potassium, which it can represent in 

a variety of potassium—dependent processes. The 8 radiation from 

Galicia” was detected using liquid scintillation spectroscopy in a 

Packard tri-carb counter, Model 2660. Rubidium’ was measured using 

a Tracerlab gamma-set 500 pre-calibrated for the rubidium photopeak. 

In both cases internal standards were used to correct for decay, the 

efficiency of B detectors was corrected by using an online data 

handling system. 

It proved necessary to modify the culture technique to enable 

measurement of the tracer redistributions, the changes made are detailed 

below. 

1. As continual sampling from the culture during incubation would 

abolish the carbon dioxide/bicarbonate equilibrium, and consequently 

alter the pH, a more suitable buffer system was adopted. Hepes’ °0o 

hie 2 (n-2 Hydroxyethyl piperazine N-2 ethan sulfonic acid) was added 

Footnote 1. Amersham Ltd. 

Footnote 2. Flow Laboratories Ltd. 

90s



to the culture medium at a final concentration of 1 mM. Following 

the manufacturer's recommendation the bicarbonate content of the 

medium was reduced to lg/1l, allowing an adequate metabolic pool. 

This buffer system supported normal and stimulated mitotic act- 

ivity to the same extent as the Co,,/bicarbonate (Figure M2) 

2. A thirty minute pre-incubation period, allowing recovery from 

preparative procedures, was used for all ionic uptake studies, 

whilst a sixty minute period was employed for efflux investigations. 

Such pre-incubations did not influence the mitotic competence ; re- 

sponsiveness to mitogens remained constant during a one-hour pre- 

incubation. After a series of preliminary experiments, the cell 

concentration was raised two-fold. This permitted reproducible 

sampling of the cell and supernatant radioactivity. The adjusted 

cell concentration of 10° cells/ml did not influence mitotic 

capacity of the cells. 

The major problem of tracer incorporation measurements is the 

efficient removal of the unincorporated isotope present in the extra- 

cellular fluid. Washing of the cells after incubation has proven in- 

adequate, not only due to tracer exchange between cells and washing 

‘medium but also because the cell membrane permeability is drastically 

altered by certain mitogens (Segel,Lichtman,Hollander, Gordon& Klemperer, 

11976). Consequently a modification of the centrifugal: technique developed by 

Danon & Marikovsky was used (Danon & Marikovsky,1959; Funder & Weith, 1967; 

Freedman, Raff & Gomperts, 1975). This method completely avoids the use 

of washing procedures. 

After the preincubation aliquots of the thymocyte cultures were 

withdrawn and added to pre-warmed tubes containing tracer and any 

desired compound. At different times thereafter 200 p 1 aliquots, con- 

taining 2 x 107 cells,were removed for the measurement of tracer dis- 

tribution. All such assays were performed in triplicate. The cells 
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were separated from the unincorporated tracer by centrifugation through a 

water impermeable oil barrier. This was achieved by layering 100 Ul 

aliquots of oil above 98% formic acid in 400 Ul microcentrifuge tubes 

Feeknee | (Pigure Moa). At the desired time 200 Ul of medium and 

cells were layered above the oil (Figure M5b) forming a three-tier 

gradient. The sealed tubes were rapidly centrifuged at over 8500 g 

for two minutes in a Beckmann microcentrifuge Model ae a 

This resulted in the isotope laden cells passing through the oil layer 

into the acid layer (Figure M6éc). The incubation time for each tube 

was taken from the time of addition to isotope to the start of the 

centrifuge run. This is approximate but as the centrifuge achieves 

maximum force within five seconds it is an adequate approximation. 

After centrifugation the tubes were immersed in liquid nitrogen which 

solidified the contents. The supernatant and cell pellet were separated 

by a lateral cut through the oil layer (Fig. M6d) . 

Three factors, all dependent upon inherent properties of the oil 

layer, will determine the sensitivity of this technique. The first 

priority is for the oil to be chemically inert, secondly it must be 

highly water impenetrable, finally maximum cell passage should occur 

with the minimal carry-over of the supernatant. Preliminary experiments 

revealed that a minimum oil volume of 75 Ul was essential to prevent 

mixing of the acid and cell suspension during pipetting. Thus a 

standard 100 ul oil barrier was adopted throughout. An initial screen- 

ing for water impermeability, using an aqueous Nat ??T solution, revealed 

that many oils were insufficiently resistant. The passage of Chromium 

-51 labelled cells through suitably water resistant oils was determined 

’ 
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Fig.M6 The three layer density gradient for the separation of 
  

radio-labelled cells and unincorporated isotope. 
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by comparing the Cr 51 remaining in the supernatant after centrifugation 

with that present in the cell pellet (Figure M7). This revealed that 

the silicone oil Ms550 proved to be superior in allowing maximum cell 

passage. 

As cells pass through the silicone oil layer some of the extra- 

cellular fluid will be trapped within the interstitial spaces. This 

fluid, containing significant quantities of isotope, may be carried 

completely into the formic acid, where it can readily be quantified 

using an extracellular space marker. Alternatively, as the cells 

traverse the hydrophobic region the trapped fluid may be lost into 

the oil layer. This would generate an isotopic gradient across the 
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Fig. M7.Passage of Chromium-51 labelled thymocytes through100 Ll 

aliquots of water-impermeable oils. 

Oil % passage 

Silicone oil Ms oan vee a 98 

Aibuker ncatete So" 4 94 

nDibutyl Phthalate/Corn oil 95 
GOs 3!) 

Silicone oil Ms550/Corn oil 95 
(10:2) 

Cells prelabelled with Nacr°'o3 for 30 minutes at 16° cells/ml. 

Washed in culture medium 3 times. 200 11 aliquots placed in triplicate 

tubes above the oil barrier and centrifuged. Results from the 

separate experiments are mean % activity in cell pellet. 

oil, leading to considerable inaccuracies in the separation of incor- 

porated and non-incorporated isotope. The isotope content of the 

silicone MS550 oil was determined after centrifugation of prelabelled 

(tein ae a _ cells or cells added to a labelled (3H-inulin) 

ee solution and rapidly centrifuged. Thus any transfer of 

label between cells and oil or supernatant and oil will be detected. 

The isotope content of the oil layer after centrifugation was deter- 

mined by isolating it from both supernatant and formic acid layers. 

This was achieved by adding 50 111 of an oil denser than Ms 550 to 

pre-centrifuged tubes (Figure MBa). A second centrifugation placed 

this oil between the Ms550 and the cell pellet (Figure M8b). 

A third oil, lighter than Ms550 was placed at the oil/supernatant 

junction by the same procedure (Figure M8c). After freezing in liquid 

nitrogen the Ms550 layer was completely removed by cutting through both 

Footnote 1. Dow Corning Ltd. 

Footnote 2. .B.D. oy bt. 

Footnote 3. Amersham Ltd. 
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additional oil barriers (Figure M8c). There was no detectable radio- 

activity present in the silicone barrier, indicating that no exchange 

of tracer takes place between cells or the trapped extracellular 

fluid and the oil barrier. Thus any fluid between cells as they enter 

the oil is carried into the formic acid during centrifugation. By 

measuring this carry over the activity in the formic acid may be corr- 

ected to represent cell-associated isotope. 

Fig.M.8 Isolation and separation of impermeable silicone oil barrier 
  

after centrifugation of tracer containing cells or supernatant. 
  

      amma Cl 0, sssy [.0, 

Ss 
  

      

                    
  

Both EGTA complex Calcium 45 and 3H-inulin were used as extracellular 

space markers, allowing measurement of the carry over. When incubated 

with the thymocytes for 20 minutes neither tracer entered the thymo- 

cytes, as indicated by a constant value for carry over with time. 
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Furthermore,the amount of trapped isotope increased in proportion to 

increased cell numbers. Both tracers may therefore be considered in- 

ert. Under basal conditions the carry over of the extracellular 

fluid represented a constant 0.13% +0.003 (n=35) of the supernatant. 

This contributes a considerable amount of radioactivity to the cell 

pellet and any change in this value provoked by experimental treatment 

of the thymocytes will artificially change the isotope "associated" 

with the cells. Thus a range of mitogens and other agents used in the 

subsequent studies were added to cultures to determine their effect, 

if any, on the carry over. In the presence of mitogenic concentrations 

of calcium, magnesium, adrenaline or ouabain,alone or in conjunction 

with inhibitory concentrations of oestradiol or testosterone,failed to 

influence the carry over to any extent. Thus the amount of calcium 

entering the thymocytes can be derived from the following equation, all 

values being pre-corrected for counting efficiency and background 

radioactivity. 

(1) Uptake |; sctope ens = Specific activity x /dpm - dpm 

of tracer in (cell (carry 

external medium ellet) over) 

The movement of the ribidium tracer into the cytosol must be expressed 

as a distribution ratio between cells and medium as the specific 

activity of rubidium in biological fluids is a meaningless value. 

As the true specific activity of the isotope within the cytosol is un- 

known due to the many subdivisions of the internal distribution the 

efflux data is presented differently (see below). 

GPM cell pellet) " pm (carry over) 
  

(2) Tracer movement = be 
P (supernatant + cell pellet) 
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Any change in the isotope content of the cells may be due to 

three different processes. Firstly if the rate of tracer uptake is 

changed, secondly if the efflux component changes without a change in 

uptake and thirdly if the cellular volume changes without an actual 

increase in internal ion concentration. A series of experiments was - 

performed to establish if indeed the cellular volume was changed during 

mitotic activation. Using a Coulter ZBI cell counter coupled with a 

channelyzer pulse height analyser ee a distribution profile of 

cellular volumes was obtained under different experimental conditions. 

To compare the volume profiles after different treatment an arbitrary 

index of the profile was generated from each curve. The cell volume 

corresponding to half the peak cell numbers was extrapolated and 

assigned the value R (see Figure M9). 

Any change in the volume profile will shift the curve, and hence 

R, accordingly. The new value of R may be compared with the control 

value and the volume shift quantified. If no shift occurs, the value 

of treated cells Rn will equal that of control cells Ra and the ratio 

of R/Ro will be unity. An increase in the cell volume will increase 

the value of Rn and the ratio R/R, will exceed one. (Figure M10). 

Conversely cell shrinkage will decrease the value of R,/Ro- 

Figure Mll lists the ratios obtained for R/Ro after several 

experimental manipulations. The observations presented were made at 

10 minutes although the oa values were still measurable after 30 

minutes and 1 hour. It is evident from Figure M.11 that no detectable 

change in cell volume occurs during the activation. This is to be 

expected as the recruitment phenomenon results in the division of medium 

to large thymic lymphocytes to produce small daughter cells. 

Footnote 1. Coulter Electronics Ltd. 
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Etg aM? athe volume, 616tr thution profile of thymocytes shewing 
the extrapolation of the volume index R. 

“a Max 
cell nos 

100 - 

ein 

    

  

ARBITRARY UNITS VOLUME 

Fig. M1JQ Increased cell volume resulting from a 15% osmotic shock 

W x 
cell nos C S 

100 

    

50 |------ 

  

  
a re 

ARBITRARY UNITS VOLUME 

Two cultures of thymocytes were established as described. To the test 

culture of:1 ml-a‘150 11 aliquot of distilled H,O was added. The con- 

trol culture received 150 pl of medium. After 10 minutes the volume 
profiles were measured. 
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Fig. M.1l. The volume indices obtained after treating thymocyte 

cultures with mitogenic and antimitotic agents 

Control Ry= 1200 

High Ca a. O2 

High Mg At@is 

Oestradiol (Oe) OS 

Testesterone (To) Osi! 

High Ca + Oe 1.04 

High Mg +ro Lg OO 

Adrenaline 5 x 10M Onco 

-99-



Having proven that the uptake of isotope can be measured and that 

cell volume is fixed it becomes essential to determine the final vari- 

able, efflux. Ideally this would be measured in parallel with the 

uptake experiments, using a different isotope for each directional 

flux. However, unidirectional measurements are permissible provided 

tracer movement itself is measured under near identical conditions in 

both uptake and efflux studies. To measure unidirectional efflux the 

intracellular ion pool(s) must be prelabelled with tracer, ideally to 

equilibrium. This entails a further modification to the experimental 

procedure. Cells were pre-equilibrated with lUCi/ml of tracer for one 

hour, after which time excess tracer in the supernatant was removed 

by three washes in prewarmed medium. This treatment did not influence 

the mitotic responsiveness of the cultures, nor does it deplete internal 

ionic stores as efflux follows an identical pattern to unwashed cells. 

Although all the internal ion pools are not fully saturated during this 

pre-incubation the flattening of the uptake curves for both calcium and 

rubidium after 1 - 2 hours suggests the internal pools are becoming so. 

After the washing procedure the cells were handled in the same way as 

for uptake experiments. However, the washing period itself proved to be 

of variable time and therefore small variations in the starting isotope 

content between experiments was unavoidable. To overcome this the 

efflux of isotope was expressed as the percentage of the initial isotope 

content «(3):. 

(dpm (cells) - dpm (carry over)), 

(3) Efflux at time (t) = t 

(dpm (cells) - dpm (carry over)), 

oO 
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6 Results 

Rat thymocytes continued to enter mitosis and accumulate as recognis-— 

able mitotic configurations when suspended in colchicine-supplemented 

culture medium 199. When the calcium and magnesium composition of the 

external medium was adjusted to reflect the ambient levels of normal 

rat blood, some four percent of the cells entered mitosis over a six- 

hour period (Fig. Rl). This basal proliferative activity was not in- 

fluenced by the exclusion of either, or both, of the divalent cations 

(Fig. Rl). Thus it would appear that neither calcium nor magnesium 

are essential for the completion of the mitotic cycle by cells already 

committed to divide prior to removal from the rat. In accord with 

previous studies (see Introduction, section 4) an approximately three- 

fold elevation in the extracellular concentration of either calcium or 

magnesium initiated the recruitment, into the mitotic cycle, of a 

normally quiescent cell population. This additional cohort of cells 

served to elevate the proportion of mitotic cells within the culture 

population to six percent (Fig. Rl). 

Fig. Rl. The mitotic activity of rat thymocytes cultured in vitro 

under different external divalent cation environments. 

Treatment Divalent cation % of cells in mitosis 

content (mM) after 6 hrs. (Mean + SEM) 

Cacl., MgSO, 

Control 0.6 1.0 ALTtOuk n = 20 

Zero calcium O RO) B79tOuL n= 10 

Zero magnesium O56 Oo Se ltOe n= 10 

Zero calcium & magnesium O O S27 20.2 n= 45 

High calcium E28 10 6.31072 N=. 20**4, 

High magnesium 0.6 2.5 6.02052 ni =e2Ore = 

*** Significantly different from corresponding control cultures 

(P<O.001) 
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If the quiescent population of thymocytes is first recruited into the 

mitotic cycle, via an in vivo hypercalcaemic episode, a subsequent ex~ 

posure in vitro to elevated calcium or magnesium ievets no longer in- 

duces additional cells to divide (Fig.R2). Thus it may be concluded 

that both calcium and magnesium ions act upon the same population of 

recruitable cells. 

Fig.R2. The influence of divalent cations upon the division of thymo- 

cytes previously recruited by an in vivo immune challenge of 

sheep red blood cells (SRBC) 

Treatment of animals In vivo plasma Mitotic activity (% cells in 

three days prior to an calcium concen- mitosis after six hours) 

invitro culture .of tration at day 

thymocytes three (mg%) 

Control High High 

calcium magnesium 

Control (Saline injection 10.110.2 3220). 2 6.0LOs 3° 6.00.2 

n = 5) 

kkk 

Stimulated( SRBC injection 10.7+0.2** 6562013". 6e5tO.3 26.1207 

n = 5) 

** Significantly different from control cultures P <0.005 

*** Significantly different from control cultures P <0.001 

The stimulated rats received an intra-peritoneal injection of approx- 

imately 2 x 108 washed SRBC suspended in 0.9% saline. After three days 

the animals were sacrificed and thymocyte cultures prepared in the usual 

manner. The immunisation-induced hypercalcaemia and thymic proliferation 

observed by Edwards et al. 1976 were confirmed. The calcium content of 

the heparin treated plasma was analysed using a Corning automatic calcium 

Giltrator. 

The sudden elevation in the extracellular divalent cation concen- 

trations used to provoke mitosis would probably overwhelm internal cation 

homeostatic processes. This would, temporarily at least, raise the 

the intracellular divalent cation content. Such an increased availability 

of free divalent cations has been shown to activate cellular responses in 

a variety of cell types (see Introduction, section 2). Indeed, the di- 
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valent cation ionophore A23187 and plant lectins, both of which 

increase intracellular divalent cation concentrations, are potent 

stimulators of human lymphocyte proliferation (Jensen, Winger, Rasmussen 

& Nowell, 1977; Allwood, Asherson, Davey & Goodford, 1971). Thus 

there appears to be a prima facie case for an intracellular action of 

the stimulatory divalent cations during the recruitment of rat thymo- 

cytes . 

The monovalent cations play a significant role in modulating the 

intracellular content of divalent cations in both excitable and non- 

excitable tissues (see Introduction, sections 1 & 2). Therefore we 

reasoned that thymocyte proliferation could be influenced by experimental 

manipulation of the transmembrane monovalent cation equilibria, which 

would then secondarily influence the intracellular calcium content. 

Thymocytes were exposed to the cardiac glycoside ouabain, which will 

specifically inhibit the plasma membrane Na/K ATPase activity (Linden- 

mayer, 1976). Pump inhibition, and the consequent reduction in the 

active transport of sodium and potassium ions, would directly elevate 

cytosolic sodium. This, as section 2 predicts, will lead to an inhibit- 

ion of sodium-calcium exchange and hence elevate cytosolic calcium. It 

was first necessary to establish the efficiency of thymocyte Na/K ATP-ase 

inhibition by ouabain. The “pump activity" in a broken membrane prepar-~ 

ation was assessed by measuring the inorganic phosphate (Pi) released from 

ATP by the hydrolytic activity of the pump (Palmer et al. 1966; Schwartz, 

1971). Figure R3 shows that the enzyme activity revealed by this assay 

4 Molar is highly sensitive to ouabain inhibition. In the presence of 10° 

ouabain the inorganic phosphate production was reduced to approximately 

15% of the initial activity. Very little dose-dependency was detectable, 

lower ouabain levels failed to influence this non-ideal system. The 

degree of sensitivity to the high ouabain concentration is in close agree- 
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ment with that reported for rat thymocytes (Segal, Hollander, Gordon, 

Klemperer & Lichtman, 1975) and human peripheral blood lymphocytes 

(Lichtman, Segel & Lichtman, 1979). 

Fig. R3. The influence of ouabain upon the ATP hydrolytic activity 

of a crude thymocyte membrane preparation. 

Total inorganic Pi release without addition 0.27+0.03 UMpi/mg/protein/hr 

; -4 iti 
Release in presence of 10 Ouabain 0.04+0.01 Mees v Hi 

Release in presence of 16° Ouabain O223f0.05 Mee oy i" 

Release in presence of ieee Ouabain O.24+0.06 eu uy Me 

** Significantly different from untreated control (P<0.005 n =3) 

Thymocytes were homogenized in 30 mM Tris buffer containing 5 mM MgCl, 

pH 7.6. Crude membranes were prepared from the 1500 g sediment. 

This pellet was suspended in assay buffer (according to Schwartz, 1971). 

Phosphate released from the added ATP was measured colorimetrically 

by the method of Fiske & Subba Row, 1925. 

It must be remembered that this assay of pump activity does not 

reflect the true ATPase activity of intact cells as the absence of 

normal transmembrane tonic gradients will influence the expressed act- 

ivity. Other investigations reported below show that the pump is indeed 

sensitive to far lower ouabain concentrations. 

Many previous studies have shown that ouabain, when added to cul- 

tured cells at a high concentration reduced the long term rate of cell 

division (Mayhew & Levinson, 1968; McDonald, Sachs & Ebert, 1972; 

Quastel & Kaplan, 1968). Contrary to these observations, ouabain added 

to the rat thymocyte cultures at tour Molar concentrations did not 

prevent previously committed cells from dividing normally (Figure R4a). 

When added to thymocytes in conjunction with a mitogenic concentration 

of either calcium or magnesium ions the same 107 Molar concentration 

completely prevented the additional mitotic activity due to the mito- 

genic divalent cations (Figure R4b). As calcium and magnesium are 
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believed to stimulate recruitment through different mechanisms (Morgan 

& Perris, 1974) and both prove to be ouabain-sensitive, the glycoside 

must act at a common point, presumably subsequent to recruitment. 

One possibility is that the reduced cellular potassium content, produced 

by pump inhibition, would prohibit the mitogen-induced increase in 

cellular protein synthesis. Some of these newly synthesized proteins may 

be essential for the traverse of the G) cell cycle phase (Ledbetter & 

Lubin, 1977, see also Introduction, Section 4). When the inhibitory 

ouabain concentration was added to thymocytes, neither mitogen-stimulated 

nor basal incorporation of radiolabelled leucine CH leucine) into newly 

synthesized proteins was influenced by the glycoside (Figure R5). 

Fig.R5. Influence of an elevated calcium content and ouabain addition 

upon thymic lymphocyte protein synthesis. 
  

Treatment ot teeing incorporation into_TCA insoluble 

protein (expressed as dpm/10/ cells) 

Control 204414 

High calcium api tle 

Contron. + to7" Ouabain 208+12 

High calcium + 10°* ouabain 258+ 8** 

** Significantly increased above untreated culture (P <0.005 n = 3) 

Thymocytes were cultured in the presence of 0.1 uCi/ml of 34 leucine for 

thirty minutes prior to their exposure to mitogen and/or ouabain at (0*cells|mi. 
The incorporated and unincorporated label was separated by TCA precip- 

itation after a four hour incubation, at which point the cells begin 

to enter mitosis. 

The positive inotropism induced in cardiac tissue by ouabain, and 

by inference the change in intracellular cations, is strictly dose- 

dependent (Biedert, Barry & Smith, 1979, Lamb & McCall, 1975). ‘Therefore 

we reasoned that at reduced concentrations ouabain would exert less of an 

inhibitory influence upon thymocyte mitosis. When the glycoside concen- 
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tration was reduced to under 10 Mee cake cui and magnesium were able 

to resume their normal mitogenic action (Figure R6). When these non- 

inhibitory concentrations of ouabain, which. presumably inhibit the 

Na/K ATPase to a lesser extent than 1S ouabain, were added to un- 

stimulated thymocytes, there was a stimulation of proliferation (Figure 

R7). This ouabain stimulation of thymocyte mitosis was expressed 

over two distinct and separate concentrations ranges. Such biphasic 

responses have previously been noted when cyclic nucleotides were added 

to cultured rat thymocytes (Morgan, Hall & Perris, 1977). In this 

instance it was shown that the two peaks of mitotic activity were the 

result of the same mitogen inducing recruitment through either the cal- 

cium or magnesium dependent mitotic axes. This biphasic response was 

dependent upon the mitogen concentration in the extracellular fluid 

(see Introduction, section 4). The mitotic response to ouabain re- 

vealed a similar dichotomy when the divalent cation dependency was 

assessed. In the absence of extracellular calcium the mitotic 

potential of 10’ ouabain was abolished, whilst the stimulation at 

107M remained undiminished (Figure R8). 

Thus the high, 10 /M ouabain concentration, may he categorised as 

a calcium-dependent mitogen. In common with all other such mitogens 

this high (10m) concentration proved to be sensitive to the presence 

of oestradiol (Figure R9). Only the high concentration had this 

sensitivity to oestradiol, the calcium-independent stimulation provoked 

hy 10°14 Ouabain was not affected (Figure R9). This low peak of 

ouabain stimulation, uninfluenced by the absence of calcium or the 

addition of oestradiol, proved to be highly sensitive to the removal 

of extracellular magnesium ions (Figure R10). Previously identified 

magnesium-dependent mitogens haye been shown to be testosterone- 
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inhibitable, and as anticipated the tox tla? a Quabain cencentration 

was no exception. Figure Rll shows that testosterone abolishes only 

the mitotic potential of the magnesium-dependent glycoside concentration, 

the calcium-dependent 10! concentration was unaffected. This glyco- 

side treatment further confirms the existence of the two discrete 

mitogenic axes (Perris & Morgan, 1975). Figure R12 summarises the 

various dependencies of ouabain stimulation and shows that the glycoside 

acts as either a calcium-dependent, oestradiol-inhibitable, ora 

magnesium-dependent, testosterone-inhibitable mitogen. 

If the glycoside-induced proliferation is indeed due to changes 

in the intracellular cation content, brought about by pump inhibition, 

then ouabain, at mitogenic concentrations, should influence Na/K ATPase 

activity. The previous ATPase assay would not be suitable for such a 

sensitive measurement. Consequently the technique developed by Shank 

& Smith was adopted to detect ouabain-mediated pump inhibition under 

more physiological intact-cell conditions (Shank & Smith, 1978). 

The influence of a range of ouabain concentrations from ie to oo 

Molar was tested upon the volume recovery response of osmotically 

stressed cells (see Methods). The resultant changes in cell volumes 

are shown in Figure R13. A reduced recovery rate indicates, albeit 

indirectly, that the function of the pump is restricted (Tosteson, 

1964). As can be seen in Figure R13 the recovery of cells treated 

with mitogenic concentrations of ouabain is drastically reduced. The 

technique did not allow discrimination between different glycoside 

concentrations but confirms that the lowest mitotically active ouabain 

concentration (io ++) is still able to inhibit the pump. This 

suggests that the mitotic (and anti-mitotic) potential of ouabain is 

related to pump inhibition and the subsequent changes in the internal 

cationic environment. 
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It has been suggested that ouabain can exert metabolic effects 

other than pump inhibition during its incubation with cultured epithel- 

ioid cells (Lelievre, Paraf, Charlemagne & Sheppard, 1977). Whilst 

in all probability these changes are a consequence of pump inhibition, 

it was imperative to employ other Na/K ATPase inhibitors to exclude 

such a possibility. Extracellular fluoride ions have been shown to 

inhibit the functioning of membrane monovalent cation pumps in other 

mammalian cells (Yoshida, Nagai, Kamei & Nakagawa, 1968; Kirschner, 

1964). Like ouabain, high concentrations of fluoride inhibited both 

calcium and magnesium induced mitogenesis (Figure R14). This could 

not be due to the removal of divalent cations by fluoride-metal precip- 

itation for simple stoichiometric reasons. In a manner comparable with 

ouabain, a reduced fluoride ion concentration allowed both calcium- and 

magnesium-stimulated proliferation (Figure R15), which suggests a dose- 

dependent inhibition of the ATPase. The ability of extracellular fluoride 

to stimulate thymocyte proliferation was then determined to see if a 

second (purported) pump inhibitor could promote mitotic activity. As 

Figure R16 shows fluoride treatment indeed provoked mitosis. Unlike 

ouabain the stimulation appeared only over a single concentration range. 

In a third series of experiments the indirect subversion of pump 

activity was attempted. As a high proportion of cellular ATP production 

is directed towards pump function any interference with the cellular 

energy supply would reduce pump activity to some extent. The metabolic 

inhibitor 2.4 DNP was added to cultures in an attempt to uncouple mito- 

chondrial respiration and lower cellular ATP levels. It was first nec- 

essary to establish that this treatment was not influencing normal pro- 

liferative activity due to a general cytotoxic effect. Figure R17 

demonstrates that, at a range of concentrations, 2.4 DNP permitted 

calcium-stimulated mitotic activity. The higher concentrations did prove 

to be mitogenic in their own right (Figure R18). 
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Although these treatments are all believed to cause alterations in 

intracellular cation concentrations it was necessary to directly influence 

the cation balance without recourse to pharmacological treatments. As 

intracellular sodium ions are normally furnished from the extracellular 

reservoir by transmembrane diffusion an increased transmembrane sodium 

gradient would be expected to increase the intracellular sodium concent- 

ration. When the external sodium concentration was raised by as little 

as a five millimolar increase (from the normal 145 mM to 150 mM), without 

osmotic compensation, the quiescent rat thymocytes were recruited into 

the cell cycle (Figure R19). This proliferative response to increased 

extracellular sodium proved to be dose-dependent; above a 30 mM increm- 

ent there was no evident stimulation of mitosis (Figure R19). The 

increased external osmotic pressure, or chloride ion content were not 

responsible for the mitotic triggering as both lithium and potassium 

chloride increments proved to be mitotically inert (Figure R20 and 

Figure R21). The increased internal sodium ion content, produced by 

either pump inhibition or enhanced sodium entry, will interfere with 

the transmembrane calcium exchange. The effect of the removal of extra- 

cellular calcium upon sodium-stimulated mitosis was tested. This 

calcium depletion would prevent an elevation of cytosolic calcium caused 

by the increased internal sodium ion content. In the absence of the 

extracellular calcium ions a 10 mM increment in extracellular sodium was 

no longer able to provoke a mitotic response (Figure R22). The stim- 

ulation due to higher sodium concentrations was not influenced by such 

calcium deprivations (Figure R22). The calcium-independent stimulation 

due to a 20 mM sodium increase was abolished by the removal of extra- 

cellular magnesium ions, which did not influence the lower (10 mM) 

mitotic sodium concentration (Figure R23). Again this dichotomy confirms 

the two-axis hypothesis of thymocyte activation. Moreover, these obser- 
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vations confirm that part of the mitotic action attributable to 

ouabain can indeed be due to an increased intracellular sodium con- 

centration: 

The dependency upon external calcium ions exhibited by many 

thymocyte mitogens attests to the importance of the extracellular 

calcium reservoir. How this external calcium contributes to mitotic 

stimulation by a variety of different mitogens is uncertain. One 

possibility is that extracellular calcium directly increases the 

intracellular calcium pool following its transmembrane movement. 

Alternatively, the extracellular calcium may be necessary solely for 

the maintenance of a labile intracellular or membrane-bound calcium 

pool. Whatever the mechanism by which intracellular processes depend 

upon external calcium it may be anticipated that isolation of the cyto- 

sol from the external environment would incapacitate all calcium-depend- 

ent mitogens. To achieve such an isolation a calcium-specific agonist 

was employed. Verapamil is one such agent and will inhibit Ca entry 

by blockading calcium-selective channels in the plasma membrane 

(Fleckenstein, 1977; Maier, Antonczyk, Schindler & Heidland, 1979). 

If, as suggested, verapamil does prevent calcium movement into thymocytes 

then the calcium-induced stimulation would be compromised. In an 

initial series of experiments verapamil, at concentrations above 5 x 

10°" g/1 proved highly cytotoxic. At lower, non-toxic concentrations, 

verapamil did not influence basal mitotic activity (Figure R24). When 

verapamil was added prior to calcium stimulation of thymocytes, the 

mitotic response normally produced by 1.8 mM calcium was blocked by 

the antagonist in a dose-dependent manner (Figure R24). Significantly, 

concentrations that inhibited calcium-induced mitagenesis failed to pre- 

vent magnesium-stimulated proliferation (Figure R24). This suggests a 

calcium selective, non-cytotoxic action for verapamil. Furthermore, the 

magnesium-stimulated proliferation which does not require extracellular 

1 30=



calcium is not acting through a calcium-channel movement of magnesium. 

Fig. R.24. The action of a calcium selective antagonist, verapamil 

upon divalent cation induced thymocyte proliferation 

Treatment No Ss to"? g/l 5 x 1072 g/l 
Verapamil Verapamil Verapamil 

Control 4.1+0.1 (n=6) 4.2+0.3 (n=6) 4.4+0.2 (n=6) 

High calcium 5.840.3 (n=6) *** 3.4+0.4 (n=4) 5.4t0.2 (n=4) ** 

High magnesium 5.6+0.2 (n=4)** 5.4+0.3 (n=4) ** 5.240.3 (n=4) ** 

*** Significantly different from control cultures (P<0O.001) 

** Significantly different from control cultures (P<0O.005) 

A second calcium-selective antagonist, lanthanum, also proved 

capable of blocking calcium stimulated proliferation (Figure R.25). 

Fig. R.25. The influence of lanthanum upon calcium-induced mitosis. 

Treatment % cells in mitosis at 6 hours 

Control Se EO ze 

High Ca 5. 9tO8s ee 

Control + 3mMLa Cl. 4-10.38 

High Ca + 3mMLa cl, 3:64052 

** Significantly different from control cultures (P<0.005 n = 3) 

The addition of the inhibitory verapamil concentration in conjunction 

with the calcium-dependent ouabain concentration also resulted in the 

abolition of ouabain-mediated mitosis (Figure R.26). The magnesium- 

dependent concentration of ouabain was not influenced by verapamil 

(Figure R26). 

Fig. R.26. The verapamil sensitivity of ouabain stimulated mitosis. 
  

No 5k 10° M 5 x 10 °M 
Verapamil Verapamil Verapamil 

Control 3% 720.2 3392052 435/10.3 

10° /M ouabain 5.940. 3** 4.340.3 6.140.2** 

oR Ouabain GeO. 3% 5 920.32"% 6.310.3** 

** Significantly different from control cultures (P<O.005 n=3). 
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The extracellular calcium, which apparently must be allowed to enter 

the cytosol, was only able to stimulate mitosis when present outside 

the cell in a freely diffusible form (Figure R27). Thus the addition 

of citrate ions which act as calcium chelators, was tested upon calcium- 

stimulated mitosis. 

Fig. R.27. The effect of calcium chelation upon calcium-stimulated 

mitosis. 

Treatment. % Cells in mitosis at 6 hrs. 

Control B27 +053 

High calcium 6. EtOe 3x 

Control + 3mM sodium citrate 35420. 3 

High calcium + 3 mM sodium citrate 3.440.2 

**Significantly different from control cultures (P<O.005 n = 3) 

Thus it may be assumed, that for an increase in the extracellular 

calcium concentration to stimulate mitosis, the ion must pass in 

an ionic form into the cytosol. This suggests that the trigger for 

mitosis, in this instance at least, is a rise in the free ionic 

calcium content of the cytosol. This is also the conclusion that can 

be drawn from the mitotic potential and cation requirement exhibited 

by other agents that either directly, or indirectly, influence intra- 

cellular calcium homeostasis. 

Before considering direct evidence for altered calcium levels 

within the cytosol, it would be useful to summarise the preceding 

experimental observations. 

1. A single population of quiescent thymocytes was recruited by 

elevations in the external concentration of either calcium or 

Magnesium ions. 

2. Inhibition of the plasma-membrane Na/K ATPase by ouabain, fluoride 

and 2.4 DNP at very high concentrations prevented recruitment. 

= 1 32—



3. Lower concentrations of ouabain were not anti-mitotic, and provoked 

mitosis in a biphasic manner. A high ouabain concentration proved 

to be calcium-dependent whilst the lower stimulatory concentration 

was magnesium-dependent. Only the calcium-dependent concentration 

required unrestricted calcium entry as verapamil was able to 

inhibit its effect. 

4. Fluoride and 2.4 DNP also stimulated division, but in a monophasic 

manner. 

5. Thymocytes were stimulated by an increased transmembrane sodium 

gradient, which provoked either calcium- or magnesium-dependent 

mitosis in a concentration-related fashion. 

6. Calcium ions will only stimulate proliferation when added to 

thymocytes in a freely diffusible form. Calcium entry into the 

cytosol is necessary for the mitotic effect, as both verapamil 

and lanthanum inhibit selectively the calcium-induced mitosis. 

The period of time which elapses between mitogen addition and the 

commitment of responsive cells to divide is the crucial period for 

mitotic activation. This time will see the external "triggering stim- 

ulus" translated and coupled to the intracellular cell cycle regulatory 

machinery. The preceding experiments have shown that intracellular 

cations participate in mitogen-induced thymocyte activation. Therefore 

an investigation of the ionic rearrangements, if any, occurring during 

this initial activation period will shed light upon the important 

coupling process. Previous studies have shown that mitogen-stimulated 

thymocytes begin to enter the cell cycle, as indicated by the onset of 

DNA synthesis, within one hour of stimulation (Morgan, 1976; Whitfield, 

MacManus, Boynton, Gillan & Isaacs, 1974). This activation period was 
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further investigated by withdrawing the mitogenic extracellular 

calcium environment at different times during the incubation. If the 

stimulatory calcium level was maintained for only thirty minutes the 

quiescent thymic lymphocytes became irreversibly committed to enter 

the cell cycle (Figure R28). Thus, any crucial ionic rearrangements 

serving to trigger mitosis must be completed during this period. 

Consequently the following ion-flux investigations almost exclusively 

relate to this thirty minute period. 

Alteration of the cytosolic calcium content appears to be a 

common factor linking stimulus to response in both secretory and con- 

tractile cells. Similar calcium changes are also implicated in the 

mitotic recruitment of thymocytes (see Figure Rl and Introduction, 

section 4). Consequently the transmembrane movement of calcium was 

monitored during the recruitment of quiescent thymocytes. Calcium up- 

take by the thymocytes was observed by substituting the normal culture 

medium for one containing approximately luCi/ml of calcium-45 Codey; 

The final specific activity of this medium, which may properly be con- 

sidered an infinite and uniform reservoir, was 40uUCi/mg. Under basal, 

unstimulated conditions, the uptake of calcium, more properly termed 

cell-associated calcium, indicated the existence of a rapidly equili- 

brating, relatively small, reservoir (Figure R.29). This pool has a 

half-time of under thirty seconds and is probably analogous to the 

glycocalyx or membrane bound reservoir observed in other cell types. 

It is certainly not an intracellular reservoir as it was unaffected 

by the presence of verapamil, which prevented the entry of calcium into 

the cytosol (Figure R.30). Once this extracellular reservoir became 

saturated, a constant (linear) uptake of calcium was observed (Figure 

R.29). Presumably this corresponds to a transmembrane movement of 

calcium as it was highly sensitive to verapamil (Figure R.30). Over 
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a thirty minute period this constant influx approximated to a net 

calcium uptake of 1.4 pg /min/io” cells. This value is approximately 

one third of the rate previously observed for rat thymocytes (Hume, 

1978) This earlier report may include the membrane bound pool in 

the influx calculation. The constant rate of the uptake suggests 

that the simultaneous efflux of calcium, which under "steady state" 

conditions would be equal and opposite to the uptake, is occurring 

from a calcium pool not significantly saturated with calcium-45. 

The effect of the sudden, mitosis provoking, elevation of extra- 

cellular calcium upon calcium uptake was then investigated. Although 

the specific activity of the culture medium was altered by the in- 

creased calcium content, the results are expressed in terms of 

total calcium movement and therefore automatically compensate for a 

changed specific activity. As the external calcium content was 

suddenly raised to 1.8 mM one would expect the calcium homeostatic 

system to be thrown out of equilibrium. Indeed, this became evident 

from the dramatic five-fold expansion in membrane-associated calcium 

occurring in the presence of 1.8 mM extracellular calcium (Figure R29). 

This change in calcium binding may be the result of simple electro- 

static attraction between calcium and the cell surface. After this 

initial change calcium uptake reached a steady rate of approximately 

4 Se feintio: cells, and as such represents a three-fold increase over 

the basal rate (Figure R29) This approximate stoichiometry between 

calcium uptake and the external ion concentration was also observed in 

human lymphocytes (Lichtman et al. 1979). The first conclusion to 

be drawn from this initial study, presented in Figure R297 is that 

both the membrane bound and intracellular calcium pools may be in- 

creased following an elevation of the extracellular calcium content. 
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When unstimulated cells were incubated with an anti-mitotic con- 

centration of oestradiol there was no significant alteration in the 

rate of calcium entry over the initial thirty minute period. The 

oestradiol-treated basal cells exhibited an uptake of 1.5 pavndisiee 

cells (Figure R29). Oestradiol treatment did however slightly raise 

the calcium content of the thymocytes within five minutes. At still 

higher oestradiol concentrations this elevation became greater and 

resulted in a dose-dependent increase in calcium uptake (Figure R31). 

Fig. R.3l. The dose-dependency of the oestradiol influence on trans~ 

membrane calcium transport. 
  

Treatment Calcium uptake ES Voy cells) 

Control 1:4 

O.lug/ml Oestradiol eS 

O.2ug/ml Oestradiol te e7. 

O.5ug/ml Oestradiol 4.5 

When the usual inhibitory O.lug/ml concentration of oestradiol was 

added to thymocytes simultaneously with the normally mitogenic 1.8 mM 

calcium concentration, the enhanced calcium uptake due to the calcium 

elevation was further increased (Figure R.29). The rate of oestradiol 

+ high calcium treated cells became 7.1 pa/min/10° cells compared with 

a pg/min/10° cells in calcium-stimulated cells. Although this new 

rate of uptake resulted in a higher moyement of calcium into the cell 

the membrane bound pool is saturated. After a fifteen minute period, 

the enhanced calcium entry provoked by oestradiol in conjunction with 

high calcium suddenly disappeared. The rate of calcium influx de- 

creased sharply and reached the rate in oestradiol-untreated thymo- 

cytes at thirty minutes. This decline may be due to a mixture of en- 

hanced calcium extrusion and an inactivation of calcium entry. Lt 
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may not be directly related to the steroid-mediated inhibition 

of cell division as the inhibitory effect is exerted well before 

fifteen minutes (Morgan & Bramhall personal communication) . 

When cells were exposed to high, mitogenic concentrations, of 

extracellular magnesium ions neither the influx of calcium nor its 

binding to the cell surface were altered (Figure R.32). Similarly, 

when thymocytes were incubated with the calcium-dependent mitogen 

insulin, or the calcium-independent mitogen, adrenaline, there was 

no detectable change in calcium entry (Figure R.33). The addition 

Of. low... (under, 107 >M) concentrations of ouabain, which were capable 

of stimulating thymocyte proliferation (Figure R.7) were also with- 

out influence on calcium uptake (Figure R.34). High, antimitotic 

concentrations of ouabain did however enhance influx (Figure R.34) 

which may be related to its inhibitory action. Thus, mitogenic 

triggering per-se does not require extrginflux of calcium from the 

external environment. 

Although, contrary to our expectations, the calcium-dependent 

mitogen insulin did not enhance calcium influx it is still possible 

that other calcium-dependent agents, e.g. acetylcholine or alpha- 

adrenergic agonists will modify calcium transport. The inability 

of magnesium and the magnesium-dependent mitogen, adrenaline to 

influence calcium transport was, however, anticipated. These 

agents are already known to act independently of the extracellular 

calcium concentration (see Introduction, section 4). Ouabain- 

induced mitosis is a 'special case' and it is anticipated that the 

primary action of ouabain will be upon calcium exit and not calcium 

uptake. The ability of the inhibitory concentrations of both 

oestradiol and ouabain to increase the influx of calcium suggests 

that this effect is in same way related to the inhibitory process 

itself. 
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Although not all the anticipated calcium-transport alterations | 

were observed it is remotely possible that the technique used is 

insufficiently sensitive to detect enhanced calcium uptake. 

Furthermore, the increased entry of calcium into activated cells 

may not necessarily result in an alteration in the biologically- 

active free intracellular calcium pool. Therefore it became necessary 

to gain some impression of the changes, (if any), in this calcium 

pool. Direct measurement is not appropriate in these cells for 

the reasons stated in the Methods section. From the various studies 

reported in section 2 of the Introduction it appears that measurement 

of changes in the transmembrane potassium conductance might be a 

valid alternative to direct calcium measurement. This is assuming 

that the release of cell potassium will be increased following a 

rise in the free cytosolic calcium content. 

As has already been explained above, the tracer Rubidium-86 

(Rb°°) was used to represent potassium ions in all experiments to 

measure potassium fluxes. Although this substituent is a valid tracer 

molecule and behaves like potassium in a variety of systems (Kimelberg, 

1974; Bernstein & Israel, 1970; Mills & Tupper, 1975) it was essential 

to prove that ae was also acceptable in the thymocyte. As Figure 

R.35 demonstrates, the entry of Rb? into both control and stimulated 

cells was linear over the thirty minute activation period. Thus, 

the internal potassium reservoir was not saturated during this time, 

and tracer re-export would be minimal. The Rb? influx proved to 

be sensitive to the Na/K ATPase inhibitor ouabain, the reduction in 

uptake being noticeable within ten minutes (Figure R.36). This 

figure also demonstrates that the very low ao tty) mitogenic con- 

centration of ouabain influences monovalent cation balance, and by 

inference Na/K ATPase function. This confirms the earlier observ- 
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ations made upon both membrane homogenates and whole cells. The 

ouabain-dependency further indicates that the Rhee molecule is 

acting as a suitable potassium substitute. 

Whilst a stimulatory calcium concentration depressed a” 

uptake noticeably within fifteen minutes, this was not statistically 

significant (Figure R.37). The addition of cestradiol to the cal- 

cium stimulated cultures produced a further depression in rubidium 

transport, which again was not significant (Figure R.37). Paren- 

thetically it should be noted that a mitogenic extracellular con- 

centration of magnesium, insulin or adrenaline all failed to in- 

fluence rubidium incorporation. From this study it must be 

concluded that rubidium uptake,and presumably Na/K ATPase function, 

is not significantly altered during the early period of stimulation. 

Whilst it is possible that the enhanced rubidium exit reported 

below is causing the lowered rubidium uptake, it is also possible 

that the action of these two treatments may be related to an 

inhibitory action of intracellular calcium upon the Na/K ATPase 

system. 

Having established the constancy of the inward rubidium move- 

ment, it was possible to investigate mitogen-mediated changes in the 

outward transmembrane potassium current. Cells pre-labelled with 

rubidium for sixty minutes were washed to remove all extracellular 

tracer. The rubidium loaded cells were then placed into fresh medium 

and the release of intracellular isotope studied. The initial efflux 

was extremely rapid, but decayed away in an apparently exponential 

manner (Figure R.38). On a very simple level this may be considered 

to indicate two intracellular potassium pools in contact with the 

external environment. A similar model has been described for the 
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human lymphocyte (Negendank & Shaller, 1979). Ten minutes after 

the addition of 1.8 mM calcium the rubidium efflux by the first, 

fast, component of efflux was enhanced. This suggests that the 

rapidly exchangeable intracellular potassium pool is sensitive to 

an increased internal calcium concentration (Figure R.39). Indeed, 

the prevention of calcium entry by the inhibitory agent verapamil, 

resulted in the abolition of the enhanced rubidium efflux (Figure 

R.40).° This is taken as confirmation that the rise in calcium does 

indeed trigger rubidium efflux. 

The addition of oestradiol to unstimulated thymocytes increased 

the basal rubidium efflux (Figure R.41) confirming that the oestradiol 

promoted calcium uptake into basal cells raised the cytosolic calcium 

content. Oestradiol did not influence the rubidium release provoked 

by high calcium (Figure R.41). Thus, although oestradiol and 1.8 mM 

calcium are additive in promoting calcium entry the rubidium exit 

appears to be maximally activated by calcium alone. 

When the calcium-dependent mitogen, insulin or the magnesium- 

dependent mitogen, glucagon, were added to rubidium loaded thymocytes 

both were found to increase the efflux of the tracer (Figure R.42). 

The effect of the magnesium-dependent mitogen was not expected as 

such agents consistently failed to alter transmembrane calcium influx. 

The validity of the adrenaline phenomenon was explored by adding mag- 

nesium ions themselves. This treatment again provoked the increased 

rubidium conductance (Figure R.43). Interestingly testosterone 

treatment, which will only inhibit magnesium-dependent mitogens, did 

not alter rubidium exit (Figure R.43.). However, when testosterone was 

added in the presence of a stimulatory magnesium ion concentration 

the RB conductance was stimulated in an additive manner (Figure 

R.43.). This phenomenon may be related to the anti-mitotic action of 
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the steroid. 

The concentration dependency of two thymocyte mitogens was tested 

to confirm that the rubidium conductance was provoked only at 

mitogenically active concentrations of stimulatory compounds. 

Both histamine and exogenous cyclic GMP exhibit a marked con- 

centration dependency in their stimulation of mitosis (Morgan, Hall 

& Perris, 1977; Morgan & Perris, 1975). Figures R.44 and R.46 show 

the rubidium conductivity response to these agents. Cyclic GMP 

addition provokes a biphasic stimulation of thymocyte prolifer- 

ation over two concentration ranges, each requiring a different 

extracellular divalent cation (Morgan, Hall & Perris, 1977). At 

both the 1o8° and 57x 10 ty levels the nucleotide stimulated 

rubidium exit (Figure R.46). These concentrations correspond to 

the mitotically active cyclic GMP levels. Histamine promotes 

thymocyte mitosis over an extremely wide concentration range of 

o to 1 The effect of these concentrations upon the rubidium 

efflux is displayed in Figure R.44. It is evident that an approx- 

imate relationship exists between the mitotic potential and rubid ium 

efflux stimulated by Histamine. 

The two mitogenic concentrations of either ouabain or sodium both 

activated rubidium conductance (Figure R.48 and Figure R.49). 

These agents were able to provoke rubidium efflux at either their 

calcium- or magnesium-dependent concentrations, whereas the mitot- 

ically inactive fo concentration did not influence conductivity. 

The mechanism of these two mitogens is believed to be mediated through 

an inhibition of intracellular calcium exit (see above). Consequentiy 

a series of experiments were performed to determine if they did 

actually restrict calcium exit. Thymocytes were pre-labelled with 

calcium-45 in the same way as for rubidium. In an initial exper- 

iment (Figure R.50) it was demonstrated that the addition of 1.8 mM 
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extracellular calcium provoked a rapid exit of cellular calcium. 

Whilst calcium uptake was increased over three-fold the efflux 

was increased less than two-fold (Figure R.50). Ouabain treat- 

ment at the calcium-dependent (10” /M) concentration almost com- 

pletely blocked the efflux of calcium ions (Figure R.50). 

Significantly the calcium-dependent 10 mM sodium concentration 

was also able to inhibit calcium exit (Figure R.50). Ouabain 

at the magnesium-dependent ao ty) concentration also inhibited 

calcium exit. This last result is of tremendous significance 

for not only does this show that a magnesium-dependent agent inter- 

feres with calcium metabolism it also shows that the rubidium 

conductance promoted by magnesium-dependent agents can be due to 

an increased cytosolic calcium. Thus it is now evident that both 

calcium and magnesium, and their respective dependent mitogens 

can all influence rubidium exit. This phenomenon, dependent upon 

a rise in cytosolic calcium, demonstrates that all thymocyte 

mitogens have the potential to elevate intracellular calcium ion 

concentration. If this is indeed so, then changes in the intra- 

cellular calcium content will provide the essential coupling 

factor between thymocyte mitogen and the mitotic apparatus. Before 

considering this stimulus-mitosis event in the light of the 

experimental results it will be useful to summarise briefly the 

evidence presented in the preceding section. 
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SUMMARY 

An elevated calcium or magnesium concentration provoked the 

recruitment of a single, quiescent, population of thymocytes into 

the mitotic cycle. The calcium-induced stimulation required the 

unrestricted access of the divalent cation to the cell interior. 

Upon elevating the extracellular concentration of this ion its 

entry into the cell was increased. The rate of uptake was higher 

than the rate of efflux suggesting that the internal calcium content 

would be increased. This was confirmed by the activation of 

rubidium exit following the application of 1.8 mM extracellular cal-. 

cium. The rubidium efflux, dependent on the entry of calcium ions, 

was also observed when the glycoside, ouabain or extracellular sodium 

was used to provoke mitosis. Both of these agents interfere with 

extracellular calcium homeostasis and serve to inhibit calcium efflux 

from the thymocytes. Thus calcium, from either the external or internal 

environment, may provoke recruitment. When calcium-dependent mitogens 

were employed there was no increase in calcium entry but the rubidium 

conductance still appeared. Rubidium exit provoked by the calcium~ 

dependent concentration of ouabain was sensitive to the calcium antag-~ 

onist, verapamil. Thus, although these agents do not increase calcium 

entry the continual basal influx is necessary for stimulation. Neither 

magnesium nor magnes ium-dependent mitogens altered calcium uptake al- 

though they all provoked rubidium efflux, without requiring the entry 

of extracellular calcium. It is possible that magnesium itself could 

activate rubidium exit but the ability of the magnestum-dependent con- 

centration of ouabain to inhibit calcium extrusion suggests that their 

mitotic action is also mediated through an alteration in calcium homeo~ 

stasis. The intracellular calcium environment may also participate 

in the anti-mitotic action of the steroids testosterone and oestradiol. 
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Both of these compounds, and indeed ouabain, promoted an increase 

in the intracellular calcium concentration, although this was not 

associated with an increased cell division. 

It is now apparent that increased extracellular calcium, which 

will provoke mitosis, resulted in an elevated internal free-calcium 

content. Calcium- and magnesium-dependent mitogens did not alter 

calcium entry but still elevate intracellular calcium, presumably 

to a stimulatory level. As ouabain and sodium can promote mitosis 

by modifying intracellular calcium homeostasis it is possible that 

these other mitogens also promote mitosis by providing intracellular 

calcium from within the cell. The entire concept of stimulus- 

mitosis coupling by an altered intracellular calcium concentration, 

and the mechanisms by which external mitogens can provide such a 

calcium change, are discussed below in the light of these experim- 

ental findings. 
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i, Discussion 

Cellular functions as diverse as contraction and secretion are 

modified by a transient alteration in the free intracellular calcium 

concentration (Putney, 1979; Berridge, 1975). Calcium ions can also 

influence the cell cycle entry and progression of mammalian cells. 

Hence, the proliferation rates of rat, mouse, human and chick fibroblasts, 

and murine lymphoblasts are all reversibly slowed by a long-term re- 

duction in the calcium content of their culture medium (Frank, 1973; 

Gail, Boone & Thompson, 1973; Boynton & Whitfield, 1976; Hazelton & 

Tupper, 1978; Moscatelli, Sanui & Rubin, 1979; Brennan & Lichtman, 1973). 

Such sustained calcium deprivation may non-specifically restrict mitosis 

by interfering with the many intracellular processes dependent upon cal- 

cium (Balk, Whitfield, Youdale & Braun, 1973). However, a short-term 

reduction of intracellular calcium also induces a temporary arrest of 

normally cycling fibroblasts, these cells being halted at specific calcium- 

sensitive points with the G,; phase of the cell cycle (Paul & Ristow, 

1979). Such a calcium-dependent restriction also appears to occur in 

vivo. Proliferatively committed rat hepatocytes will execute many pre- 

replicative steps before arriving at a G, stage that requires a normal 

external calcium level for their cell cycle progress (Rixon & Whitfield, 

1975; Whitfield, MacManus, Rixon, Boynton, Youdale & Swierenga, 1976). 

To some extent this mechanism would account for the hypoplasia produced 

within the rat bone marrow and thymus by a persistent hypocalcaemia 

(Rixon & Whitfield, 1972; Perris, Weiss & Whitfield, 1970). 

Whilst this permissive role of calcium may be a universal feature 

of dividing cells, the ion is also able to positively regulate the 

proliferation of certain cells. The close relationship between an 

increased extracellular calcium concentration and stimulated prolifer- 

ative activity within various rat tissues in vivo has already been 
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considered in the Introduction (Section 4). It is important 

to note, that under a variety of physiological and artificial 

conditions, hypercalcaemia is invariably associated with an increase 

in the number of mitotic cells within these tissues (Perris, 1971; 

Whitfield et al. 1976). Cells prepared from the thymus or bone 

marrow will also demonstrate this mitotic response to hypercalcaemia 

in vitro (Perris, Whitfield & Rixon, 1967; Morton, 1968). Likewise, 

an increased extracellular calcium concentration is also able to 

raise the mitotic activity of cultured human fibroblasts and murine 

bone marrow, fibroblasts and lymphoblasts (Dulbecco & Elkington, 

1975; Gallien-Lartigue, 1976; Brennan & Lichtman, 1975; Boynton, 

Whitfield, Isaacs & Tremblay, 1977a; Boynton, Whitfield, Isaacs & 

Tremblay, 1977b). This calcium-induced mitosis is believed to re- 

present one aspect of the stimulus-mitosis coupling phenomenon (Berridge, 

1976). The present study therefore investigates those mechanisms by 

which external calcium ions, and other mitogenic stimuli, activate 

processes that culminate in the mitotic recruitment of quiescent 

thymic lymphocytes. 

A sudden elevation in the extracellular content of either calcium 

or magnesium ions was able to induce the rapid mitotic recruitment 

in vitro of thymocytes belonging to a single quiescent cell population 

(Figure Rl and R2). The stimulatory process was completed within 

thirty minutes, after which the triggering stimulus was no longer 

required (Figure R28). The processes involved in mediating this 

rapid cell activation are not fully understood. One recent hypothesis 

suggests that the two mitogenic divalent cations act through discrete 

axes, ultimately influencing cellular cyclic nucleotide concentrations 

(Perris & Morgan, 1975). Magnesium, and hormones requiring extracellular 

magnesium, are thought to exert their mitotic influence via a stimulation 
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of adenylate cyclase. In contrast calcium and calcium-dependent 

mitogens may act via guanylate cyclase stimulation. Both of these 

contentions are supported to some extent by the reported divalent 

cation sensitivities of the respective nucleotide-cyclase enzyme 

systems (Schultz, Hardman, Hurwitz & Sutherland, 1973; Birnbaumer, 

Pohl, Michiel, Krans, Ralbell, 1970; Rasmussen & Goodman, 1977 

(Introduction; Section. 1)¢ Although these two mechanisms of recruit- 

ment are believed to be independent they must ultimately interact 

with a common series of processes to instigate recruitment. The 

most likely candidates are cyclic-nucleotide changes which would 

be able to specifically regulate cell cycle progression (Figure D.1). 

Fig. D.1. Hypothetical model of thymic lymphocyte activation via   

two discrete axes 
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Extracellular calcium ions will only stimulate division in the 

rat thymocyte or chick fibroblast when available in a freely diff- 

usible, non-chelated form (Figure R27, Moscatelli, Sanui & Rubin, 

1979). That calcium must also have unrestricted access to the cyto- 

sol (Figure R24 and R25) suggests that the free ion itself controls 

mitosis from within the cytosol. The role of magnesium is more spec- 

ulative, indeed it has been demonstrated that calcium ions are more 

suited to the role of intracellular messenger than are magnesium 

ions (Introduction, Section 1). Furthermore, there is a marked 

scarcity of observations relating magnesium to cell-activation 

processes. These points, and the relative insensitivity of intracell- 

ular magnesium to changes in the external magnesium concentrations 

(Kretsinger, 1976; Page & Polumeni, 1972; Brennan & Lichtman, 1973) 

suggests that changes in magnesium within the cytosol are not the 

ultimate process by which external magnesium induces proliferation. 

An alternative model to that in Figure D.1 is for all activation 

processes to ultimately revolve around alteration of the cytosolic calcium 

content. (Figure D.2). 

Although many aspects of cellular calcium metabolism remain 

concealed during calcium-45 tracer investigations, several conclusions 

may be drawn from such studies. Following a three-fold increase in 

the external calcium concentration, to the mitogenic 1.8 mM leyel, 

the membrane-associated calcium pool expanded five-fold from 

approximately 30 to 150 age cells (Figure R29). This increase is 

probably due to the displacement, by calcium, of sodium ions bound 

to the negative phospholipid residues present in the plasma membrane 

(Hauser, Finer & Darke, 1977). Interestingly, the sodium permeability 

of synthetic phosphatidyl-serine membranes show a marked calcium 

dependency (Paphadjopoulos, Vail, Newton, Nir, Jacobson, Poste & 
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Fig.D.2. Hypothetical model for thymic lymphoblast activation via 

a singbe ' calicium"!! “axis:. 
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Lazo, 1977). However, the precise relation of the membrane binding 

phenomenon to mitotic activation is unclear. Mitotically stimulated 

rat liver cells show a rapid expansion of their membrane bound calcium 

pool (Yamagami & Terayama, 1979) whereas serum or insulin stimulation 

of quiescent 3T3 fibroblasts is associated with a drop in the membrane 

bound calcium (Tupper, Del Rosso, Hazelton & Zorgniotti, 1978; 

McDonald, Burns & Jarrett, 1976). The expanded membrane-bound calcium 

reservoir of the thymocyte may not contribute calcium directly to the 

cytosol. Kinetic studies performed in Hela cells and rat kidney 
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suggest that the membrane bound pool is not in direct equilibrium 

with the cytosol (&chikawa & Borle, 1978; Borle, 1972; Borle, 1975). 

In cardiac tissue a similar controversy over the role of membrane- 

bound calcium also exists (Issenberg & Klockner, 1980). The precise 

role of calcium bound to cell membranes in any subsequent activation 

remains to be determined. 

The movement of calcium-45 following the sudden calcium 

elevation shows that. theinflux rate of all calcium ions increased 

from the basal 1.4 pg Amen” cells to 4 og /ntn/10° cells. Over 

the entire thirty minute activation period this would represent a 

total intlux of:.120 pg/10° cells (Figure R.29): Efflux of calcium 

from the pre-labelled thymocytes was only increased two-fold following 

treatment with 1.8 mM calcium (Figure R50). Assuming that the basal 

efflux and uptake are balanced, at 1.4 pe/mtnso° cells in either 

direction, the new efflux rate would be approximately 2.4 pg/min/ 

10° cells. Also assuming a cell volume (cytosol only) of 100um> 

the net increase in cytosolic calcium would be approximately 10yM. 

This corresponds well with the 50 uM increase suggested for lectin-. 

activated human lymphocytes (Hesketh, Smith, Houslay, Warren & Metcalf, 

1977) but not with the value of 970uM reported for similarly treated 

murine splenocytes (Freedman, 1979). A 10 uM increase in cell calcium 

will not appreciably alter the total cell calcium content but if all 

the 10 UM entered the free calcium pool it would greatly increase the 

basal 10°’ free ion concentration. As free intracellular calcium 

is subjected to strict homeostatic control, namely cytosolic and 

mitochondrial buffering, it is essential to show the increased influx 

of calcium results in a rise in the active calcium pool. 
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In many excitable and non-excitable cell types, the release 

of cytosolic potassium is a consequence of a rise in the free calcium 

concentration (Meech, 1976; Smith & Vernon, 1979). Using rubidium-86 

as a tracer for calcium the occurrence of this effect was observed 

in the thymic lymphocyte. The be” content of thymocytes was sig- 

nificantly decreased within ten minutes of calcium stimulation (Figure 

R39). The increased rubidium exit causing this fall was blocked by 

the addition of the antimitotic compound verapamil (Figure R40) which 

also prevented the increased entry of calcium (Figure R30). This 

shows that the increased rubidium release is indeed due to a rise 

in free calcium within the cell. More importantly it also proves 

that the enhanced mitosis caused by exposure to high calcium is the 

result of a rise in the free cytosolic calcium concentration. 

The mechanism by which an increased extracellular magnesium 

content induces proliferation is less certain. Extracellular mag- 

nesium is in a simple equilibrium with the free intracellular ion 

(Gilbert, 1960; Ling, Walton & Ling, 1979). ‘Thus any rise in the 

external ion content would be transmitted to the cytosol and result 

in a rise in cellular magnesium. Such an effect has been observed in 

rat liver slices, chick embryo fibroblasts and frog skeletal muscle 

(Van Rossum, 1970; Sanui & Rubin, 1977; Ling, Walton & Ling, 1979). 

It is possible that this increase in cytosolic magnesium may itself 

induce proliferation. However, the mitogenic magnesium treatment was 

able to stimulate thymocyte rubidium conductance to the same extent 

as a 1.8 mM calcium concentration (Figure R43). A direct effect of 

magnesium upon rubidium conductance would seem unlikely as an iono- 

phoretic increase in neutrophil magnesium content did not alter the 

cellular potassium equilibrium in the absence of extracellular calcium 

ions (Gallin, 1980). A magnesium ion-induced increase in cytosolic 
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calcium within the thymocyte would be one possible explanation 

for the activation of rubidium conductance by extracellular mag- 

nesium increments. As a direct increase in calcium entry, caused 

by the high magnesium content did not occur (Figure R32) any such 

rise in cytosolic magnesium may secondarily elevate calcium levels 

by releasing intracellular calcium ions. A brief consideration of 

intracellular magnesium homeostasis reveals that this is indeed 

possible. 

The majority of intracellular magnesium ions are reversibly 

bound to cytosolic components such as adenosine nucleotides, internal 

membranes and magnesium-dependent enzymes (Page & Polimeni, 1972; 

Polimeni & Page, 1973; Sanui, 1970; Sordahl, 1975; Rose, 1968). There 

is evidence suggesting that calcium competes with magnesium at some 

of these sites (Carvaltho, Sanui & Pace, 1963; Wolff & Brostrom, 1979). 

Thus any rise in the intracellular magnesium content, provoked by 

raising the external concentration, may displace calcium ions from 

these internal binding sites, particularly the endoplasmic reticulum 

(Moore & Pastan, 1977). A further process, whereby a rise in intra- 

cellular magnesium can alter the free calcium content, is by a 

magnesium-induced perturbation of mitochondrial calcium metabolism. 

Magnesium may inhibit calcium uptake into, and promote calcium extrusion 

from, isolated mitochondria (Nicholls, 1978; Jacobus, Flozzo, Lugli, 

Lehninger & Corafoli, 1975). Thus the net result of a rise in intra- 

cellular magnesium could be a change in the calcium buffering capacity 

of the mitochondria and other cellular components. Although the 

total intracellular contents of calcium and magnesium ions are approx- 

imately equal, the relative concentration of the free ions are not 

(Kretzinger, 1976; Polimeni & Page, 1973). Thus a small increase in 

the intracellular magnesium level may displace sufficient calcium ions 

to considerably elevate the free calcium concentration. 
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A weak contraction of glycerinated smooth muscle, which is 

normally a calcium-induced event, can be elicited by the addition of 

a large magnesium concentration (Nakahta, 1979). This again suggests 

that magnesium is able to release intracellular calcium. This same 

phenomenon is also indicated in the rat thymocyte by the extracellular 

magnesium ion dependency exhibited at sub-optimal mitogenic calcium 

concentrations. If the minimum (1.2 mM) stimulatory calcium concent- 

ration is used, thymocytes are only recruited when magnesium ions 

are present in the culture medium (Riddell, 1971). If we assume 

that a 1.2 mM external calcium concentration only just increases the 

intracellular calcium level above the stimulatory threshold then the 

removal of external magnesium will reveal internal calcium binding 

sites and lower the free calcium concentration below the required 

threshold. A similar phenomenon is also observed in chick embryo 

fibroblasts where the lowest mitogenic calcium concentration is 

dependent upon external magnesium (Rubin, 1975; Rubin, Terasaki & 

Sanui, 1978). This hypothesis, of a sustaining influence of intra- 

cellular magnesium upon cytosolic calcium, requires that removal of 

external magnesium ions would reduce the internal magnesium content. 

Magnesium exchange across mammalian cell membranes has originally been 

considered a slow process (Gilbert, 1960). However a recent report 

suggests that equilibration can occur within five minutes (Ling, 

Walton & Ling, 1979). Removal of external magnesium does indeed lower 

the magnesium content of chick embryo fibroblasts and murine lympho- 

blasts (Brennan & Lichtman, 1973; Sanui & Rubin, 1977). Thus it is 

possible for a drop in intracellular magnesium to make divalent 

cation binding sites available to calcium and therefore remove free 

calcium ions from the cytosolic pool. Such a mechanism may then be 

applied to explain the magnesium-dependency of thymocyte mitogens. 

These agents do not require the presence of extracellular calcium ions 
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to exert their mitotic effect. Thus, although 2.5 mm magnesium 

and adrenaline were both able to provoke rubidium exit from the 

rat thymocyte (Figure R43 and R42), neither influenced calcium entry 

(Figure R32 and Figure R33). The prevailing transmembrane magnesium 

gradient would make it unlikely that the entry of magnesium itself 

was stimulated by the non-ionic mitogens (Page & Polimeni, 1972; 

Gribext,: 1960)::-.:-Thus 1f-these agents initiate proliferation by 

elevating the intracellular calcium concentration the source of the 

triggering ions must be the cytosolic calcium stores. 

No calcium-dependent mitogens so far identified require extra- 

cellular magnesium ions, instead all need the basal level of extra- 

cellular calcium (MacManus, Boynton & Whitfield,1978). Whether calcium 

removal inhibits mitogen-induced calcium influx or prevents calcium 

accumulation in the cytosol is uncertain. It is clear that due to 

the calcium buffering system the basal level of calcium within the 

cell will not be drastically reduced. The inhibitory action of 

calcium removal must therefore reside in a prohibition of mitogen- 

mediated increases in free calcium. When such a calcium-dependent 

mitogen (Insulin) was tested calcium influx was not altered (Figure 

R33). However, insulin treatment did lead to an increase in rubidium 

conductance which we assume is characteristic of a rise in free cal- 

cium within the cell (Figure R42). The failure to detect a mitogen- 

induced stimulation ofcalcium uptake does not exclude the possibility 

that some mitogens act in this manner. Indeed, the calcium influxes 

associated with secretory and contractile stimulation suggest this 

is highly probable. The observations made so far in this study of 

cationic rearrangements are summarised in Figure D3. 
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Fig. D3. Cation induced mitogenesis and the associated transmembrane 

ionic movements 

1. External calcium or magnesium ions can induce proliferation when 

their concentrations are sufficiently elevated. 

2. Calcium will only stimulate when it is present in a freely diffusible 

form and when its transmembrane passage is unimpaired. 

3. Following a mitogenic increase in the external calcium concentration 

the membrane calcium pool expands five-fold. 

4. The same calcium stimulation increases influx three-fold and 

efflux two-fold, giving a net cellular calcium elevation of 

approximately 10 UM. 

5. The calcium entry itself stimulates rubidium efflux from the 

thymocytes. 

6. Rubidium efflux is also provoked by calcium-dependent mitogens, 

although insulin did not alter calcium uptake. 

7. Magnesium and magnesium-dependent mitogens, whilst not altering 

calcium entry, also stimulated rubidium exit. 

It is now established that an increased cytosolic calcium is provoked 

by raising the transmembrane calcium (and possibly magnesium) gradient, 

or by the addition of either calcium or magnesium-dependent mitogens. 

It is essential to test the hypothesis that recruitment is indeed 

mediated by this increased cytosolic calcium. 

Intracellular calcium is under close homeostatic control, and is closely 

linked to monovalent cation metabolism in a cytosolic cationic network. 

(Rasmussen & Goodman, 1977). Intracellular calcium may thus be 

altered by a shift in the transmembrane distribution of any of the 

ionic species contributing to this ionic net. Such a redistribution 

would be articifially provoked by disruption of the membrane bound Na/K 

ATPase ion pump. However, the pump inhibitory glycoside, ouabain, is 
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able to inhibit the proliferation of a variety of cell types (Lubin 

1967; Quastel & Kaplan, 1968; Mayhew & Levinson, 1968; McDonald, 

Sachs, Orr, Ebert, 1972). This antiproliferative action of high glyco- 

side levels is probably due to a reduced cytosolic potassium content 

as it can be overcome by an elevated extracellular (and by inference 

intracellular) potassium concentration (Kaplan, 1978). A reduced 

potassium content, produced by either the potassium ionophore, valino- 

mycin, or by an alteration in the membrane lipid composition, will 

also inhibit mitosis in other tissues (Danielle & Hollian, 1976; 

Chen, Heiniger & Kandutsch, 1978). The cellular process that is 

sensitive to reduced potassium would appear to be protein synthesis 

(Ledbetter & Lubin, 1977; Shank & Smith, 1976). However, when the 

concentration of ouabain (1074) which inhibited thymocyte recruitment 

(Figure R4a) was tested, neither basal nor mitogen-stimulated protein 

synthesis was altered (Figure R5). Thus in the rat thymocyte, ouabain 

prevents recruitment, but not basal proliferation, without depressing 

protein synthesis. One possible reason for this may be, paradoxically, 

an increased cytosolic calcium. The 104M concentration of ouabain 

promoted calcium influx, although not to an extent comparable with the 

influx promoted by a high calcium treatment (Figure R34). Ltrs 

possible that a combination of increased calcium uptake and reduced 

cytosolic potassium serve to prevent recruitment whilst leaving the 

later stages of cell cycle transit unaffected. 

Although lower concentrations of.ocuabain did not influence cal- 

cium uptake they were able to provoke mitosis, the effect being evident 

over two discrete concentration ranges (Figure R7). Those ouabain 

concentrations that stimulated mitosis were shown to inhibit the 

functioning of the Na/K ATPase (Figure R3, R13, R36). Unfortunately 

the techniques employed to demonstrate this inhibition do not directly 
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quantify pump activity. However, the influx of rubidium, which will be 

mostly through the pump, was reduced in proportion to the concentration 

of ouabain added to the thymocytes (Figure R36). Thus it is reasonable 

to assume that the higher (10° /M) ouabain concentration inhibits the 

pump to a greater extent than the 10 144 concentration. The ability 

of ouabain to increase cardiac contractility is believed to be indirectly 

due to a rise in the cardiac sodium content following pump inhibition. 

This increase in cytosolic sodium, caused by its unopposed entry, will 

secondarily elevate intracellular calcium by preventing calcium extrusion 

through the Na/Ca exchange mechanism (Muller, 1965; Blaustein, 1977; 

Akera, Larson & Brody, 1970; Horwicz & Gerber, 1965). Such a glycoside- 

induced increase in cardiac calcium has been observed (Thyrum, 1974; 

Wood & Schwartz, 1978; Biedert, Barry & Smith, 1979). Non-cardiac tis- 

sue has also proven susceptible to ouabain-induced alterations in cyto- 

solic calcium transport (Lamb & McCall, 1972). In addition to ouabain, 

a second pump inhibitor, adriamycin (Gosalvez & Blanco, 1975), increased 

the calcium content of HeLa cells (Dasdia, Di Marco, Goffredi, Minghetti 

& Necco, 1979). As we have predicted that such a rise in cytosolic 

calcium will trigger thymic lymphocyte mitosis it is no surprise to 

find that ouabain is able to promote division in other tissues. 

This is summarised in Figure D4; it is perhaps no coincidence that all 

of the tissues listed are capable of rapid cell division in vivo. 

Big. D4a: Ouabain stimulation of proliferative activity. 
  

Tissue Species Reference 

Embryonic neural retina Chick Kaplowitz & Moscona, 1976 

Embryonic spinal cord Dog Stilwell, Cone & Cone, 1973 

Splenic lymphocyte Mouse Ryser & Politoff, 1977 

Bone marrow CFU-E Mouse Spivak, Misiti, Stuart, 

Sharkis & Sensenbrenner, 1978 
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The ability of only the calcium-dependent and magnesium-dependent 

mitogenic concentrations of ouabain to stimulate thymocyte rubidium 

release suggests that the effect is closely associated with mitotic 

recruitment and not merely a consequence of pump-inhibition. That 

both mitogenic glycoside concentrations are activating rubidium efflux 

through an elevation in cytosolic calcium was confirmed by the observed 

changes in calcium transport. Neither 162 nor kop ouabain 

increased the entry of calcium (Figure R34),but both concentrations 

almost completely prevented the efflux of calcium (Figure R50). 

This action is in fact the predicted consequence of pump inhibition and 

suggests that calcium exit from the thymocyte is almost exclusively 

dependent on the transmembrane sodium gradient. In the case of 10 /M 

ouabain, the inhibition of calcium extrusion would account for the 

required calcium presence outside the cell. If the basal calcium 

influx of 1.4 pg/min/10° cells which continues inthe presence of 10 /M 

ouabain was not inhibited by removing extracellular calcium the 

cytosolic calcium would rise by 3 UM over a thirty minute period. 

The sensitivity of this concentration to Verapamil confirms the role 

that calcium entry must play at this glycoside level. The independence 

of ae ouabain from extracellular calcium suggests that its action 

is exerted at some intracellular site and is not dependent upon con- 

tinual calcium influx. The inhibition of calcium extrusion at this 

10 ty concentration, and the magnesium dependency, would then be 

explicable if we assume that magnesium is again essential to maintain 

the stimulatory calcium content produced by the glycoside. 

One mechanism by which io ouabain could elevate cytosolic 

calcium would be by stimulating the release of mitochondrial calcium. 

This could be due to the rise in cytosolic sodium ions produced by 

pump inhibition. A small (5 mM) increase in the extra-mitochondrial 
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sodium content is indeed able to release calcium from isolated mito- 

chondria (Nicholls, 1978; Haworth, Hunter & Berkoff, 1980; Crompton, 

Capano & Carafoli, 1976). The inhibition of calcium extrusion would 

then contribute to the triggering increase in calcium. 

In summary we may say:- 

1. Ouabain stimulates mitosis at two distinct concentrations, 

2. These mitogenic concentrations both inhibit the Na/K ATPase. 

3. Both inhibit calcium exit and provoke rubidium release. 

4. The 10° /M concentration proved to be calcium-dependent, and hence 

to rely on a continued calcium influx to sustain an increase in 

cytosolic calcium of 3UM. 

Dia, ne ae concentration was magnesium-dependent and may well 

be releasing intracellular calcium stores as the efflux of calcium 

was inhibited and rubidium conductance activated at this 

concentration. 

If the mitotic activity of ouabain is due to ATPase inhibition 

alone then other pump inhibitors would be expected to provoke mitosis. 

Fluoride ions are known to inhibit pump-mediated cation movements and 

hence may be assumed to inhibit the pump (Yoshida, Nagai, Kamei & 

Nakagawa, 1968; Kirschner, 1964). A rise in cytosolic calcium, due to 

fluoride inhibition of the ATPase, is indicated in both pig erythrocytes 

and isolated rat uteri, where an increased potassium efflux resulted 

from fluoride treatment (Wilbrandt, 1940; Daniel, 1963). Furthermore 

fluoride was able to stimulate calcium activated Histamine secretion 

by mast-cells in place of the normal secretagogue (Patkar, Kazimier- 

ezak & Diamant, 1977). This all indicates that-fluoride mediated pump 

inhibition is accompanied by a rise in cytosolic calcium. As would 

be expected from the ouabain study, high fluoride concentrations were 

able to inhibit calcium-induced thymocyte proliferation (Figure R14). 
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Similar anti-proliferative actions have been reported when HeLa cells 

L929, mouse and human fibroblasts were exposed to millimolar fluoride 

concentrations (Carlson & Suttie, 1967; Langnes, Schors, Prange & Les- 

cow, 1978; Albright, 1964). Lower, non-inhibitory P1ceeiae concentra- 

tions were able to produce the anticipated mitotic stimulation of the 

thymocytes (Figure R16). It should be noted that this stimulatory 

fluoride concentration is several orders of magnitude below that required 

to stimulate adenylate cyclase in membrane preparations. This demonstr- 

ation of a second ATPase inhibitor which provokes mitosis (and a third 

if one includes 2.4 DNP which increases the calcium content of pancreatic 

B cells (Hellman, 1979) (Figure R18), indicates that pump inhibition is 

responsible for ouabain-stimulated cell division. The proposed mechanism 

for this stimulation will then be a rise in calcium caused by an initial 

increase in sodium. 

Although pump inhibition and the prevention of calcium extrusion 

are coincident it is still possible that another pump-related event 

is activating the thymocytes (LeLievre, Paraf, Charlemagne & Sheppard, 

1977)atcan be answered by direct manipulation of the cytosolic sodium 

without resource to pump inhibitors. It has been calculated that a rise 

in the cytosolic sodium of as little as O.5 mM would be able to raise 

the calcium content of most cells by over 15% (Blaustein, 1977). When 

the extracellular sodium concentration was raised by as little as a 

5 or 10 mM increase, the thymocyte proliferation was stimulated (Figure 

R19). This was coincident with an inhibition of calcium efflux and the 

provocation of rubidium release (Figure R49, R50). A higher (20 mM) 

sodium increment also provoked mitosis and rubidium efflux (Figure R19, 

R49). At a 30 mM increase there was no alteration of basal mitosis or 

rubidium conductance (Figure R19, R49). 

The 10 mM increase in sodium proved to be calcium-dependent 

(Figure R22), therefore by the criteria mentioned above we can assume 
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this to indicate a rise in cytosolic calcium, dependent upon the con- 

tinued influx of calcium. This sequence of events is the same as 

those indicated when io” Mouabalh stimulated mitosis. Thus it is 

reasonable to conclude, if sodium is indeed inhibiting calcium exit, 

that the increment in cytosolic sodium produced by a 10 mM external 

sodium elevation will be of the same magnitude as that provoked by 

10 /M ae The 20 mM mitogenic sodium increment was magnesium- 

dependent (Figure R23) and may well act through the same processes as 

Route ouabain. If this were so then the increase in intracellular 

sodium, caused by a 20 mM external elevation, must be equal to that 

caused by the lower (10 tty) ouabain concentration. One would have 

expected that the higher concentrations of .cuabain and sodium would both 

elevate cytosolic sodium to a greater extent than the lower ouabain 

and sodium concentrations. This apparent anomaly may be satisfactorily 

explained in terms of Na/K ATPase activation. In human lymphocytes a 

cytosolic sodium increase of 5 mM was able to activate the pump two- 

fold (Segel, Simon & Lichtman, 1979). Thus the inability of a 30 mM 

extracellular sodium increment to stimulate either mitosis or rubidium 

conductance may be due to a stimulation of the ion-pump by the extra 

sodium ions entering the cell. This model requires that an intra- 

cellular balance exists between elevated sodium and pump activity. 

Significantly (in Introduction, Section 2)-,we have shown that calcium 

can modify pump-sensitivity to sodium ions. Thus it is not inconceiv- 

able that a 10 mM external sodium increment will raise intracellular 

sodium to a greater level than a 20 mM external increase. Two other 

thymocyte mitogens, histamine and cyclic GMP (exogenous), were also 

only able to provoke rubidium efflux at their mitogenic concentrations 

(Fig.R44,R46). Thus a direct relationship must exist between increased 

intracellular calcium, however, provoked, rubidium conductance and 

mitotic activation. The key concept in this systemis the direct 
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action of intracellular calcium in initiating recruitment into 

the cell cycle. Similar calcium involvement is indicated in the 

recruitment of other quiescent cell types. 

Polyclonal activation of lymphocyte proliferation is by plant 

lectins and is dependent upon the presence of extracellular calcium 

(Allwood, Asherson, Davey & Goodford, 1971; Whitney & Sutherland, 

1972). Mitogenic lectin treatment is able to rapidly increase the 

unidirectional influx of calcium into these lymphocytes, and indeed 

rat thymic lymphocytes (Freedman, Raff & Gomperts, 1975; Ozato, 

Huang & Ebert, 1977; Whitney & Sutherland, 1972). The influx of 

calcium, and presumably the resultant rise in cytosolic calcium, is 

followed by profound rearrangements of cellular monovalent cations 

(Kaplan, 1978). However, the background noise created by lectin- 

induced alterations in membrane permeability make interpretation of 

these changes, and their chronological sequencing difficult (Aver- 

dunk & Lauf, 1975; Negendank & Collier, 1976). The fertilization of 

sea-urchin eggs is accompanied by more defined cationic rearrangements. 

The transition of the ovum from G. to G is also dependent upon extra- 
1 

cellular calcium and is accompanied by a fertilization induced calcium 

influx (Clothier & Timourian, 1972). Free calcium, measured indirectly 

by calcium-induced protein fluorescence, is elevated by this calcium 

influx (Nakamura & Yasumasu, 1974). Most significantly the increase 

in cytosolic calcium is accompanied by a large increase in the exit 

of potassium from the cytosol (Ito & Yoshioka, 1973). This same 

sequence of events also occurs if the divalent cation ionophore A23187 

is used to "fertilize" the eggs by directly providing the increased 

calcium content (Steinhardt & Epel, 1974). 
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Mitotic triggering of many different cells is accompanied by 

other changes in the transmembrane ionic flow. It is essential to 

distinguish between early and late ionic changes as the latter may 

not be essential for recruitment, although they are undoubtedly 

required at a later stage. Events such as alterations in the activity 

of the membrane Na/K ATPase occurring after stimulation, probably re- 

flect a compensatory mechanism, restoring the original cation content 

of the activated cells (Segel, Kovach & Lichtman, 1979). Indeed a 

large number of mitogenic compounds are knowntg elevate membrane Na/K 

ATPase activity (Averdunk, 1972; Tupper, 1976; Wiesmann, Sinha & 

Klahs, 1977; Rozengurt & Heppel, 1975; Sanui & Rubin, 1978; Sivak, 

oO 7) 

The early monovalent ion fluxes associated with recruitment are 

largely transient changes, occurring close to the initial activation 

event. Of the many mitogenic substances present in serum, two,insulin 

and vasopressin, are known to provoke sodium influx into mammalian 

cells (Wiesmann et al. 1977; Smith & Rozengurt, 1978). It is not 

known if calcium metabolism is influenced under these circumstances, 

but both insulin andvasopressin are able to stimulate thymocyte 

mitosis (Morgan, Hall & Perris, 1975; Whitfield, Perris & Youdale, 

1969; Perris personal communication.) Epidermal growth factor, which 

lowers the extracellular calcium requirement for fibroblast prolif- 

eration is also believed to alter sodium influx (McKeehan & McKeehan, 

1979). Any influx of sodium caused by these compounds may alter 

the intracellular calcium content by preventing calcium exit, as de. 

both oubain and sodium in the rat thymocyte (Figure R50). Alternat- 

ively the sodium influx may provoke mitochondrial calcium release 

(Haworth, Hunter & Berkoff, 1980). Interestingly, which mechanism 

occurs, may well depend upon the concentration of the agonist. 

Angiotensin, vasopressin and alpha-adrenergic agonists, which are 
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all able to stimulate division in sensitive cells (Miller, Hussain, 

Svenson & Lohim, 1977; Gill, Ill & Simonian, 1977; Morgan, 1976) 

are able to release mitochondrial calcium (Blackmore, Dehaye & 

Exton, 1979; Chen, Babcock & Lardy, 1978) and promote transmembrane 

calcium entry (Michell, Kirk & Billah, 1979) in isolated liver cells. 

In summary, it is apparent that the mitosis-inducing mechanisms 

employed by ouabain and sodium are by no means restricted to these 

compounds. The widespread interrelation between sodium and calcium 

movements during stimulated mitosis suggests that it is an important 

mechanism for the inductionof proliferation. The ability of ouabain 

and sodium to provoke magnesium-dependent mitosis testifies to the 

occurrence of two distinct mitogenic processes in the thymocyte. 

In the past the use of steroid mitotic inhibitors has provided 

considerable information about the two axes serving the recruitment 

process. Oestradiol will inhibit only calcium-dependent mitosis 

whilst testosterone selectively prevents magnesium-dependent division. 

This specificity suggests that the steroid blockade stage occurs before 

the ultimate common step that commits a cell to recruitment. Sex- 

steroid treatment in conjunction with the addition of ouabain was 

able to prevent the glycoside-induced mitosis. Oestradiol prevented 

only 10 /M (calcium-dependent) induced mitosis (Figure R10) whilst 

testosterone blocked the ioe (magnesium-dependent) action 

(Figure Rll). It does appear that oestradiol action is not directed 

through classical 17-beta oestrogen receptors as the alpha form of the 

steroid is equally anti-mitotic (Bramhall, Morgan, Britten & Perris, 

1976). The normal steroid-genome interaction is also unlikely as 

the inhibition is extremely rapid, occurring within ten minutes 

(Morgan, 1976). Indeed oestradiol is able to inhibit the prolifer- 

ation of 3T3 fibroblasts lacking oestradiol receptors of any type 

(Breslow, Epstein, Forbes & Fontaine, 1979). 
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A general role for oestradiol in inhibiting mitosis is also 

_apparent in vivo, where the calcium-provoked mitosis of both the 

rat bone marrow and thymus is sensitive to oestradiol (Smith, 

Gurson, Ridell & Perris, 1975). This inhibition of proliferation 

in vivo is also extended to many forms of lymphoid cells and results 

in a suppressive effect. This includes inhibition of the MLR 

responder and the natural killer cell populations (Pavia, Siiteri, 

Perlman & Stites, 1979; Seaman, Gindhert, Greenspan, Blackman & 

Talal, 1979). Thus it is no surprise that oestrogen-treated animals 

exhibit delayed skin graft rejection,thymic atrophy and a diminished 

response to polyclonal activators (Siiteri, Febres, Clemens, Chang, 

Gondos & Stites, 1977; Scheiff & Haumont, 1979; Ablin, Bruns, Guinan 

& Bush, 1974; Waltham, Burde & Berrios, 1971). Non lymphoid tissue 

is also susceptible: to oestradiol. The mitotic activity of the 3T3 

fibroblast mentioned above and the murine colonic epithelium is 

inhibited by oestrogen (Hoff & Chang, 1979; Breslow et al., 1979). 

In sharp contraSt to these inhibitory actions, high concentrations 

of oestradiol, usually in the presence of serum, are able to positively 

regulate cell division. In vivo cells of the adrenal cortex and 

adenohypophysis are mitotically stimulated by oestradiol (Pappritz, 

Keazor & Ueberberg, 1977; Le Guellec, Keviret, Guellaen, Valotaire 

& Duval, 1978). In vitro the proliferation of rat hepatocytes having 

17-beta oestradiol receptors and of splenic CFU-E cells is promoted 

by oestradiol (Pietras & Szego, 1979; Anagnostou, Zander, Barone & 

Fried, 1976). This positive action of oestradiol is of course in 

addition to its general trophic action in promoting secondary sex 

gland development (Jensen & Jacobson, 1962; Lippmann, Bolan & Huff, 

1976; Sonnenschein & Sato, 1980). 
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Having shown that oestradiol is capable of both stimulating 

and inhibiting mitosis it becomes essential to identify any inter- 

actions between the steroid and the ionic rearrangements provoked 

by thymocyte mitogens. Long term changes in monovalent cation 

metabolism are observed in the hypophysis of oestradiol treated 

rats and also after oestrogen addition to isolated rat uteri. 

This would be consistent with an activation of the plasma membrane 

Na/K ATPase (Knudsen, 1976; Fujimoto & Morrill, 1978). The reason 

for such a pump stimulation may well be a prior steroid-induced 

alteration in the intracellular monovalent cation concentrations. 

Indeed diethyl-stilbestrol causes a rapid potassium exit and 

transient hyperpolarization in vascular smooth muscle (Harder & 

Coulson, 1979). A similar rapid exit of rubidium was provoked by 

oestradiol addition to the rat thymocyte, suggesting a steroid- 

induced rise in cytosolic calcium (Figure R41). Significantly, 

although oestradiol could stimulate rubidium exit from unactivated 

cells, the enhanced efflux due to high calcium treatment was not 

further influenced (Figure R41). This indicates that rubidium 

exit is already maximally activated by 1.8 mM calcium. When the 

effect of oestradiol on calcium homeostasis was investigated it 

became apparent that the steroid alone did indeed enhance calcium 

entry. Figure R29 shows that oestradiol does not influence membrane 

bound calcium but rather promotes calcium uptake. There is a marked 

dose-dependency between the steroid concentration and calcium uptake 

(Figure R31). This leads us to predict that at a high oestradiol 

concentration, the thymocytes may become mitotically activated, which 

may explain the positive and negative effects of oestradiol on 

growth. The antimitotic action of oestradiol may be explained as 

being due to an excessive increase in cytosolic calcium. If thymo- 

cytes are exposed to external calcium concentrations above 3 mM, 
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they are not activated. Thus if calcium entry is indeed prop- 

ortional to the external calcium content this suggests a maximum stim- 

ulatory internal calcium concentration. The large increase in 

calcium uptake provoked by oestradiol into thymocytes already 

stimulated by 1.8 mM calcium may well exceed this threshold and 

inhibit mitosis (Figure R29). The occurrence of increased potassium 

conductance in the absence of stimulated division shows that the 

effect is not merely associated with a cell cycle stage. 

The observations concerning the influence of testosterone on 

cation homeostasis reveals again that cationic process may mediate 

the anti-proliferative steroid action. Antimitotic concentrations 

of testosterone, which inhibit only magnesium and magnesium-dependent 

mitogens, did not alter the transmembrane movement of calcium. 

Testosterone did however provoke a rubidium exit in addition to 

that already stimulated by high magnesium (Figure R43). This suggests 

that the steroid, acting in conjunction with a magnesium-dependent 

mitogen that sub-maximally elevates both intracellular calcium and 

rubidium exit, is further elevating the cytosolic calcium, albeit 

to an inhibitory level. 

The ability of oestradiol and testosterone to block mitosis 

after the initial elevation of extracellular calcium, produced by 

either hormonal or non-hormonal mitogens, places the blockade at 

a point between calcium elevation and some common recruitment pro- 

cess. As the steroids inhibit separate mitogenic axes it is prob- 

able that the inhibitory steroid action is exerted very close to the 

calcium elevation. 

18 Te



Previous studies of the membrane potential changes 

occurring in rat thymocytes after mitogen treatment do not 

consistently confirm the changes in tonic transport detailed 

above. The electrical potential of the plasma-membrane was 

studied using a potential-sensitive dye that partitions into 

fluorescent and non-fluorescent forms under the influence of 

the membrane potential (Davilla, Salzberg, Cohen, 1973; Hladky: & 

Rink, 1976; Morgan, Bramhall, Britten & Perris, 1976). The 

addition of extracellular calcium ions to thymic lymphocytes ind- 

uced rapid and concentration-dependent membrane hyperpolarization 

(Morgan, Bramhall, Britten & Perris, 1976). Such a hyperpolarization 

would be consistent with the calcium ion induced rubidium efflux 

observed above. Oestrogenic treatment, which normally provoked 

rubidium exit (Figure R41) was able to hypopolarize the thymocytes 

(Morgan et al. 1976). Whilst an initial calcium influx may trans- 

iently produce this effect, the rubidium efflux provoked by the 

steroid would be expected to ultimately hyperpolarize the membrane. 

Indeed a similar treatment has been seen to do so in another 

tissue (Harder & Coulson, 1979). Oestrogens which do not interfere 

with mitosis were also able to hypopolarize the cells in the pot- 

ential study (Bramhall, Morgan, Britten & Perris, 1976). This would 

suggest that hypopolarization is not itself related to the steroid 

effect upon mitosis. The membrane potential measurement technique 

has recently been criticised (Simons, 1976; Hladky & Rink, 1976). 

Consequently where a conflict exists between the observed ionic 

movements and the measured change in membrane potential it is 

advisable to assume that other processes may be interfering with the 

potential measurement. 
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It is evident from the experiments reported above that the 

monovalent and divalent cation rearrangements leading to an 

elevated intracellular calcium content, are intimately associated 

with the induction of thymocyte mitosis. Stimulus-secretion 

and stimulus-contraction coupling also revolve around a final 

activation of the cell by an increase in the free cytosolic cal- 

cium concentration. The two mechanisms of stimulation in these 

tissues ,dependent upon either external or internal calcium ions, 

appear to have their parallels in the mitotic activation of the 

thymocyte. 

One series of thymocyte mitogens, both hormonal and non- 

hormonal ,are now known to be entirely dependent upon the continued 

presence of extracellular calcium ions. In having this strict cal- 

cium requirement they are similar to the group of compounds prom- 

oting secretion only when calcium is available outside the secretory 

cell. Under appropriate conditions the contraction of certain forms 

of muscle tissue is also dependent on the external calcium concent- 

ration (Introduction, Section 2). In both of these latter cases 

enhanced calcium entry is often observed. Similar increases in cal- 

cium entry also occur during the calcium-dependent mitotic activation 

of some cell types, including lectin-activated lymphocytes and 

fertilised sea-urchin eggs (see above). In common with the secretory 

and contraction responses discussed above the thymocytes universally 

exhibited a rise in cytosolic calcium, as indicated by rubidium re- 

lease when they were mitotically activated. Thus calcium-dependent 

concentrations of Insulin, Histamine, Cyclic GMP, ouabain and sodium 

and extracellular 1.8 mM calcium itself, all stimulate mitosis in 

association with an elevated intracellular calcium concentration. 

Although these compounds all have the same ultimate action in ele- 

= Ge



vating cytosolic calcium the mechanisms through which the stim- 

ulatory, or coupling, calcium increase is furnished appear to be 

somewhat different. 

The first sub-group of calcium-dependent thymocyte mitogens 

would contain those that alter transmembrane calcium influx 

(Figure D5a). Principal amongst these is extracellular calcium, 

which was proven to increase free intracellular calcium by pro- 

moting calcium entry into the thymocytes. Also included in this 

group would be concanavalin A (Ozato, Huang & Ebert, 1977;Phorbol 

ester (PMA) (Whitfield, MacManus & Gillan, 1973; Schimmel 2 

Hallam, 1979) and possibly the divalent cation tonophore A23187 

(Morgan, 1976; Jensen, Winger, Rasmussen & Nowell, 1977), all 

of which are known thymocyte mitogens. Speculatively we could also 

include oestradiol; if a sufficiently high concentration was em=- 

ployed the increased basal influx due to the steroid would be able 

to stimulate mitosis. It is not inconceivable that cholinergic or 

alpha-adrenergic agonists which promote calcium entry into other 

tissues, and also proyoke recruitment of the thymocytes, would do 

so through alterations in calcium influx. Whilst calcium, concan- 

avalin A, PMA and A23187 would increase entry of calcium through 

normal calcium channels or specific mitogen-induced passages the 

hormonal mitogens would have to employ classical hormone~receptor 

interactions. 

As the majority of calcium-dependent mitogens are believed to 

act ultimately via cyclic GMP formation they would be expected to 

interact with guanylate cyclase. In the rat thymocyte the addition 

of Thymosin V provokes cyclic GMP production which, significantly, 

is dependent upon extracellular calcium (Naylor, Thurman & Goldstein, 

1980). Thus, by direct analogy with the cyclic GMP alterations 
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provoked during stimulus-activation coupling, we can predict 

that calcium-dependent hormonal mitogen action is not primarily 

through cyclic GMP. The calcium dependency of both mitogenesis 

and cyclic GMP formation suggests that the alteration in calcium . 

influx would be the link between hormone and recruitment (Figure 

D5b). Alterations in membrane fluidity subsequent to receptor 

binding by a variety of hormones may explain how calcium-dependent 

hormones can initiate recruitment via an alteration in calcium 

permeability (Figure D5a). Many recent studies have shown that 

a hormone receptor-induced increase in membrane lipid turnover 

occurs (Michell, 1975; Michell, Kirk & Billah,1979). This 

increased metabolism results in an increase in the phosphatidic 

acid levels within the membrane and hence an increased permeability 

to calcium (Putney, Weiss, Van de Walle & Haddas, 1980). This 

concept has recently been challenged by the observation that calcium 

entry appears to precede increased lipid metabolism in rabbit 

neutrophils (Cockcroft, Bennet & Gomperts,1980). However, the 

precise hierarchy of events may have been overlooked as small local 

increases in lipid turnover may rapidly initiate calcium influx, 

which then would be amplified by subsequent alterations. Signif- 

icantly, hormones stimulating secretion from the rat parotid 

that require Sncetiavar calcium alter lipid metabolism whilst 

those secretagogues that initially act upon cyclic AMP, and are 

independent of extracellular calcium, do not alter lipid turnover 

(Jones & Michell, 1974; Michell et al. 1979). 

The second calcium-dependent sub-group consisting of agents 

that can indirectly influence calcium uptake, includes those 

mitogens that alter monovalent cationic distributions. We have 

seen how ouabain or sodium by a postulated increase in intracell- 
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ular sodium are able to trigger mitosis by preventing calcium 

efflux (Figure D5C). The extracellular calcium requirement 

would be necessary to sustain the rate of calcium entry and 

thereby increase free calcium concentration. Other substances 

that increase sodium entry into the cells would also be expected 

to stimulate division. Possible thymocyte mitogens would then 

include those serum components, discussed above, that are able 

to alter sodium influx into quiescent fibroblasts. 

Before considering magnesium-dependent mitogens it is 

worth noting that calcium-dependent hormones are characteristically 

activeat low concentrations and that an increased intracellular 

calcium is able to stimulate many other cell processes. Moreover 

the ability of alterations in extracellular calcium-induced physio- 

logical pressures in vivo to stimulate mitosis suggests this is 

indeed the major mitogenic axis. Those agents acting via a mag- 

nesium-dependent step may represent compounds that fortuitously 

are able to interfere with intracellular calcium homeostasis and 

hence provoke mitosis. The non-physiological levels required 

for magnesium-dependent hormonal stimulation and their probable 

dependence upon an ultimate increased intracellular calcium con- 

tent all favour this contention. 

Magnesium-dependent hormonal mitogens are able to promote 

mitosis in the total absence of extracellular calcium ions. Thus 

although an increased intracellular calcium content is implied 

by the activation of rubidium conductance, the independence of 

external calcium suggests that these mitogens influence intra- 

cellular calcium. We have demonstrated above that the magnesium 

requirement can be explained if one assumes magnesium assists in 

maintaining the free cytosolic calcium content. How then would 
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a magnesium-dependent hormonal mitogen produce a rise in 

intracellular calcium? One possibility is that a hormonal 

induced increase in cyclic AMP would be able to release calcium 

from intracellular stores. Indeed several magnesium-dependent 

mitogens are known to act in other tissues through cyclic AMP 

which unlike cyclic GMP production would be the first event 

after hormone-receptor binding. The release of calcium from 

isolated mitochondria by cyclic AMP has been demonstrated and 

recently confirmed (Juzu & Holdsworth, 1980) : 

Thus this mechanism is open to those hormonal mitogens acting 

via cyclic AMP (Figure D5d). This cyclic AMP/intracellular cal- 

cium axis corresponds closely with a similar mechanism in sec- 

retory tissue. Certainly where two secretory possibilities 

exist in a single tissue the external calcium/cyclic GMP and 

internal calcium/cyclic AMP axes can act independently. A 

similar response would be possible in the rat thymocyte. 

Magnesium-dependent mitogens like their calcium-dependent 

counterparts, are a heterogenous collection of compounds. Those 

that interact with cyclic AMP have been considered but a second 

group of non-hormonal mitogens would not be expected to act initially 

with cyclic AMP, The ability of elevated external magnesium 

ion concentration to provoke mitosis suggests that a rise in the 

internal magnesium content will induce mitosis, albeit indirectly 

via altered calcium levels. Thus agents able to increase intra- 

cellular magnesium would constitute a second sub-group of magnesium- 

dependent mitogens. Theoretically the ionophore A23187 is a con- 

tender for this effect but this remains to be proven. This path- 

way is shown in Figure D5e. It must be remembered that the in- 

creased magnesium content would alter both mitochondrial and extra- 

mitochondrial calcium stores (Nicholls, 1978). 

1 OSes



Eig. D5 Recruitment of rat thymic lymphocytes 
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A third series of magnesium-dependent mitogens may be 

acting via a sodium-mediated alteration in calcium metabolism 

(Figure D5£). The magnesium-dependent concentrations of oua- 

bain were able to inhibit calcium exit from the cells. This 

stimulation did not require continued calcium entry consequently 

free calcium must be provided from the cytosol. This may be 

via sodium-mediated mitochondrial release. A direct effect 

of ouabain on cellular magnesium content appears to be unlikely 

(Van Rossum, 1970). 

Although the two mitogenic axes exhibit contrasting ex- 

ternal divalent cation dependencies, and are inhibitable by 

different sex-steroids, the current evidence suggests that 

calcium ions play a common role in both pathways. Thus an 

increased cytosolic calcium concentration is indicated when 

either calcium or magnesium-dependent mitogens stimulate mitosis. 

This ability of calcium to couple an external signal to the 

internal regulatory machinery confirms the existence of a 

stimulus-mitosis coupling event in the rat thymic lymphocyte. 

Figure D5 summarises a hypothetical model for the recruit- 

ment of rat thymic lymphocytes that has been compiled in the 

light of the present experimental observations. From this 

figure it can be seen that, although evolution has provided the 

rat thymocyte with the ability to respond to a variety of extra- 

cellular signals demanding an increased mitotic activity, all of 

these processes ultimately converge upon the free intracellular 

calcium ion. 

~195—



REFERENCES 

Abeles, A.L. (1969) Structure-activity relationships of several 

cardiotonic steroids with respect to inhibition of ion transport 

in frog muscle. J. Gen. Physiol. 54: 268-284. 

Ablin; R.d., Bruns, G.R., Guinan, P. & Bush, I.M. (1974) The effect 

of estrogen on the incorporation of 3H-thymidine by PHA-stimulated 

human peripheral blood lymphocytes. J. Immunol. 113: 705-707. 

Akera, T., Larson, F.S. & Brody, T.M. (1970) Correlation of cardiac 

sodium and potassium activated ATPase activity with ouabain 

induced inotropic stimulation. J. Pharm. Exptl. Ther. 173: 

145-151. 

Albright, J.A. (1964) Inhibitory levels of fluoride in mammalian 

cells. Nature 203: 976. 

Allan, E.H. & Sneyd, J.G.T. (1975) An effect of glucagon on 3'5' cyclic 

AMP phosphodiesterase activity in isolated rat hepatocytes. 

Biochem. Biophys. Res. Commun. 62: 594-601. 

Allison, M.R., Appleton, D.R., McHanwell, S. & Wright, N.A. (1976) 

The variation in androgen-sensitivity with time after castration 

in the seminal vesicle and coagulating gland of the mouse. 

Proc. Anat. Soc. G.B. and Eire 55: 86p. 

Allwood, G., Asherson, G.L., Davey, M.J. and Goodford, P.J. (1971) 

The early uptake of radioactive calcium by human lymphocytes 

treated with PHA. Immunology, 21: 509-516. 

Alvarez, J.M., Silva, A. & de Landazuri, M.O. (1979) Human T cell 

growth factor. 1. Optimal conditions for its production. 

J. Immunol. 123: 977-983. 

Amphlett, G.W., Vanaman, T.C. & Perry, S.V. (1976) Effect of the 

troponin C-like protein from bovine brain (brain modulator protein) 

on the magnesium-stimulated ATPase of skeletal muscle actomyosin. 

Febs. Lett. 72: 163-168.



Anagnostou, A., Zander, A., Barone, J. & Fried, W. (1976) 

Mechanism of the increased splenic erythropoiesis in mice treated 

with estradiol benzoate. J. Lab. Clin. Med. 88: 700-706. 

Andersen, B., Osborn, M. & Weber, K. (1978) Specific visualization 

of the distribution of the calcium-dependent regulatory protein 

of cyclic nucleotide phosphodiesterase (modular protein) in 

tissue culture cells in immunofluorescence microscopy. 

Cytobiologie 17: 354-364. 

Anderson, N.C., Ramon, F. & Snyder, A. (1971) Studies on calcium and 

sodium in uterine smooth muscle excitation under current-clamp 

and voltage-clamp conditions. J. Gen. Physiol. 58: 322-339. 

Andersson, K.E. & Edman, K.A. (1974) Effects of lanthanum on potassium 

contractures of isolated twitch muscle fibres of the frog. 

Acta Physiol. Scand. 90: 124-131. 

Antoniades, H.N. & Scher, C.D. (1977) Growth factor derived from human 

serum, human platelets and human pituitary. Properties and 

immunological cross-reactivity. J. natn. Cancer Inst. Monogr. 77. 

Antoniades, H.N., Stathakos, D. & Scher, C.D. (1975) Isolation of a 

cationic polypeptide from human serum that stimulates proliferation 

of. 3T3: cells, Proc. natn. Acad. Sci., U.S.A. 72: 2635-2639. 

Armstrong, C.M. (1974) aie pores, gates, and gating currents. 

Q. Rev. Biophys. 7: 179-210. 

Armstrong, C.M., Bezanilla, F.M. & Horowicz, P.. (1972) Twitches in 

the presence of ethylene glycol bis (-aminoethyl ether) -N, N'- 

tetracetic acid. Biochim. Biophys. Acta 267: 605-608. 

Armstrong, R.N., Kondo, H. & Kaiser, E.T. (1979) Cyclic AMP dependent 

ATPase activity of bovine heart protein kinase. Proc.‘natn; 

Acad. Sci., U.S.A. 76: 722-725.



Ashby, C.D. & Walsh, D.A. (1972) Characterization of the interaction 

of a protein inhibitor with adenosine 3'5' monophosphate- 

dependent protein kinases. J. Biol. Chem. 247: 6637-6642. 

Atkinson, M.J. (1976) Third year report for B.Sc. (Hons.) 

University of Aston in Birmingham. 

Attalah, A.M. & Houck, J.C. (1976) Lymphocyte chalones. In 'Chalones'! 

PP. 655-392. Ed. J.C. Houck. North Holland, Amsterdam. 

Attalah, A.M. & Houck, J.C. (1977) A tentative model of lymphocyte 

chalone action. Exp. Cell Res. 105: 137-141. 

Attallah, A.M., Sunshine, G., Hunt, C.V. & Houck, J.C. (1975) 

The specific endogenous mitogenic inhibitory factor of lymphocytes. 

Exp. Cell Res. 93: 283-292. 

Aull, F., Nachbar, M.S. & Oppenheim, J.D. (1977) Nature of lectin- 

induced alteration of potassium transfer in Ehrlich ascites 

tumor cells. J. Cell Physiol. 90: 9-14. 

Averdunk, R. (1972) Uber die Wirkung von Phytohdmagglutinin und 

Antilymphozytenserum auf den Kalium-, Glucose- und Aminosdure- 

Transport bei menschlichen Lymphozyten. Hoppe-Seylers Z. 

Physiol. Chem. 353: 79-87. 

Averdunk, R. & Lauf, P.K. (1975) Effects of mitogens on sodium-potassium 

transport, 3H-ouabain binding, and adenosine triphosphatase activity 

in lymphocytes. Exp. Cell Res. 93: 331-342. 

Bach, J.F. (1976) The mode of action of thymic hormones and its relevance 

to T-cell differentiation. Transplantation Proc. 8: 243-248. 

Baker, P.F. & Crawford, A.C. (1972) Mobility and transport of magnesium 

in squid giant axons. J. Physiol: 227: 855-874.



Baker, P.F., Hodgkin, A.L. & Ridgeway, E.B. (1971) Depolarization 

and calcium entry in squid axons. J. Physiol. 218: 709-755. 

Baker, P.F. & McNaughton, P.A. (1978) The influence of extracellular 

calcium efflux from squid axons. J. Physiol. 276: 127-150. 

Baker, P.F. & Schlaepfer, W. (1975) Calcium uptake by axoplasm 

extruded from giant axons of Loligo. J. Physiol., 249: 37-39P. 

Bakker-Grunwald, T. & Sinensky, M. (1979) one fluxes in chinese 

hamster ovary cells as a function of membrane cholesterol 

content. Biochim. Biophys. Acta 558: 296-306. 

Balk, S.D:)...Whitfield, J.h., #Youdale, ‘T..8)Braun,.A.c. (1973) 

Roles of calcium, serum, plasma and folic acid in the control 

of proliferation of normal and Rous sarcoma virus-infected 

chicken fibroblasts. Proc. natn. Acad. Sci., U.S.A. 70: 675-679. 

Bartafi, T., Breadfield, X.0. & Greengard, P. (1978) Regulation of 

synthesis of Guanosine 3'5' cyclic monophosphate in neuroblastoma 

cells. Biochem. J. 176: 119-127. 

Baserga, R., Rovera, G. & Farber, J. (1971) Control of cellular 

proliferation in human diploid fibroblasts. In Vitro, 7: 80-87. 

Baserga, R. & Weiss, L. (1967) Inhibition of deoxyribonucleic acid 

synthesis by pentobarbitol. Biochem. Biophys. Acta. 145: 361-367. 

Beaty, G.N. & Stefani, E. (1976) Calcium dependent electrical 

activity in twitch muscle fibres of the frog. PYOG.. ‘Re Soc. Lona: 

(Biol) 194: 141-150. 

Beavo, J.A., Bechtel, P.J. & Krebs, E.G. (1974) Activation of protein 

kinase by physiological concentrations of cyclic AMP. Proc. natn. 

Acad. Sci., U.S.A. 71: 3580-3583. 

Beavo, J.A., Bechtel, P.J. & Krebs, E.G. (1975) Mechanisms of control 

for cyclic AMP dependent protein kinase from skeletal muscle. 

Adv. Cyclic Nuc. Res. 5: 241-251



Beavo, J.A., Hardman, J.G. & Sutherland, E.W. (1971) Stimulation of 

adenosine 3'5' monophosphate hydrolysis by guanosine 3'5' 

monophosphate. J. Biol. Chem. 246: 3841-3846. 

Bechtel, P.J. & Beavo, J.D. (1974) Properties of skeletal muscle 

cyclic AMP protein kinase. Fed. Proc. 33: 1362a. 

Beeler, G.W. & Reuter, H. (1970) Membrane calcium current in 

ventricular myocardial fibres. J. Physiol. 207: 191-209. 

Bernstein, J.C. & Israel, Y. (1970) Active transport of Rb 86 in 

human red cells and rat brain slices. J. Pharm. -Exp. Ther. 

274s °'323-329, 

Berridge, M.J. (1975) The interaction of cyclic nucleotides and 

calcium in the control of cellular activity. Adv.s Cyclic Nuc: 

Res. 6: 1-98. 

Berridge, M.J. (1976) Calcium and mitosis, a unifying process. 

J. Cyclic Nuc. Res. 1: 305-320. 

Bierdet, S., Barry, W.H. & Smith, T.W. (1979) Inotropic effects 

and changes in sodium and calcium contents associated with 

inhibition of monovalent cation active transport by ouabain 

in cultured myocardial cells. J. Gen. Physiol. 74: 479-494, 

Bilezikian, J.P. & Aurbach, G.D. (1974) The effects of nucleotides 

on the expression of beta-adrenergic adenylate cyclase activity 

in membranes from turkey erythrocytes. J. Biol. Chem. 249: 

157-161. 

Birnbaumer, L. (1973) Hormone-sensitive adenylyl cyclases: useful 

models for studying hormone receptor functions in cell-free 

systems. Biochim. Biophys. Acta. 300: 129-158.



Birnbaumer, L., Pohl, S.L., Michiel, H., .Krans, J. & Rodbell, M.- (1970) 

In 'Advances in Biochemical Psychopharmacology, Vol. 3. Role 

of Cyclic AMP in Cell Function." pp. 185-208. Eds. P. Greengard 

and E. Costa, Raven Press, N.Y. 

Blackmore, P.F., Dehaye, J.P. and Exton, J.H. (1979) Studies on alpha- 

adrenergic activation of hepatic glucose output. J. Biol. Chem. 

254: 6945-6950. 

Blaustein, M.P. (1974) The interrelationship between sodium and calcium 

fluxes across cell membranes. Rev. Physiol. Bioch. Pharm. 70: 

33-82. 

Blaustein, M.P. (1977) Sodium ions, calcium ions, blood pressure 

regulation, and hypertension: a reassessment and a hypothesis. 

Am. J. Physiol. 232: C165 -173. 

Blaustein, M.P. & Russell, J.M. (1975) Sodium-calcium exchange and 

calcium-calcium exchange in internally dialyzed squid giant 

axons. J. Memb. Biol. 22: 285-312. 

Blinks, J.R. Prendergast, F.G. & Allen, D.G. (1976) Photoproteins 

as biological calcium indicators. Pharmacol. Rev. 28: 1-93. 

Buhme, E., Graf, H. & Schutz, G. (1978) Effects of sodium nitroprusside 

and other smooth muscle relaxants on cyclic GMP formation in 

smooth muscle and platelets. Adv. Cyclic Nuc. Res. 9: 131-144. 

Bond, G.H. & Hudgins, P.M. (1978) Kinetics of inhibition of red cell 

membrane calcium ATPase by pentavalent vanadium. Fed. Proc. 

37: p3l3a. 

Borle, A.B. (1972) Kinetic analysis of calcium movements in cell 

culture v. intracellular calcium distribution in kidney cells. 

J. Memb. Biol. 10: 45-66.



Borle, A.B. (1974) Cyclic AMP stimulation of calcium efflux from 

kidney liver and heart mitochondria. J. Memb. Biol. 16: 221-236. 

Borle, A.B. (1975) Methods for assessing hormone effects on calcium 

fluxes in vitro. In 'Methods in Enzymology Hormone Action.' 

39: pp.513-573. Eds. J.G. Hardman & B.W. O'Malley N.Y.A.P. 

Borle, A.B. & Uchikawa, T. (1978) Effects of parathyroid hormone on 

the distribution and transport of calcium in cultured kidney 

cells. Endocrinology, 102: 1725-1732. 

Boynton, A.L. & Whitfield, J.F. (1976) Different calcium requirements 

for proliferation of conditionally and unconditionally tumorigenic 

mouse cells. Procs natn: AGad.: Sci: ;"UcSvA; 73: 1651-1654. 

Boynton, A.L., Whitfield, J.F., Isaacs, R.J. & Tremblay, R.G. (1977) 

Different axthacelluler calcium requirements for proliferation 

of non-neoplastic, preneoplastic and neoplastic mouse cells. 

Cancer Res. 37: 2657-2661. 

Boynton, A.L., Whitfield, J.F., Isaacs, R.J. & Tremblay, R.G. (1977b) 

The control of human W1-38 cell proliferation by extracellular 

calcium and its elimination by 5U40 virus - induced proliferative 

transformation. J. Cell Physiol. 92: 241-247. 

Bramhall, .J:.S.:,, “Morgan, J.Woy Britten, AvZ: &* Perris, AsD. (1976) 

Structural requirements for oestrogenic activity at the plasma 

membrane surface determined using the carbocyanine fluorescent 

probe. J. Endocr. 69: 30P-31P. 

Braughler, J.M. & Corder, C.N. (1978) Reversible inactivation of 

purified (Na* +K") -aTPase fom human renai tissue by cyclic AMP- 

dependent protein kinase. Biochim. Biophys. Acta 524: 455-465. 

Braun, T. & Dodds, RF. (1975) Development of a Mn? "sensitive "soluble" 

adenylate cyclase in rat testis. Proc. natn. Acad..Sci., U.S.A. 

12: 1097-LIOl,



Brennan, J.K. & Lichtman, M.A. (1973) The effect of extracellular 

calcium and magnesium on the proliferation of murine lymphoblasts. 

a. Cell Physiol. 62: 101-112. 

Breslow, J.L., Epstein, J., Forbes, G.B. & Fontaine, J.H. (1979) 

Steroid hormone toxicity in human fibroblasts does not correlate 

with high affinity receptor content. J. Cell Physiol. 99: 343-348. 

Brierley, G. & Slautterbach, D.B. (1964) An electron microscope study 

of the accumulation of calcium and inorganic phosphorus by 

heart mitochondria. Biochim. Biophys. Acta 82: 183-186. 

Brick-Johnson, T. & Dougherty, T.F. (1965) Effect of cortisol and 

corticotropin on incorporation of adenine in the lymphatic 

tissue necleic acids. Acta Endocr. 49: 471-478. 

Broadus, A. E.,. sHardman, J .G., Kaminsky, Nein, “Bull; 0. He, 

Sutherland, J.W. & Liddle, G.W. (1971) Extracellular cyclic 

nucleotides. Ann. N.Y. Acad. Sci. 185: 50-66. 

Brostrom, C.O., Brostrom, M.A. & Wolff, D.J. (1977) Calcium-dependent 

adenylate cyclase from rat cerebral cortex. J. Biol. Chem. 

252: 5677-5685. 

Brostrom, .€.0.) “Corbin, J¢D.i, oKing, CLA. and Krebs; Ey (1971) 

Interaction of the subunits of adenosine 3'5' monophosphate 

dependent protein kinase of murine brain. Proc. natn. Acad. Sci., 

U.S.A. 68: 2444-2447, 

Brostrom, €.O., «Huang, Y.C., Breckenridge, 8. McG. & Wolff, «Deu. 

(1975) Identification of a calcium binding protein as a calcium 

dependent regulator of brain adenylate cyclase. Proc. natn. Acad. 

Sci., U.S.A. 72: 64-68. 

Brostrom, C.O. & Wolff, D.J. (1976) Calcium-dependent cyclic 

nucleotide phosphodiesterase from brain: Comparison of cyclic 

AMP and cyclic GMP as substrates. Arch. Biochem. Biophys. Acta. 

LIZ SOle oid:



Brostrom, M.A., Brostrom, C.O., Breckenridge, B. McL. & Wolff, D.J. 

(1979) Calcium-dependent regulation of brain adenylate cyclase. 

Adv. Cyclic Nuc. Res. 9: 85-100. 

Brostrom, M.A., Reimann, E.M., Walsh, D.A. & Krebs, E.G. (1970) 

A cyclic 3'5' AMP stimulated protein kinase from cardiac 

muscle. Adv. Enzyme Regn. 8: 191-203. 

Bulbring, E. & Tomita, T. (1970) Calcium and the action potential 

in smooth muscle. In 'Calcium and Cellular Function' Ed. 

A.W. Cuthbert, Macmillan, London. 

Bullough, W.S. (1972) The control of epidermal thickness. 

Brit. J. Dermatol. 87: 187-199. 

Bullough, W.S. (1975) Chalone control mechanisms. 

Life Fels LGt: ge3-330, 

Burgen, A.S. & Spero, L. (1968) The action of acetylcholine and 

other drugs on the efflux of potassium and rubidium from smooth 

muscle of the guinea pig intestine. Brit. J. Pharmacol. 34: 99-115. 

Burger, M.M., Bombik, B.M., Breckenridge, B. McL. & Sheppard, J.R. 

(1972) Growth control and cyclic alterations of cyclic AMP in 

the cell cycle. Nature new Biol. 239: 161-163. 

Butcher, F.R. (1975) The role of calcium and cyclic nucleotides in 

amylase release from slices of rat parotid: studies with the 

divalent cation ionophore A23187. Metabolism 24: 409-418. 

Butcher, F.R. (1978) Calcium and cyclic nucleotides in the regulation 

of secretion from the rat parotid by autonomic agonists. 

Advances in Cyclic Nucleotide Research, Vol. 9, pp 709-721. 

Butcher, F.R., McBride, P.A. & Rudich, L. (1976) Cholinergic 

regulation of cyclic nucleotide levels, amylase release, and K+ 

efflux from rat parotid glands. Mol. Cell Endocrinol. 5: 243-254.



Butcher, F.R., Rudich, L., Emler, C. & Nemerovski, M. (1976) 

Adrenergic regulation of cyclic nucleotide levels, amylase 

release, and potassium efflux in rat parotid gland. Mol. 

Pharmacol. 12: 862-870. 

Butcher, R.W. & Sutherland, E.W. (1962) Adenosine 3'5' phosphate 

in biological materials. J. Biol. Chem. 237: 1244-1250. 

Canalis, E. & Raisz, L.G. (1980) Effect of fibroblast growth factor 

on cultured foetal rat calvoria. Metabolism 29: 108-114. 

Carafoli, E. & Crompton, M. (1976) Calcium ions and mitochondria. 

In ' S.E.B. Symposium XXX, Calcium in Biological Systems: 

pp 89-115. Ed. C.J. Duncan, Cambridge University Press. 

Carafoitjan., “110220, R.., Lugli, Gs, Grovetti); Ro, s Kratzing,.C. 

(1974) The release of calcium from heart kt aol eduke by 

sodium. J. Molec. and Cell Cardiol. 6: 361-372. 

Carlson, C.H. & Suttie, J.W. (1967) Effects of sodium fluoride on HeLa 

cells. I. Growth sensitivity and adaptation. Exp. Cell Res. 45: 

415-422. 

Carpenter, G. & Cohen, S. (1976) Epidermal growth factor. Ann. Rev. 

Biochem. 848: 193-216. 

Carvaltho, A.P., Sanui, H. & Pace, N. (1963) Calcium and magnesium 

binding properties of cell membrane materials. J... Cell Comp. 

Physiol. 62: 311-318. 

Case, R.M. & Clausen, T. (1973) The relationship between calcium 

exchange and enzyme secretion in the isolated rat pancreas. 

J. Physiol. 235: 75-102. 

Casteels, R. & Raeymaekers, L. (1979) The action of acetylcholine and 

catecholamines on an intracellular calcium store in the smooth 

muscle cells of guinea pig taenia coli. J. Physiol. 294: 51-68.



Chambaut, A.M., lLeray-Pecker, F., Feldmann, G. & Hanoune, J. (1974) 

Calcium-binding properties and ATPase of rat liver plasma 

membranes. J. Gen. Physiol. 64: 104-126. 

Chatterton, R.T. (1971) Progesterone and mammary gland development. 

In 'The Sex Steroids' pp 345-382. Ed. K.W. McKerns. 

Appleton-Century-Crofts, New York. 

Chen, J.J., Babcock, D.F. & Lardy, H.A. (1978) Norepinephrine, 

vasopressin, glucagon and A23187 induce efflux of calcium 

from an exchangeable pool in isolated rat hepatocytes. 

Proc. natn. Acad. Sci. 75: 2234-2238. 

Chen, H.W., Heiniger, H.J. & Kandutsch, A.A. (1978) Alteration 

of an influx and efflux following depletion of membrane 

sterol in L-cells. J. Biol. Chem. 253: 3180-3185. 

Cheung, W.Y. (1970) Cyclic 3'5' nucleotide phosphodiesterase: 

demonstration of an activator. Biochem. Biophys. Res. Commun. 

33%''539+538. 

Church, K. (1967) Pattern of DNA replication in binuclear cells 

occurring in mouse embryo cell cultures. Exp. Cell Res. 

46: 639-641. 

Cittadini,.A., Bossi,,D., Rosi; G., Wolff, F. & Terranova, 7. 

(1977) Calcium metabolism in Ehrlich ascites tumor cells. 

Biochem. Biophys. Acta, 469: 345-349. 

Cldesson, M.H. & Hartmann, N.R. (1976) Cytodynamics in the thymus 

of young adult mice. Cell & Tissue Kinet. 9: 273-291. 

Clanmann, H.N. & Mosier, D.F. (1972) Cell cell interactions in 

antibody production. Prog. Allergy 16: 40-80. 

Clark, “RB. ou, Yoho, Ortmann; Raj; Cubbedu;, iX.., “dohnson; Gel: 

and Perkins, J.P. (1975) Factors influencing the effect of 

hormones on the accumulation of cyclic AMP in cultured human 

astroytoma cells. Metabolism 24: 343-358.



Clothier, G. & Timourian, H. (1972) Calcium uptake and release by 

dividing sea urchin eggs. Bxp. Cell Res. fo: 1O5-LLoO. 

Clyman,. R-f.,. Blacksin, A.S., ‘Sandler, d.A.,  Manganiello, V.C. 

& Vaughan, M. (1975) The role of calcium in regulation of the 

cyclic nucleotide content in human umbilical artery. 

J. Biol. Chem. 250: 4718-4721. 

Cockroft, S., Bennett, J.P. & Gomperts, B.D. (1980) Stimulation- 

secretion coupling in rabbit neutrophils is not mediated by 

phosphatidyl inositol breakdown. Nature, 288: 275-277. 

Coffey, R.G., Hadden, E.M. & Hadden, J.W. (1977) Evidence for cyclic 

GMP and calcium mediation of lymphocyte activation by mitogens. 

J. Immunol. 119: 1387-1394. 

Coffey, R.G., Hadden, E.M., Lopez, C. & Hadden, J.W. (1978) 

Cyclic GMP and calcium in the initiation of cell proliferation. 

Adv. Cyc. Nuc. Res. 9: 661-677. 

Coff£ino) Ply, Gray, J.W. & Tomkins; G.M. (1975) Cyclic..GMP, a non- 

essential regulator of the cell cycle. Proc .natn. Acad. Sci. 

U.S.A. 72: 878-882. 

Cohen, S. & Savage, C.R. (1974) Recent studies on the chemistry and 

biology of epidermal growth factor. Recent Prog. Horm. Res. 

30: 551-574. 

Cohen, S. & Taylor, J.M. (1974) Epidermal growth factor chemical and 

biology characterization. Recent Prog. Horm. Res. 30: 533-550. 

Comsa, J., Leonhardt, H. & Ozgminski, K. (1979) Hormonal influences 

on the secretion of the thymus. Thymus 1: 81-93. 

Connor, J.A. (1977) Time course separation of two inward currents in 

molluscan neurons. Brain Res. 119: 487-492. 

Constantin, L.L. (1970) The role of sodium current in the radial spread 

of contraction in frog muscle fibres. J. Gen. Physiol 755: 703 715¢



Cookijau.S:..) wwii Po Gue\ -Proctonm,.oW. Rk. & Brake’; iT. (1976) 

Turnover of ouabain binding sites and plasma membrane proteins 

in HeLa cells. In 'Biogenesis and turnover of membrane 

macro-molecules' pp 15-36. Ed. J.S. Cook, Raven, New York. 

Cooke, W.J. & Robinson, J.D. (1971) Factors influencing calcium 

movements in rat brain slices. Ann. J. Physiol. 221: 218-225. 

Corbin; 3) abs jp KeClLy, .co.u. '& Park, C.Re, (L975)o The distribution: and 

dissociation of cyclic AMP dependent protein kinases in Bet daa, 

cardiac and other tissue. J. Biol. Chem. 250: 218-225. 

Corbin, :0.<D.\7. Keely, uSi lb. COderLing TARY & Pank-7CeRis (1975) 

Hormonal regulation of adenosine 3'5 monophosphate dependent 

protein kinase. Adv. Cyclic Nuc. Res. 5: 265-279. 

Costa, M. (1978) Protein kinase during the cell cycle. In 'Molecular 

Biology and Pharmacology of Cyclic Nucleotides' pp 109-124. 

Ed. G. Falco & R. Paoletti, Elsevier, North Holland. 

Craddock, C.G., Nakai, G.S., Fukuta, H. & Vansleyer, L.M. (1964) 

Proliferative activity of the lymphatic tissue of rats as 

studied with tritium labelled thymidine. J. Exp. Med. 120: 

389-412. 

Crawford, A.C. (1975) Lithium ions and the release of transmitter 

at the frog neuro-muscular junction. J. Physiol. 246: 109-142. 

Creutz, C.E., Pazoles; C.J..8& Pollard, H.B. (1979):.Self-assocration 

of synexin in the presence of calcium. Correlation with synexin- 

induced membrane fusion and examination of the structure of synexin 

aggregates. J. Biol. Chem. 254: 553-558. 

Crompton, M., Capano, M. & Carafoli, E. (1976) The sodium-induced 

efflux of calcium from heart mitochondria. Eur. J. Biochem. 

69: 453-462.



Crompton; MM.) «-Kunzis, oM. & Garafoll, E.(1977). The calcium-—inauced 

and sodium-induced effluxes of calcium from heart mitochondria. 

Eur. J. Biochem. 79: 549-558. 

Cross, M.E. & Ord, M.G. (1971) Changes in histone phosphorylation and 

associated early metabolic events in pig lymphocyte cultures 

transformed by PHA or dibutyryl cyclic AMP. Biochem. J. 124: 

241- 248. 

Crumpton, M.J., Auger, J., Greene, N.M. & Maino, V.C. (1976) 

Surface membrane events following activation by lectins and 

calcium ionophore. Mitogens in Immunobiology pp 85-103. 

Ed. Oppenheime, J.J. 

Cuatracasas, P. (1974) Membrane receptors. Ann. Rev. Biochem. 

AS 3 L69-214:. 

Dahl, J.L. & Hokin, L.E. (1974) The sodium-potassium ATPase. 

Ann. Rev. Biochem. 43: 327-356. 

Daniel, E.E. (1963) Potassium movements in rat uterus, studied in 

ViiLCEO. Canad. J. Biochem. Physiol. 41: 2065-2084. 

Daniele, R.P. & Holian, S.K. (1976) A potassium ionophore (valinomycin) 

inhibits lymphocyte proliferation by its effect on the cell 

membrane. Proc. natn.Acad. Sci., U.S.A. 73: 3599-3602. 

Danon, D. & Marikovsky, Y. (1959) A method for avoiding centrifugation 

in the embedding of suspensions in polymethylacrylate. 

J. Biophys. Biochem. Cytol. 6: 298-300. 

Dasdia, T., DiMarco, A., Goffredi, M., -Minghetti, A. & Necco, A. 

(1979) Ion level and calcium fluxes in HeLa cells after 

adriamycin treatment. Pharmacol. Res. Commun. 11: 19-29. 

Davies, Avu.S., leuchars,. E., Wallis, ave. @.Doennorr, M.d.:.(1L941) 

A system for lymphocytes in the mouse. Proc. Roy. Soc. B. 176: 

369-384.



Davila, H.V., Salzberg, B.M., Cohen, L.B. & Waggoner, A.S. (1973) 

A large change in axon fluorescence that provides a promising 

method for measuring membrane potential. Nature (New Biol.) 

Bale LbI- 160 « 

Davoren, P.R. & Sutherland, E.W. (1963) The cellular location of 

adenyl cyclase in the pigeon erythrocyte. J. Biol. Chem. 238: 

3016-3023. 

Dawson, M.L. & Perris, A.D. (1973) The inhibition of calcium-induced 

mitogenesis by oestrogen. J. Endocr. 57: LIX-LxX. 

Dedman; J:Ri,* Potter, UD... Jackson, Rie). donnson, 2D. 18 

Means, A.R. (1977) Physicochemical properties of rat testis ge 

dependent regulator protein of cyclic nucleotide phosphodiesterase. 

Oe Wer than, 20a) G415—-3522. 

Del Castillo, J. & Stark, L. (1952) The effects of calcium ions on 

the motor end plate potential. Ue Physiol. Lie: 507-515. 

Desai, K., Marian, M. & Appleman, M.M. (1976) Concanavalin A 

stimulation of low Km cyclic AMP phosphodiesterase of rat 

adipocytes - an insulin-like effect. Fed. Proc. 35: 1438a. 

De Vellis, J., Inglish, D. & Brooker, G. (1974) Paradoxical effects 

of cyclohexamide and methyl isobutyl xanthine on cyclic AMP 

metabolism. Ped Proc. 33: S07. 

Devine, C.E., Somlyo, A.N. & Somlyo, A.P. (1972) Sarcoplasmic 

reticulum and excitation-contraction coupling in mammalian smooth 

muscles. J. Cell Biol. 52: 690-718. 

Diamond, J. (1978) Role of cyclic nucleotides in control of smooth 

muscle contraction. Adv. Cyclic Nuc. Res. 9: 327-340. 

DiFrancesco, D. & McNaughton, P.A. (1979) The effects of calcium 

on outward membrane currents in the cardiac Purkinje fibre. 

J. Physiol. 289: 347-373.



DiPolo, R. (1978) Calcium pump driven by ATP in squid axons. 

Nature 274). 890-392. 

DiPolo, R. & Beague, L. (1979) Physiological role of ATP driven calcium 

pump in squid axon. Nature 278: 271-273. 

DLPOLO,: Roy eeRequena,; Jie, Mullins, L.d.:, Brinley, F.J3.,. Scarpay (A; 

& Tiffert, T. (1976) Ionized calcium concentrations in squid 

axons. J. Gen. Physiol. 67: 433-437. 

Doida, Y. & Odada, S. (1969) Radiation-induced mitotic delay in 

cultured mammalian cells (L517Y). Radiat. Res. 38: 513-529. 

Donnelly, T.E., Duo, J.F., Miyamoto, E. & Greegard, P. (1973) 

Protein kinase modulator from lobster tail muscle. Der Our. 

Chem. 248: 199-203. 

D&rrscheidt-Kdfer, M. (1977) The action of D600 on frog skeletal 

muscle: facilitation of excitation-contraction coupling. 

Pfluegers Arch. 369: 259-267. 

Dougherty, T.F. (1952) Effect of hormones on lymphatic tissue. 

Physiol. Rev. 32: 379-401. 

Dougherty, T.F., Berliner, M.L., Scheebeli, G.L. & Berliner, D.L. 

(1964) Hormonal control of lymphatic structure and function. 

Ann. N.Y. Acad. Sci. 113: 825-843. 

Douglas, W.W. (1968) Stimulus-secretion coupling: the concept and 

clues from chromaffin and other cells. Br. J. Pharmacol. 34: 

453-474. 

Douglas, W.W. & Poisner, A.M. (1962) On the mode of acetylcholine in 

evoking adrenal medullary secretion: increased uptake of 

calcium during the secretory response. J. Physiol. 162: 385-392. 

Douglas, W.W. & Rubin, R.P. (1961) The role of calcium in the secretory 

response of the adrenal medulla to acetylcholine. J. Physiol. 

ED OOo ON



Dowd, F. & Schwartz, A. (1975) The presence of cyclic AMP-stimulated 

protein kinase substrates and evidence for endogenous protein 

kinase activity in various Na’K’- ATPase preparations from brain 

heart and kidney. J. Molec. Cell Cardiol. 7: 483-497. 

Drahota,72s,°.Caratoli,.«h 3, Rossi, E.):) Gantble;. Robs & Lehnninger;.A.L. 

(1975) The steady-state maintenance of accumulated calcium in 

rat liver mitochondria. J. Biol. Chem. 240: 2712-2720. 

Dulbecco, R. & Elkington, J. (1975) Induction of growth in resting 

fibroblastic cell cultures by ene Proc. natn. Acad. Sci. 

U.S.A. 72: 1584-1588. 

Eagle, H. (1973) The effect of environmental pH on the growth of 

normal and malignant cells. J. Cell Physiol. 82: 1-8. 

Ebashi, S. (1972) Calcium ions and muscle contraction. Nature 

240: 217-218. 

Ebashi, S. & Endo, M. (1968) Calcium ion and muscle contraction. 

Prog. Biophys. (Molec. Biol.) 18: 123-183. 

Ebashi, S., Nonomura, Y., Toyo-oka, T. & Katayama, E. (1976) 

Regulation of muscle contraction by calcium troponin tropomyosin 

systems. In 'Calcium in biological systems' pp 349-360. 

SEB Symposium XXX. 

Edwards })D.d.:, “Mekori,* 2eM.,. «Atkinson, Mod... & Perris, A.D.-.(1976) 

Parathyroid hormone and cell mediated immunity in the rat. 

J. Endocr. 71: 83P-84P. 

Egan, R.V., Poxaton, J. & Kuehl, F.A. (1976) Mechanism for 

irreversible self-deactivation of prostaglandin synthetase. 

J. Biol. Chem. 251: ° 7329-7335. 

Ehrenstein, G.H., Lecar, H. & Latorre, R. (1978) Inactivation in 

bilayer and natural excitable membranes. In 'Membrane Transport 

Processes' 2: 175-182. Ed. D.C. Tosteson, Y.A. Ouchinnikor & 

R. Latorre, Raven, New York.



Ehrlichman, J., Rosenfeld, R. & Rosen, O.M. (1974) Phosphorylation 

of a cyclic AMP-dependent protein kinase from bovine cardiac 

muscle. J. Biol. Chem. 249: 5000-5003. 

Epifanova, O.I., Abuladze, M.K. & Zosimovskaya, A.I. (1975) 

Effects of low concentrations of actinomycin D on the initiation 

of DNA synthesis in rapidly proliferating and stimulated cell 

cultures. Bxpe Cel li Res. 927.23-30). 

Estensen, R., Hadden, J.W. ;.: Hadden, E<M:,  “Pouraine, fF.) Touraine; deb. 

Haddox, M.K. and Goldberg, N.D. (1974) Phorbol myristate acetate: 

effects of a tumour promoter on intracellular cyclic GMP in 

mouse fibroblasts and as a mitogen on human lymphocytes. In 

‘Cold Spring Harbor Symposium on the regulation of proliferation 

in animal cells' pp 627-634. Ed. B. Clarkson & R. Borsergen. 

Fabiato, A. & Fabiato, I. (1977) Calcium release from the sarcoplasmic 

reticulum. Circ. Res. 40: 119-129. 

Fabiato, A. & Fabiato, F. (1979) Use of chlorotetracycline fluorescence 

to demonstrate Ca2*-induced release of ca2™ from the sarcoplasmic 

reticulum of skinned cardiac cells. Nature 281: 146-148. 

Fahn, S., Koval, G.J. & Albers, R.W. (1966) Sodium-potassium-activated 

adenosine triphosphate of electrophorus electric organ. 

II. Effects of N-ethylmaleimide and other sulfhydryl reagents. 

J. Biol. Chem. 241: 1882-1889. 

Fain, J.N. (1975) Insulin as an activator of cyclic AMP accumulation 

in -mat.fatcelis,. J. CyGlic Nuc. Resin 12 9359-366). 

Feinendegen, L.E. (1973) 3H TdR and 125 IUDR enable increase in 

thymidine synthesis to be shown. Cell and Tissues Kinetics 

6: 573-589.



Ferguson, D.R. & Twite, B.R. (1974) Effects of vasopressin on toad 

bladder membrane proteins. Je, Endocr <6: 501-507. 

Ferrendelli, J.A., Rubin, E.H. & Kinscherf, D.A. (1976) Influence of 

divalent cations on regulation of cyclic GMP and cyclic AMP 

levels in brain tissue. J. Neurochem. 26: 741-748. 

Fiske, C.H. & Subba Row, Y. (1925) The colorimetric determination of 

phosphorus. J. Biol. Chem. 66: 375. 

Flatman, J.A. & Clausen, T. (1979) Combined effects of adrenaline and 

insulin on active electrogenic sodium-potassium transport in 

rat soleus muscle. Nature 281: 580-582. 

Fleckenstein, A. (1977) Specific pharmacology of calcium in myocardium, 

cardiac pacemakers and vascular smooth muscle. Ann. Rev. Pharm. 

Toxicol. 17: 149-166. 

Félsch, U.R. & Wormsley, K.G. (1973) Pancreatic enzyme response to 

secretin and cholecystokinin-pancreozymin in the rat. ae Physiol. 

284: /9-9a, 

Ford, C.E. & Micklem, H.S. (1963) The thymus and lymph nodes in radiation 

chimaeras. Lancet I: 359-362. 

Ford, L.E. & Podolsky, R.J. (1972) Calcium uptake and force development 

contraction by skinned muscle fibres in EGTA buffered solution. 

J. Physiol. 223: 1-19, 

Foreman, J.C., Hallet, M.B. & Mongar, J.L. (1977) The relationship 

between histamine secretion and 45-calcium uptake by mast cells. 

J. Physiol. 271: 193-214. 

Foreman, J.C. & Mongar, J.L. (1972) The role of alkaline earth ions 

in anaphylactic histamine secretion. J. Physiol. 224: 753-769. 

Foreman, J.C., Mongar, J.L. & Gomperts, B.D. (1973) Calcium ionophore 

and movement of calcium ions following the physiological stimulus 

to a secretory process. Nature, 245: 249-251.



Fox, C.F. & Das, M. (1979) Internalization and processing of the 

epidermal growth factor receptor in the induction of DNA synthesis 

on cultured fibroblasts: The endocytic activation hypothesis. 

J. Supramol. Struct. 10: 199-214. 

Frank, W. (1973) Stimuliering von Kulturen embryonaler Rattenzellen 

durch Kalbserum. VI. Calcium und Kalium ionen als Cofaktoren. 

Z. Naturforsch. 28c: 322-328. 

Frankfurt, O.S. (1968) Effect of hydrocortisone, adrenaline and 

actinomyosin D on transition of cells to the DNA synthesis phase. 

xp. Cell Res. 52:7 2207282 

Franklin, T.J. & Foster, S.J. (1973) Leakage of calcium from human 

diploid fibroblasts in tissue culture. Nature new Biol. 246: 

119-120. 

Frazier, W.A., Boyd, L.F. & Bradshaw, R.A. (1973) Interactions of 

nerve growth factor with surface membranes. Biological 

competence of insolubilized nerve growth factor. Proc. natn. Acad. 

Sci. U.S.A. 70: 2931-2935. 

Frazier, W.A., Boyd, L.F. & Szutowicz, A. (1974) Specific binding sites 

for 125I nerve growth factor in peripheral tissue and brain. 

Biochem. Biophys. Res. Commun. 57: 1096-1103. 

Freedman, M.H. (1979) Early biochemical events in lymphocyte activation 

Cell Immunol. 44: 290-313. 

Freedman, M.H., Raff, M.C. & Gomperts, B.M. (1975) Induction of increased 

calcium uptake in mouse T lymphocytes by concanavalin A and its 

modulation by cyclic nucleotides. Nature 255: 378-382. 

Friedman, D.L., Johnson, R.A. & Zeilig, C.F. (1976) The role of cyclic 

nucleotides in the cell cycle. Adv. Cyclic Nuc. Res. 7: 69-114. 

Froelich, J.E. & Rachmeler, M. (1974) Inhibition of cell growth in the 

G, phase by adenosine 3'5' monophosphate. J. Cell Biol. 60: 
1 

249-257.



Fujimoto, G.I. & Morrill, G.A. (1978) Effect of colchicine on estrogen 

action. I. Inhibition of 178 estradiol induced H,O-potassium 
2 

uptake in the immature rat uterus. Biochim. Biophys. Acta 

30x, 2267230), 

Funder, J. & Weith, J.O. (1967) Determination of sodium-potassium and 

waters ini human red blood. celis.. Scand: J. Clin: Labs’ Invest: 

LBs 151 L6G. 

Gail, M.H., Boone, C.W. & Thompson, C.S. (1973) A calcium requirement 

for fibroblast motility and proliferation. Exp. Cell Res. 

ie 38655 90.. 

Gallien-Lartigue, O. (1976) Calcium and ionophore as initiators of 

DNA replication in the pluropotential haematopoietic stem cell. 

Cell Tissue Kinetics 9: 533-540. 

Gallin, J.I. (1980) Degranulating stimulii decrease the negative surface 

charge and increase the adhesiveness of human neutrophils. 

J. Clin. Invest. 65: 298-306. 

Garay, R.P. & Garrahan, P.J. (1973) The interaction of sodium and 

potassium with the sodium pump in red cells. J. Physiol. 231: 

297-325. 

Garbers, D.L., Chrisman, T.D. & Hardman, J.G. (1978) Guanylate cyclase 

and purification of particulate and soluble forms of enzyme and 

responses of the soluble form to cations and fatty acids. In 

"Molecular Biology and Pharmacology and Cyclic Nucleotides' 

pp 43-55. Ed. G. Falco & R. Paoletti. Elsevier, Amsterdam. 

Garcia-Giralt, E., Diaz-Rubio, E. & Rappaport, H. (1975) Evaluation 

of the specificity of a lymphoid chalone. Cell and Tissue 

Kinetics 8: 589-592. 

Gardner, E.A., Thompson, W.J. & Stancel, G.M. (1976) Characterization 

of uterine phosphodiesterase and effects of oestrogen on enzyme 

activity. Fed. Proc. 35: 610.



Gardner, J.D., Klaeveman, H.L., Bilezikian, J.P. & Aurbach; G.D. 

(1974) Effects of ouabain on catecholamine: Stimulated sodium 

transport in turkey red blood cells. J. Biol. Chem. 249: 516- 

520. 

Gardner, 03D3,.)Mensh, 2R.S..,.,..Kkiino, D.R. & Aurbach,; .G.D.. (2975) 

Effects of beta-adrenergic catecholamines on potassium transport 

in turkey erythrocytes. Ue BLol-. Chem.) 250: 1155-1163. 

Gear, R.L., Rossi, C.S., Reynafarje, B. & Lehninger, A.L. (1967) 

Acid base exchanges in mitochondria and suspending medium 

during respiration-linked accumulation of bivalent cations. 

J. Biol. Chem. 242: 3403-3413. 

Gelfant, SS. (1962) “Initiation of mitosis.in relation to the..cell 

division cycle. Exp. Cell Res. 26: 395-403. 

George, W.J., Rodgers, G.A. & White, L.A. (1978) Cyclic nucleotides 

as regulators of erythroid proliferation. Adv... Cyolte-Nuc. 

RES is 9:2) 91/03 22 

Gilbert, D.L. (1960) Magnesium equilibrium in muscle. 

Je Gen’. Physiol. 43: 1103-1118. 

Gill, G.N. & Garren, L.D. (1970) A cyclic AMP dependent protein kinase 

from the adrenal cortex: comparison with a cyclic AMP binding 

protein. Biochim. Biophys. Res. Commun. 39: 335-343. 

Gill, GN. ,. Ill, C.R. & Simonian, M.H.* (1977) Agonist stimulation of 

bovine adrenal cortex cell growth. Proc. N&en. Acad .: Sci. 

U.S.A. 74: 5569-5573. 

Gill, G.N., Walton, G.M. & Sperry, P.J. (1977) Cyclic GMP dependent 

protein kinase from bovine lung. J. Biol. Chem. 252: 6443-6449. 

Gilman, A.G. & Nirenberg, M. (1971) Effect of catecholamines on adenosine 

3'5' cyclic monophosphate concentration of clonal satellite cells 

of neurons. Proc. natn. Acad. Sci. U.S.A. 68: 2165-2168. 

Glynn, I.M. (1962) Activation of ATPase activity in a cell membrane by 

external potassium and internal sodium. J. Physiol. 160% 18P—19P.



Goldberg, N.D., Graff, G., Haddox, M.K., Stephenson, J.H., Glass, D.B. 

& Moser, M.E. (1978) Redox modulation of splenic cell soluble 

guanylate cyclase activity. Adv. Cyclic Nuc. Res. oO JOT 3O. 

Gollaberg i aNeD <7) Haddex, Mik) Dunham, 4h. , Lopez, .C.')° sHadden,. Ww. 

(1974) In 'Control of proliferation in animal cells' pp 609-625. 

Ed. B. Clarkson & R. Baserga. Cold Spring Harbor Lab. New York. 

Goldin, S.M. & Tong, S.W. (1975) Reconstitution of active transport 

catalyzed by the purified sodium and potassium ion-stimulated 

adenosine triphosphatase from canine renal medulla. 

J. Biol. Chem. 249: 5907-5915. 

Goldstein, A.L. (1975) The isolation of thymopoietin (Thymin) . Ann. 

NOY. Acad. Scl-9i2e) L772 085. 

Goldstein, Avi. ,« Asanuma,¥.,. Battisto, JcR.,. Hardy; M-A., ‘Quint, ds 

& White, A. (1970) Influence of thymosin on cell mediated and 

humoral immune responses in natural and in immunologically 

deficient mice. J. Immunol. 104: 359-366. 

Goldstein, A.L., Slater, F.D. & White, A. (1966) Preparation, assay and 

partial purification of a thymic lymphocytopoietic factor 

(thymosin). Proc. natn. Acad. Sci. U.S.A. 56: 1010-1017. 

Gopinath, R.M. & Vincenzi, F,F. (1977) Phosphodiesterase protein 

activator mimics red blood cell cytoplasmic activator of 

calcium and magnesium ATPase. Biochem. Biophys. Res. Commun. 

i 205-0209 

Goren, E.N. & Rosen, O.M. (1972) Purification and properties of a 

cyclic nucleotide phosphodiesterase from bovine heart. Arch. 

Biochem. Biophys. 153: 384-397. 

Goridis, C. & Reutter, W. (1975) Plasma membrane associated increase 

in guanylate cyclase activity in regenerating rat liver. 

Nature 257: 698-700.



Gosalvez, M. & Blanco, M. (1975) Abstract, Fifth International 

Biophysics Congress, Copenhagen. 

Gospodarowicsz,D.(1974) Localization of a fibroblast growth factor 

and its effect alone and with hydrocortisone on 3T3 cell growth. 

Nature 249: 123-127. 

Gospodarowicsz,D.;: «ll, CiR.& Birdwell, ..C.R.: (1977): Effects of 

fibroblast and epidermal growth factors on ovarian cell 

proliferation in vitro. Endocr. 100: 1108-1120. 

Gospodarowicsz,D. & Moran, J.S. (1976) Growth factors in mammalian cell 

culture. Ann. Rev. Biochem. 45: 531-558. 

Grab; D.J.) “Berzins; K.,° Cohen, ‘RiS. & Siekevitz, Pp. | (L979) 

Presence of calmodulin in postsynaptic densities isolated 

from canine cerebral cortex. J. Biol. Chem. 254: 8690-8696. 

Grant, B.F., Breithaupt, T.B. & Cunningham, E.B. (1979) An adenosine 

3'5' monophosphate-dependent protein kinase from the human 

erythrocyte membrane. J. Biol. Chem. 254: 5726-5733. 

Greaves, M. & Janossy, G. (1972) PHA immobilized stimulates T cells 

without entry. HLansp.) Rey; len .O 72119 . 

Greaves, M.F., Owen, J.J. & Raff, M. (1973) T and B lymphocytes. 

Their origins, properties and roles in immune response. 

North Holland, Amsterdam. 

Greenberg, S., Long, J.P. & Diecke, F.P. (1973) Differentiation of 

calcium pools utilized in the contractile response of canine 

arterial and venous smooth muscle to norepinephrine. 

J. Pharmacol. Exp. Ther. 185: 493-504. 

Gregory, H. (1975) Isolation and structure of uragastrone and its 

relationship to epidermal growth factor. Nature. 251/87 325-327 2



Grisham, C.M. & Barnett, R.F. (1972) The interrelationships of membrane 

and protein structure in the functioning of the (Na*K") -activated 

ATPase. Biochim. Biophys. Acta 266: 613-624. 

Guidotti, A. & Costa, E. (1973) Involvement of adenosine 3'5'-monophosphate 

in the activation of tyrosine hydroxylase elicited by drugs. 

Science li79- 202-904. 

GuldOtt1, Ay, Kurosawa,A:, Chuang; D.M./&#Costa, "Bb." (41975) 

Protein kinase activation as an early event in the trans-synaptic 

induction of tyrosine 3-monooxygenase in adrenal medulla. 

Proc. natn. Acad. Sci. U.S.A. 72: 1152-1156. 

Haddox, M.K., Newton, N.E., Hartle, D.K. & Goldberg, N.D. (1972) 

ATP (Mg?*) induced inhibition of cyclic AMP reactivity with 

skeletal muscle protein kinase. Biochim. Biophys. Res. Commun. 

AT, 053-661). 

Haga, .T., “Ross, E.M., . Anderson, H.J. .& Gilman, A.,G. (1977) 

Adenylate cyclase permanently uncoupled from hormone receptors 

in a novel varient of S49 mouse lymphoma cells. Proc. natn. Acad. 

Sci. U.S.A. 74: 2016-2020. 

Hagiwara, S. (1973) Calcium spike. In Adv. Biophys. (Tokyo) pp 71-102. 

Ed. M. Kotani. University of Tokyo Press. 

Handmaker, S.D. & Graef, J.W. (1970) The effect of PHA on the DNA- 

dependent RNA polymerase activity of nucleii isolated from 

human lymphocytes. Biochim. Biophys. Acta 199: 95-102. 

Harary, I., Renaud, J.F., Sato, E. & Wallace, G.A. (1976) Calcium 

ions regulate cylcic AMP and beating in cultured heart cells. 

Nature 261: 60-61.



Hardon; 5.5. Vesimt, Mob Khac. lob... & Leiber, D. (1978) Cyclic 

nucleotides in the regulation of rat uterus COntracti.i ty. 

In 'Molecular biology and pharmacology of cyclic nucleotides' 

pp 276-296. Ed... G. Folco & R;' Paoletti. 

Harder, D.R. & Coulson, P.B. (1979) Estrogen receptors and effects of 

estrogen on membrane electrical properties of coronary vascular 

smooth muscle. Ji Cel ...Physiol. 100: 375-382. 

Hardman, J.G., Davis, J.W. & Sutherland, E.W. (1969) Effects of some 

hormones and other factors on extrusion of cyclic AMP and cyclic 

GMP in rat urine. J. Biol. Chem. 244: 6354-6362. 

Hardman, J.G. & Sutherland, E.W. (1969) Guanyl cyclase, as enzyme 

catalyzing the formation of guanosine 3'5' monophosphate from 

guanosine triphosphate. J. Biol. Chem. 244: 6363-6370. 

Hartwell, L.H. (1976) Sequential function of gene products relative 

to DNA synthesis in the yeast cell cycle. J. Molec. Biol. 104: 

803-817. 

Hauser, H., Finer, E.G. & Darke, A. (1977) Crystalline anhydrous 

calcium phosphatidyl serine bilayes. Biochim. Biophys. Res. Commun. 

b1Gs) 12 OJ 21a. 

Haworth, R.A., Hunter, DR. & Berkoff, .HiA. (1980) Na releases cae 

from liver, kidney and lung mitochondria. Febs. Lett. 110: 

216-218. 

Hazelton; 2 .di.. & Tupper, J.1., (1978) BEfect of on deprivation on eres 

and Mg** content and growth of the WI-38 and SV-WI-38 human 

fibroblast. J. Cell Biol. 79: 5a. 

Heidrick, M.L. & Ryan, W.L. (1970) Cyclic nucleotides on cell growth in 

vitro. Cancer Res. 30: 376-378. 

Heilbrunn, L.V. (1956) The dynamics of living protoplasms. Acad. Press, 

New York.



Hellman, B. (1979) Calcium and pancreatic beta cell function. 

Acta Endcr. 90: 624-636. 

Hesketh, T.R. Smith, G.A., Houslay, M.D., Warren, G.B. & Metcalf, J.C. 

(1977) Is an early calcium flux necessary to stimulate lymphocytes? 

Nature 267: 490-492. 

Hilden, S. & Hokin, L.E. (1975) Active potassium transport coupled to 

active sodium transport in vesicles reconstituted from purified 

sodium and potassium ion-activated adenosine triphosphatase from 

the rectal gland of Squalus acanthias. J. Biol. Chem. 250: 

6296-6303. 

Hilden, S. & Hokin, L.E. (1976) Coupled Na+ -K+ transport in vesicles 

containing a purified (Na K)-ATPase and only phosphatidyl choline. 

Biochem. Biophys. Res. Commun. 69: 521-7. 

Hirata, F., Strittmatter, W.J. & Axelrod, J. (1979) Beta-adrenergic 

receptor agonists increase phospholipid methylation, membrane 

fluidity, and beta-adrenergic receptor-adenylate cyclase coupling. 

Proc. natn. Acad. Sci. U.S.A. 76: 368-372. 

Hirata, Y., Moore, G.W., Bertagna, C. & Orth, D.N. (1980) Plasma 

concentration of immunoreactive human epidermal growth factor 

(urogastrone) in man. J. Cell. Endocr. Metab. 50: 440-444. 

Hladky, S.B. & Runk, T.J. (1976) Membrane potentials and properties of 

human erythrocytes and ghosts assessed with a fluorescent dye, 

3,3'-dipropyl-2,2' thiadicarbocyanine, dis-(3-5). J. Physiol. 

258: 100P-101P. 

HO, H.C. , . Wiech, ©.,. stevens, £.C.&,Wang, 0.H..“(Lov7) PUrLET Cation 

OD a a activatable cyclic nucleotide phosphodiesterase from 

bovine heart by specific interaction with its Gar” dependent 

modulator protein. J. Biol. Chem. 252: 43-50.



Hodgkin, A.L. & Huxley, A.F. (1952) Currents carried by sodium 

and potassium ions through the membrane of the giant axon 

of Loligo.. J. Physiol. 117:2449-72. 

Hodgkin, A.L. & Huxley, A.F. (1952b) A quantitative description 

of membrane current and its application to conduction and 

excitation in nerve. J. Physiol. 117:500-44, 

Hodgkin, A.L. & Keynes, R.D. (1957) Movements of labelled calcium 

in squid giant axons. J. Physiol. 138:253-281. 

Hoff, M.B. & Chang, W.W.L. (1979) The effect of estrogen on epi- 

thelial cell proliferation and differentiation in the crypts 

of the descending colon of the mouse: a radioautographic 

study. Am. J. Anat. 155:507-16. 

Hofmeier, G. & Lux, H.D. (1979) Inversely related behaviour of 

potassium and calcium permeability during activation of 

calcium-dependent outward currents in voltage-clamped snail 

neurones. J. Physiol. 287: 28P-29P. 

Hokin, L.E. (1966) Effects of calcium omission on acetyl choline 

stimulated amylase secretion and phospholipid synthesis 

in pigeon pancreas slices. Biochim.Biophys.Acta 115:219-21. 

Hollenberg, M.D. & Cuatrecases, P. (1973) Epidermal growth factor: 

receptors in human fibroblasts and modulin of action by 

cholera toxin. Proc. Natl. Acad. Sci. USA 70:2964-8. 

Holley, R.W. & Kiernan, J.A. (1974) Control of induction of DNA 

synthesis in 3T3 cells. Proc. natn. Acad.Sci.USA 7131908-11. 

Horwicz, P. & Gerber, C.J. (1965) Effects of sodium azide on 

sodium fluxes in frog striated muscle. J. Gen.Physiol. 48: 

515-25. 

Howard, A. & Pelc, S.R. (1953) Synthesis of DNA in normal and 

irradiated cells and its relation to chromosome breakage. 

Heredity 6:261-73.



Hume, D.A. & Weidemann, M.J. (1978) On the stimulation of rat 

thymocyte 3-O methyl-glucose transport by mitogenic 

stimulii. J. Cell Physiol. 96:303-9. 

Hunt, N.H. & Perris, A.D. (1974) Calcium and control of circadian 

mitotic activity in rat bone marrow and thymus. J. Endocr. 

62:451-62. 

HUYWwitg,. i. beat zpatrack, D.f's,,Debbas, 7G.  &. Gandon,..E 0. (1973) 

Localization of calcium pump activity in smooth muscle. 

Science 179:384-6. 

Ichihara, K. & Murad, F. (1979) Guanylate cyclase activity in 

rat liver and other tissues with starvation and streptozotocin- 

induced diabetes mellitus. Arch.Biophys.Biochem.194:292-8. 

Ignarro, L.J. (1978) Interference with stimulation-secretion 

coupling by glucocortiosteroids. Adv.Cyclic Nuc.Res. 

Di: 67: 109 « 

Ignarro, L.J. & George, W.J. (1974) Mediation bs immunologic 

discharge of lyosomal enzymes from human neutrophils by 

guanosine 3',5'-monophosphate. Requirement of calcium and 

inhibition by 3',5'-monophosphate. J. Exp. Med. 140:225-38. 

Issenberg, G. (1975) Is potassium conductance of cardiac Purkinje 

fibres controlled by Gat + I? Nature 253:273-4. 

Issenberg, G. & Kldckner,U.(1980)Glycocalyx is not required for slow 

inward calcium current in isolated rat heart mycocytes. 

Nature 284:358-60. 

Ito, T. & Hoshino, T. (1963) Influences of the gonad on the thymus 

in the mouse. Z Anat. Entwicklungsges. 123:490-7. 

Ito, S. & Yoshioka, K. (1973) Effect of various ionic compositions 

upon the membrane potential during activation of sea urchin 

eggs. Exp. Cell Res. 78:191-200.



Iversen, J. (1976) Unidirectional ion fluxes (K) in rat thymocytes, 

stimulated by concanavalin A. J. Cell Physiol. 89:267-78. 

Iyengar, R. & Birnbaumer, L. (1979) Coupling of the glucagon receptor 

to adenylyl glycase by guanosine diphosphate: evidence 

for two levels of regulation of adenylyl cyclase. 

Proc. Natl. Acad< Sci." USA 76:3189-93. 

Jaanus, S.D. & Rubin, R.P. (1974) Analysis of the role of cyclic adeno- 

sine 3'.5'-monophosphate in catecholamine release. 

wie Physiol. 237:465-76. 

Jacobus, W.E., Tiozzo, R., .Lugli,.G.; Hehbninger;. A. li & Cararoli, mm: 

(1975) Aspects of energy-linked calcium accumulation by 

rat heart mitochondria. J. Biol ere. 250: 7863-70. 

Jean, D.H., Albers, R.W. & Kowal, G.J. (1975) Sodium-potassium-activated 

adenosine triphosphatase of Electrophorus electric organ. 

X. Immunochemical properties of the Lubrol-solubilized 

enzyme and its constituent polypeptides. J. Biol.Chem. 

250: 1035-40. 

Jensen, E.V. & Jacobson, H.I. (1962) Basic guide to the mechanisms 

of estrogen action. Rec. Prog. Horm. Res. 18:387-414. 

Jensen, P., Winger, L., Rasmussen, H. & Nowell, P. (1977) Mitogenic 

effect of A23187 in human lymphocytes. Biochim. Biophys. 

Acta 496:374-83. 

Joel, D.D., Chanana, A.D., Cottier, H. Crankite, E.P. & Laissue,J.A. 

(1977) Fate of thymocytes;studies with 125I Iododeoxyanidine 

and 3 yTaR in mice. Cell Tissue Kinetics 10:57-70. 

Johnson, E.M. & Hadden , J.W. (1975) Phosphorylation of lymphocyte 

nucleic acid in proteins regulation by cyclic nucleotides. 

Science 187 21198-1200. 

Johnson, L.D. & Hadden, J.W. (1975) Cyclic GMP and lymphocyte prolif- 

eration: effects on DNA-dependent RNA polymerase I and II 

Activities.Biochem.Biophys. Res. Commun.66:1498-1505.



Jones, L.M. & Mitchell, R.H. (1974) Breakdown of phosphatidyl inositol 

provoked by muscarinic cholinergic stimulation of rat parotid- 

gland fragments. Biochem. J. 142: 583-590. 

Joos, T. & Anderer, F.A. (1979) A GTP-specific protein kinase in plasma membrar 

of mouse fibroblasts. Biochem. Bioph s. Res. Commun. 87: 757-763. 

Jorgensen, P.L. (1974) Purification and characterization of (Na+ K+)- 

ATPase. IV. Estimation of the purity and of the molecular weight 

and polypeptide content per enzyme unit in preparations from the 

outer medulla of rabbit kidney. Biochem. Biophys. Acta 356: 53-67. 

Judah, J.D. & Ahmed, K. (1964) The biochemistry of sodium transport. 

Biol Rev. 39: 160193) 

Juzu, H.A. & Holdsworth, E.J. (1980) New evidence for the role of 

cyclic AMP in the release of mitochondrial calcium. J. Memb. 

BUOl 2 Dc 85-186. 

Kakiuchi, S., Yamazaki, R. & Nakajima, H. (1970) Properties of a heat 

stable phosphodiesterase activating factor isolated from brain 

extract. Proc. Jap. Acad. 46: 587-592. 

Kanagasuntheram, P. & Randle, P.J. (1976) Calcium metabolism and amylase 

release in rat parotid acinar cells. Biochem. J. 160: 547-564. 

Kanno, T. (1972) Calcium-dependent amylase release and electrophysiological 

measurements in cells of the pancreas. J. Physiol. 226: 353-371. 

Kaplan, J.G. (1978) Membrane cation transport and the control of 

proliferation of mammalian cells. Ann. Rev. Physiol. 40: 19-41. 

Kaplowitz, P.B. & Moscona, A.A. (1976) Stimulation of DNA synthesis by 

ouabain and concanavalin A in cultures of embryonic neural retina. 

Cell Ditters 5: TOo-l 2. 

Katz, “A.M., Tada, M. & Kirchberger; M.A.) (1975): Control of calcium 

transport in the myocardium by the cyclic AMP protein kinase system. 

Adv. Cyclic Nucs Res. 5: 453-472.



Kavaler, F., Anderson, T.W. & Fischer, V.J. (1978) Sarcolemmal site 

of coffeines inotropic action on ventricular muscle of the frog 

Circ. Res. 42: 285-290. 

Kay, J.E. (1970) The role of the stimulant in the activation of 

lymphocytes by PHA. Molec. Cellular Bioch. 27: 155. 

Keatinge, W.R. (1968) Sodium flux and electrical activity of arterial 

smooth muscle. J. Physiol. 194: 183-200. 

Kelly, L.A. & Butcher, R.W. (1974) The effects of epinephrine and PGE 

on cyclic AMP levels in WI-38 fibroblasts. J. Biol. Chem. 249: 

3098-3102. 

Kempen, H.J.M., Depont, J.J. & Bonting, S.L. (1975) Rat pancreas 

adenylate cyclase. III. Its role in pancreatic secretion 

assessed by means of choleara toxin. Biochim. Biophys. Acta 

39235- 276-287. 

Keynes,<"R.D.), « Bezanilia,..;7\ Rojas, EB. °& Taylor, RBs. (1975) “The 

rate of action of tetrodotoxin on sodium conductance in the squid 

giant axon. Phil. Trans. R. Soc. Lond. (Biol) 270: 365-375. 

Kidokoro, Y., Ritchie, A.K. & Hagiwara, S. (1979) Effect of tetrodotoxin 

on adrenaline secretion in the perfused rat adrenal medulla. 

Nature 278: 63-65. 

Kiger, N., Florentin, I. & Mathe, G. (1975) Further purification of the 

lymphocyte inhibiting extract from the thymus. Bolletino-Istituto 

Sieroterapico Milanese 54: 244-249, 

Kimelberg, H.K. (1974) Active potassium transport and Na+K ATPase 

activity in cultured glioma and neuroblastoma cells. J. Neurochem. 

‘ges 911-976. 

Kimelberg, H.K. & Paphadjopoulous, D. (1974) Effects of phospholipid 

amyl chain fluidity, phase transitions, and cholesterol on Na/K 

ATPase. J. Biol. Chem. 249: 1071-1080.



Kimura, H. & Murad, M. (1974) Evidence for two different forms of 

guanylate cyclase in rat heart. J. Biol. Chem. 249: 6910-6916. 

Kimura, H. & Murad, M. (1975) Increased particulate in decreased soluble 

guanylate cyclase activity in regenerating liver, foetal liver 

and hepatoma. Proc. natn. Acad. Sci. U.S.A. 72: 1965-1969. 

King, .G. Ui, Kahn, GeR.;. Reohler, MoM. & .Nissley,..Si. Pi: (1980): Direct 

demonstration of separate receptors for growth and metabolic 

activity of insulin and multiplication stimulating activity using 

antibody to the insulin receptor. J. Clin. Invest. 66:130-140. 

King, R.d.B.,, Cambray, GiJ2 1s Ropinson,: 0-H. (19/6)<the- role. of 

receptors in the steroidal regulation of tumor cell proliferation. 

J. Ster. Biochem. 76: 869-873. 

Kinoshita, Y. & Kimura, S. & Fukamizu, M. (1974) Cytolitic effects 

of glucocorticoid on thymic medullary lymphocytes incubated in 

vitro. Exp. Cell Rese 877) 587-397 . 

Kirschner, L.B. (1964) Fluoride inhibition of sodium extrusion from 

swine erythrocytes and its metabolic correlates. Arch. Biochem. 

106: 57-64. 

Knight, B.L. (1975) Cyclic AMP protein kinase in brown fat from 

newborn rabbits. Biochem. J. 152: 577-582. 

Knudsen, J.F. (1976) Estrogen (EB) and EB+ progesterone (P) induced 

changes in pituitary Na/K ATPase. Endocrine Res. Commun. 3: 

281-295. 

Kohlhardt, M., Bauer, B., Krause, H. & Fleckenstein, A. (1972) 

Differentiation of the transmembrane cardiac fibres by the use 

of specific inhibitors. Pfluegers Arch. 335: 309-322. 

Kometiani, Z.P. (1978) Neurotransmitter effects upon Na/K ATPase. 

Membrane transport processes Vol. 2: 359-370. Ed. D.C. Tosteson, 

Y.A. Ouchinnikor' & R. Latorre.



Konijn, T.M. (1972) Cyclic AMP as a first messenger. Adv. .Cycitca. Nuc: 

Res le liza. 

Korn, J.H., Halushka, P.V. & LeRoy, E.C. (1980) Mononuclear cell 

modulation of connective tissue function. J. Clin. Invest. 65: 

543-554. 

Kowal, J. & Harano, Y. (1974) Adrenal cells in tissue culture: Effects 

of papaverine on amytal on steroidogenesis, respiration and 

replication. Arch. Biochem. and Biophys. 163: 466-475. 

Kramer, L. (1976) The problem of non-stationary ion fluxes in excitable 

membranes. Biophys Struct. Mechanism 2: 233-242. 

Kretsinger, R.H. (1976) Evolution and functions of calcium binding proteins. 

Int. Rev. Cytol. 46: 323-393. 

Krnjevic, K. & Lisiewicz, A. (1972) Injection of calcium ions into spinal 

motoneurones. J. Physiol. 225: 363-390. 

Kuo, J.F. (1974) Guanosine 3',5' monophosphate dependent protein kinase 

in mammalian tissues. Proc. natn. Acad. Sci. U.S.A. 71: 4037-4041. 

Kuo, J.F. (1975) Changes in activity of modulators of cyclic AMP and 

cyclic GMP dependent protein kinase in pancreas and adipose tissue 

from alloxan-induced diabetic rats. Biochem. Biophys. Res. Commun. 

65: 1214-1220. 

Kuo, J.F. & Greengard, P. (1969) Cyclic nucleotide dependent protein kinases. 

Proc. natn. Acad. Sci. U.S.A. 64: 1349-1355. 

Kuoy 058 638 Greengard, P. (1970) Cyclic nucleotide dependent protein 

kinase. IV. Isolation and partial purification of a protein 

kinase activated by guanosine 3',5"' monophosphate. J. Biol. Chem. 

245: 2493-2498. 

Kuo, JE.’ p. RU; EWEN .:,; SNOW 7) Mi; a Davis;,. CW, SNeCLyy Velie & DOMNeLLy, “T.n- 

(1976) Purification and general properties of cyclic GMP protein kinase 

from guinea pig foetal lung. J. Biol. Chem. 251: 1759-1766.



Kuo, W.N. & Kuo, J.F. (1977) Isolation of stimulators modulator of 

guanosine 3',5" monophosphate protein kinase from mammalian heart 

devoid of inhibitory modulator of adenosine 3',5' monophosphate 

protein kinase. J. Biol. Chem. 251: 4283-4286. 

Kurland, J.I., Hadden, J.W. & Moore, M.A. (1977) Role of cyclic 

nucleotides in the proliferation of committed granulocyte-macrophage 

progenitor cells. Cancer Res. 37: 4534-4538. 

Kyte, J. (1974) The reactions of sodium and potassium ion activated 

adenosine triphosphatase with specific antibodies: Implications 

for the mechanism of active transport. J. Biol. Chem. 249:3652-3660. 

Lad, P.M., Welton, A.F. & Rodbell, M. (1977) Evidence for distinct guanine 

nucleotide sites in the regulation of the glucagon receptor and of 

adenylate cyclase activity. J. Biol. Chem. 252: 5942-5946. 

Lajtha, L.G. (1963) The concept of the cell cycle. J. Cell Physiol. 

62: 143-144, 

Lamb, J.F. & McCall, D. (1972) Effect of prolonged ouabain treatment on 

sodium, potassium, chloride and calcium concentrations and fluxes 

in cultured human cells. J. Physiol. 225: 599-617. 

Langer, G.A. (1973) Heart: Excitation contraction coupling. Ann. 

Rev. Physiol. 35: 55-86. 

Langer, G.A. (1976) Events at the cardiac sacrolemma: localization and 

movement of contractile-dependent calcium. Fed. Proc. 35: 1274- 

L278% 

Langer, G.A., Serena, S.D. & Nudd, L.M. (1974) Cation exchange in heart 

cell culture: Correlation with effects on contractile force. 

J. Molec. Cell Cardiol. 6: 149-161. 

Langness, U., Schors, R., Prange, E. & Lescow, R. (1978) Metabolism 

and proliferation of L929 mouse fibroblasts cultured in the presence 

of sodium fluoride. Z. Rheumatol. 37: 395-404.



Lassen, U.V., Pape, L. & Vestergaard-Bogind, B. (1976) Effect of 

calcium on the membrane potential of Amphiuma red cells. J. Membrane 

Biol. 26: 51-70. 

Lastowecka, A. & Trifaro, J.M. (1974) The effect of sodium and calcium 

ions on the release of catecholamines from the adrenal medulla: 

sodium deprivation induces release by exocytosis in the absence of 

extracellular calcium. J. Physiol. 236: 681-705. 

Lechner, J.F. & Kaighn, M.E. (1979) Reduction of the calcium requirement of 

normal human epithelial cells by epidermal growth factor. 

Exp. Cell Res. 121: 432-435. 

Ledbetter, M.L. & Lubin, M. (1977) Control of protein synthesis in human 

fibroblasts by intracellular potassium. Exp. Cell Res. 105: 223-236. 

Lee, P2iC.,  Radlof£, D., -Schweppe, J.S.. & Jungmann,.R.A. (1976) 

Testicular protein kinases, characterization of multiple forms and 

ontogeny. J. Biol. Chem. 251: 914-921. 

LeGuellec, R., Keviret, H., Guellaen, G., Valotaire, Y. & Duval, J. 

(1978) Oestrogens and cellular multiplication in male rat adenohypophysis. 

Biochimie 59: 853-856. 

LeLievre, L., Paraf, A., Charlemagne, D. & Sheppard, J.R. (1977) Plasma 

membrane studies on drug sensitive and resistant cell lines. 

Exp. Cell Res. 104: 191-197. 

Levi-Montalcini, R. (1964) The nerve growth factor. Ann? Niy. Acads2 Soi. 

118: 149-170. 

Levi-Montalcini, R. & Angeletti, P.V. (1963) Essential role of the nerve 

growth factor in the survival and maintenance of dissociated sensory 

and sympathetic embryonic nerve cultures in vitro. Develop. Biol. 

"73 693-659". 

Levi-Montalcini, R., Meyer, H. & Hamburger, V. (1954) In vitro experiments 

on effects of mouse sarcoma 180 and 37 on spinal and sympathetic ganglia 

of chick embryo. Cancer Res. 14: 49-57.



Lew, V.L. (1971) Effect of ouabain on the Ca 2+-induced increase in K+ 

permeability observed in human red cells. Biochim. Biophys Acta 

233: 827-830). 

Lew, V.-L. (1978) Renewing the search for calcium pumps. Nature 

274: 421-422, 

Lew, V.L. & Ferrera, H.G. (1976) Variable calcium sensitivity of a 

potassium-selective channel in intact red cell membranes. 

Nature 2633) 336-338). 

Lichtman, A.H., Segel, G.B. & Lichtman, M.A. (1979) An ultra sensitive 

method for the measurement of human leucocyte calcium uptake. 

Clinica Chimica Acta 97: 107-112. 

Limas; -@.U. ,.<.Notargiacomo, A. V..& Cohn, Wi.N. (L973) “The ektect o£73 "7,5." 

cyclic AMP on the (Na+K) ATPase of myocardial sarcoplasmic reticulum. 

Cardiov. Res. Vol. 7: 477-481. 

Lindenmayer, G.E. (1976) Mechanism of action of Digitalis Glycosides at 

the subcellular level. Pharmacol. Ther. 2: 843-861. 

Lindenmayer, G.E. & Schwartz, A. (1975) A kinetic characterization of 

calcium on Na/K ATPase and its potential role as a link between 

extracellular and intracellular events: Hypothesis for digitalis- 

induced inotropism. J. Molec. Cell Cardiol. 7: 591-612. 

Lindenmayer, G.E., Schwartz, A. & Thompson, H.R. (1974) A kinetic 

description for sodium and potassium effects on Na/K ATPase: a 

model for a two-nonequivalent site potassium activation and an 

analysis of multiequivalent site models for sodium activation. 

J. Physiol. 236: 1-28. 

Lindsay R. (1976) Properties of the calcium activated ATPase from L-cell 

membranes. Quart. J. Exp. Physiol. 61: 95-104. 

Ling, C.N., Walton, C., & Ling, M.R. (1979) Mg’ and K’ distribution in 

frog muscle and egg: a disproof of the Donnan theory of membrane 

equilibrium applied to the living cells. J.*Céll Physiol. LOL: 261-2785



Ling, N.R. & Kay, J.F. (1975) In ‘Lymphocyte stimulation.' 

North Holland, Amsterdam. 

Lippmann, M.E., Bolan, G., Huff, K. (1976) The effects of oestrogens 

and antioestrogens on hormone responsive human breast cancer in 

long-term tissue culture. Cancer Res. 36: 4595-4601. 

Loeb, L.A. (1975) Developments in lymphoid cell biology. pp LOser32. 

Ed. A.A. Golltie, C.R.C. Cleveland, Ohio. 

Londos;, CG... Lin, MC. « Welton, Ach.) lad; P.M>7&: Rodbell.. Myc(1077) 

Reversible activation of hepatic adenylate cyclase by guanyl 5'-yl- 

(alpha beta methylene) diphosphorate and guanyl 5'-yl Imido phosphate. 

J. Biol. Chem. 252: 5180-5182. 

Loten, E.G. & Sneyd, J.G.T. (1970) An effect of insulin on adipose tissue 

adenosine 3',5' monophosphate phosphodiesterase. Biochem. J. 

20:7 187-193". 

Lubin, M. (1967) Intracellular potassium and macromolecular synthesis in 

mammalian cells. Nature 213: 451-453. 

MacManus, J.P., Boynton, A.L. & Whitfield, J.F. (1978) Cyclic AMP and 

calcium as intracycle regulators in the control of cell proliferation. 

Adv. Cyclic Nuc. Res. 9: 485-491. 

MacManus, J.P.,  Braceland, B.M., Youdale, T. & Whitfield, J.F. (1973) 

Adrenergic antagonists and a possible link between the increase 

in cyclic AMP and DNA synthesis during liver regeneration. ae Cell 

Physiol. 82: 157-164. 

MacManus, J.P. & Whitfield, J.F. (1971) Cyclic AMP mediated stimulation by 

calcium of thymic proliferation. Exp. Cell Res. 69: 281-288. 

MacManus, J.P., Whitfield, J.F. & Youdale, T. (1971) Stimulation by 

epinephrine of adenylate cyclase activity, cyclic AMP formation, 

DNA synthesis, and cell proliferation in populations of rat thymus 

lymphocytes. J. Cerl Physiol] Pi=4 LOs-LOG.



Maeno, H., Reyes, P.L., Ueda, T., Rudolph, S.A. & Greenfard, P. 

(1974) Autophosphorylation of cyclic AMP protein kinase from 

ovine brain. *Arch..Bio. Biophys. 164:551 - 9. 

Maier, H., Antonczyk, G., Schindler, J.G. & Heidland, A. (1979) 

Effect of verapamil on ionized calcium excretion in human 

parotid Ssalivace Buc J. Glin. pharm. (16: 07.99. 

Maion, V.C., Green, N.M. & Crumpton, M.J.(1974) The role of calcium 

ions in initiating transformation of lymphocytes. 

Nature 251: 324 - 7. 

Makman, R.S. & Sutherland, E.W.(1965) Adenosine 3',5' monophosphate 

in, Escherichia.colise. J. Biol. Chem. 240:1309-14. 

Mangel, A.W., Nelson, D.O., Connor, J.A., Prosser, C.L.(1979) 

Contractions of cat small intestinal smooth muscle in 

calcium free solution. Nature 281:582-3. 

Margulis, L.(1975) Evolution of mitosis and the late appearance of 

Metazon. In: Proceedings of College Park Colloquium on 

Chemical Evolution. Academic Press, N.Y. 

Marier, S.H., Putney, J.W. Van de Walle, C.M.(1978) Control of calcium 

channels by membrane receptors in the rat parotid gland. 

J. Physiol. 279?141-51. 

Martin, R.G. & Stein, Ss. (1976) Resting state in normal and simian virus 

40 transformed Chinese hamster lung cells. Proc. natn. Acad. 

Sci. USA 73:1655-9. 

Mayhew, E. & Levinson, C. (1968)Reversibility of ouabain induced in- 

hibition of cell division and cation transport in Ehrlich 

ascites cells. J. Cell. Physiol. 72:73-6. 

McDonald, J.M., Bruns, D.E. & Jarrett, L.(1976) Characterization: of 

calcium binding to adipocyte plasma membranes. J. Biol. Chem. 

251: 5345-51.



McDonald, “UlE.,; Sachs; H.G., Orr, (GC. WeM.8 Bherty uJ sD. 10972) 

Multiple effects of ouabain on BHK cells. Exp. Cell 

Res. 74:201-6. 

McKeehan, W.L. & McKeehan, K.A. (1979) Epidermal growth factor modulates 

extracellular calcium requirement for multiplication of 

normal skin fibroblasts. Exp. Cell Res. 123:397-400. 

Means, A.R. & Dedman,J.R. (1980)Calmodolin - an intracellular calcium - 

receptor. Nature 285:73-7. 

Meech, R.W. (1972) Intracellular calcium injection causes increased xt 

conductance in Aplysia nerve cells. Comp. Biochem. Physiol. 

42A: 493-9. 
  

Meech, R.W.(1974) Prolonged action potentials in Aplysia neurones 

injected with EGTA. Comp. Biochem. Physiol. 48A:397-402. 

Meech, R.W. (1976) Intracellular calcium and the control of membrane 

permeability In: Calcium in Biological Systems. pp.161-91. 

Cambridge University Press. 

Meech, R.W. & Sturmwasser, F.(1970) Intracellular calcium injection 

activates potassium conductance in Aplysia nerve cells. 

Fed. Proc. 29:834a. 

Metcalf, D.(1966) In: The Thymus: Experimental and Clinical Studies. 

Eds. G.E.W. Wolstenholme & R. Porter, Churchill, London. 

Metcalf, D.(1970) Regulation of lymphopoiesis. In: Regulation of 

Hematopoiesis. Vol.2.: White cell and platelet production 

pp.1383-1419. Ed. A.S. Gordon. Appleton-Century-Crofts, 

New York. 

Metcalf, D., Sparrow, N., Nakamura, K. & Ishidate, M. (1961) 

The behaviour of thymus grafts in high and low leukaemia 

strains of mice. Aust. J. Exp. Biol. Méd. Sci. 39:441-53. 

Metcalf, D. & Wiadrowski, M. (1966) Autoradiographic analysis of lympho- 

cyte proliferation in the thymus and thymic lymphoma tissue. 

Cancer Res. 26:483-91.



Michell, R.H. (1975) Inositol phospholipids and cell surface receptor 

function. Biochim. Biophys, Acta 415: 811-847. 

Michell, R.H., Kirk, C.J. & Billah, M.M. (1979) Hormonal stimulation 

of phosphatidyl inosotol breakdown with particular reference to the 

hepatic effects of vasopressin. Biochem. Soc. Trans. 7: 8615. 

Miller, J.F.A.P. & Metchell, G.F. (1967) The thymus and the precursors 

of antigen reactive cells. Nature 216: 659-663. 

Miller, J.F.A.P. & Osoba, P. (1967) Current concepts of the immune function 

of the thymus. Physiol. Rev. 47: 437-520. 

Miller, R.P.,, Hussain, F., Svenson, M. & Lohin, S. (1977) Lysine 

vasopressin stimulates division of the foetal rat chondrocytes in 

monolayers. Endocr. 100: 1365-1369. 

Miller, Z., Lovelace, E. & Pastan, T. (1975) Cyclic GMP and cell 

growth. Science 190: 1213-1215. 

Millis, A.J., Forrest, G.A. & Pious, D.A. (1974) Cyclic AMP dependent 

regulation of mitosis in human lymphoid cells. Exp. Cell Res. 83: 

335-343. 

Mills, B. & Tupper, J.T. (1975) Rubidium-86 can replace potassium at the 

sodium-potassium ATPase. J. Memb. Biol. 20: 75-97. 

Mitchell, P. (1966) In 'Chemosmotic coupling in osadative and photosynthetic 

phosphorylation' Glynn Research Ltd., Bodman, U.K. 

Mitchison, J.M. (1971) In ' The biology of the cell cycle' Cambridge 

University Press, London and New York. 

Mongar, J.L. & Schild, H.O. (1958) The effect of calcium and pH on the 

anaphylactic reaction. J. Physiol. 140: 272-284. 

Moore, L., Chen, T., Knapp, H.R. & London, E.J. (1975) Energy-dependent 

calcium sequestration activity in rat liver microsomes. wie Bol 

Chem. 250: 4562-4568.



Moore, L. & Pastan, I. (1977) Energy-dependent calcium uptake activity 

in cultured mouse fibroblast microsomes. J. Biol. Chem. 252: 6304-6309. 

Morgan, J. ., Morton, H.G. & Parker, R.C.: (1950). Nutrition of “animal 

cells in tissue culture. I. Initial studies on a synthetic medium. 

Proc. Soc. Exp. Biol. Med. 73: 1-8. 

Morgan, J.I.;° Bramhall,,,0.S., Britten, A.Z.).& Perris; A.D. (1976) Calcium 

and oestrogen interactions upon the rat thymic lymphocyte plasma 

membranes. Biochem. Biophys. Res. Commun. 72: 663-672. 

Morgan, J.I., Hall, A.K. & Perris, A.D. (1975) Requirement for divalent 

cations by hormonal mitogens and their interactions with sex 

steroids. Biochem. Biophys. Res. Commun. 66: 188-194. 

Morgan, J.I., Hall, A.K. & Perris, A.D. (1977) The ionic dependence and 

steroid blockade of cyclic nucleotide induced mitogenesis in 

isolated rat thymic lymphocytes. J. Cyclic Nuc. Res. 3: 303-314. 

Morgan, J.I. & Perris, A.D. (1974) The influence of sex steroid on 

calcium and magnesium induced mitogenesis in isolated rat thymic 

lymphocytes. J. Cell Physiol. 83: 287-296. 

Morgan, J.I. & Perris, A.D. (1975) Histamine as a calcium-dependent mitogen 

for thymic lymphocytes. J. Endocr. 66: IP. 

Morrill, M.F., Thompson, S.T. & Stellwagen, E. (1979) Purification of a 

cyclic nucleotide phosphodiesterase from bovine brain using blue 

dextran-sepharose chromatography. J. Biol. Chem. 254: 4371-4374. 

Morton, H.J. (1968) Effect of calcium on bone marrow mitosis in vitro. 

Proc. Soc. Exp. Biol. Med. 128: 112-116. 

Moscatelli, D., Sanui, H. & Rubin, H. (1979) Effects of depletion of "3 

Na* or c on DNA synthesis and cell cation contentin chick embryo 

fibroblasts. J. Cell Physiol 101: 117-128. 

Miller, P. (1965) Ouabain effects on cardiac contraction, action potential, 

and cellular potassium. Circ. Res. 17: 46-56.



Muradi;iB., Mittal, C.,; Arnold, W.P.,  Ichikara, K., Braughler, M. 

& El-Zayat, M. (1978) Properties and regulation of guanyl cyclase 

In 'Molecular Biology and Pharmacology of Cyclic Nucleotides' 

pp. 33-42. Eds. G. Foico&R,. Paoletti. North Holland. 

Naha, P.M., Meyer, A.L. & Hewi, H.K. (1975) Mapping of the G, phase of 

a mammalian cell cycle. Nature 258: 49-53. 

Nakahta, N. (1979) Magnesium-dependent contraction of glycinerated smooth 

muscle. Pflug. Arch. 382: 733-736. 

Nakamura, M. & Yasumasu, I. (1974) Mechanism for increase in intracellular 

concentration of free calcium in fertilized sea urchin egg. 

J. Gen. Physiol. 63: 374-388. 

Namm, D.H., Mayer, S.E. & Maltbie, M. (1968) The role of potassium and 

calcium ions in the effect of epinephrine on cardiac cyclic adenosine 

3',5' monophosphate phosphorylase kinase and phosphorylase. 

Mol. Pharmacol. 4: 522-530. 

Nandi7c(Si.,. \ Yang, J, “Richards, d., Guzman; Ri; Rodrigues, R. & 

Imagawa, W. (1980) Role of growth factor and classical hormone in 

the control of growth and function of mammary tissues. In 'Hormones 

adaptation and evolution. Ed. S. Ishii, pp. 145-155. Springer 

Verlag, Berlin. 

Narahashi, T. (1974) Chemicals as tools in the study of excitable membranes. 

Phys. Rev. 54: 813-889. 

Naylor, P.H., Thurman, G.B. & Goldstein, A.L. (1980) Effect of calcium 

on elevation induced by Thymosin V. Biochem. Biophys. Res. Commun. 

90: 810-8137 

Negendank, W.G. & Collier, C.R. (1976) Ion content of human lymphocytes. 

The effects of concanavalin A and ouabain. Exp. Cell Res. 101: 

31-40.



Negendank, W.G. & Shaller, C. (1979) Fast and slow fractions of potassium 

fluxes in human lymphocytes. J. Cell Physiol. 98: 539-552. 

Nicholls, D.G. (1978) The regulation of extramitochondrial free calcium 

ion concentration by rat liver mitochondria. Biochem. J. 176: 

463-474. 

Nishawaki, K., Armelin, H.P. & Sato, G. (1975) Control of ovarian cell 

growth in culture by serum and pituitary factors. Proc. natn. Acad. 

Sci. U.S.A. 72: 483-487. 

Nishigaki, I., Chen, F.T. & Hokin, L.E. (1974) Studies on the character- 

ization of the sodium-potassium transport adenosine triphosphatase. 

aie Direct chemical characterization of the acyl phosphate in the 

enzyme as an aspartyl beta-phosphate residue. J. Biol. Chem. 249: 

4911-4916. 

Nishizuka,: Ye;ocTakal, Y.,. keshimoto, A. ," Hashimoto, bh, ,..bnoue’,. M. 

Yamamoto, M., Criss, W.E. & Kuroda,Y. (1978) Role of calcium in the 

activation of a new protein kinase system. Adv. Cyclic Nuc. Res. 9: 

209-220. 

Nossals, G.J.V. & Makela, O. (1962) Autoradiographic studies on the immune 

response. I. The kinetics of plasma cell proliferation. Oo. ‘EXp. 

Med. 115: 209-230. 

Oey, J., Vogel, A. & Pollack, R. (1974) Intracellular cyclic AMP 

concentration responds specifically to growth regulation by serum. 

Proc. natn. Acad. Sci. U.S.A. 71: 694-698. 

O'Farrell, M.K., Clingon; Dz’. Rudland, P.S.,. & Jiminez—DeAsua ,,.G.-(1979) 

Stimulation of the initiation of DNA synthesis and cell division in 

several cultured mouse cell types. Effect of growth-promoting 

hormones and nutrients. Exp. Cell Res. 118: 311-321. 

Ord. M.G. & Stocken, L.A. (1969) Changes in proportion of thiol to 

disulphide in acid soluble nuclear proteins of Echinus during the 

first cell cycle. Biochem. J. 116: 415-420.



Orly, J. & Schramm, M. (1976) Coupling of catacholamine receptor from one 

cell with adenylate cyclase from another cell by cell fusion. 

Proc. natn. Acad. Sci. U.S.A. 73: 4410-4414. 

Otten, J., Johnson, G.J. & Pastan, I. (1971) Cyclic AMP levels in fibro- 

blasts, relationship to growth rate and contact inhibition of growth. 

Biochem. Biophys. Res. Commun. 44: 1192-1198. 

Ozato, K., Huang, L. & Ebert, J.D. (1977) Accelerated calcium ion uptake 

in murine thymocytes induced by concanavalin A. J. Cekl. «Physiol . 

O3t 153-160. 

Page, E. & Polimeni, P.I. (1972) Magnesium exchange in rat ventricle. 

Wd. ,Physiol .(224:-t21—139-. 

Palmer, R.F., Lasseter, K.C., Melvin, S.L. (1966) Stimulation of sodium 

and potassium dependent adenosine triphosphatase by ouabain. 

Arch. Bioch. Bioph. 113: 629-633. 

Palmer, W.K., Castagna, M. & Walsh, D.A. (1974) Nuclear protein kinase 

activity in glucagon stimulated perfused rat liver. Biochem. J. 

143: 469-471. 

Pandian, M.R. & Talwar, G.P. (1971) Effect of growth hormone on the 

metabolism of the thymus and immune response. J. Exp. Med. 134: 

1095. 

Paphadgopoullos, D., \ Vall,W.J.;. Newton,.C\., = Nir, S.,,° sdacobson, K::, 

Poste, G. & Lazo, R. (1977) Studies on membrane fusion. III. The role 

of calcium induced phase changes. Biochim. Biophys. Acta 465: 579-598. 

Pappritz, G., Meazor, H. & Ueberberg, H. (1977) Estrous cycle-controlled 

cell proliferation in the adrenal cortex of female rats. Cell 

Tissue Res. 184: 269-279. 

Parker, C.W. (1976) Control of lymphocyte function. New Eng. J. Med. 

295: 1180-1186. 

Parker, C.W. (1978) Cyclic AMP and lectin induced mitogenesis in lymphocytes: 

possible implications for neoplastic cell growth. Adv. Cyclic. Nuc. Res. 

9: 647-660.



Parker, C.W., Sullivan, J. & Wedner, H.J. (1974) Cyclic AMP and the immune 

response. Adv. Cyclic Nuc. Res. 4: 1-79. 

Parsegian, A. (1969) Energy of an ion crossing a low dielectric membrane: 

Solutions to four relevant electrostatic problems. Nature 221: 

844-846. 

Patkar, S.A., Mazimierczak, W. & Diamant, B. (1977) Sodium fluoride - 

a stimulus for a calcium triggered secretory process. mt 2*Arch. 

Allergy Appl. Imm. 55: 193-200. 

Paul, D. & Ristow, H.J. (1979) Cell cycle control by calcium ions in mouse 

3T3 cells and in transformed 3T3 cells. J. Cell Phystol 1298 s31— 405 

Pavia, CC; Si> Stiitterr 3 PoK.4 Periman,,: “0 .Dsee- Stites, DePs (1979) 

Suppression of murine allogenic cell interactions by sex hormones. 

J. Repro. Immunol. 1: 33-38. 

Pawlson, L.G., Lovell-Smith, C.J., Manganiello, V.C. & Vaughan, M. (1974) 

Effects of epinephrine, adenocorticotrophic hormone and theophylline 

on adenosine 3',5' monophosphate phosphodiesterase activity of fat 

cells. Proc. natn. Acad. Sci. U.S.A. 71: 1639-1642. 

Peach, M.J. (1972) Stimulation of release of adrenal catecholamine by 

adenosine 3',5'-cyclic monophosphate and theophylline in the absence 

of extracellular ae Proc. natn. Acad. Sci. U.S.A. 69: 834-836. 

Pederson, G.L. & Petersen, O.H. (1974) Membrane potential measurement in 

parotid acinar cells. J. Physiol. 234: 217-227. 

Penner, P.E., Cohen, L.H. & Loeb, L.A. (1971) RNA dependent DNA polymerase 

in human lymphocytes during gene activation by phytohaemagglutinin. 

Nature (New Biol.) 232: 58-61. 

Perris, A.D. (1971) The calcium homeostatic system as a physiological 

regulator of cell proliferation in mammalian tissues. In ‘Cellular 

mechanisms for calcium transfer and homeostasis' pp. 101-131. 

Eds. G. Nichols & R.H. Wasserman. Academic Press, New York.



Perris, A.D. & Morgan, J.I. (1975) Nucleotides and hormones as modulators 

of cell proliferation. J. Endocr. 68: 37-38P. 

Perris, A.D. & Morgan, J.I. (1975b) The interaction of divalent cations, 

hormones and cyclic nucleotides in the control of mitosis. In 

"Calcified Tissues'* pp... 15-20. Ed. Pors Nielsen & Hjorting-Hansen. 

FAOL Pub. Co. Copenhagen. 

Perris, A.D., Weiss, L.A. & Whitfield, J.F. (1970) Parathyroidectomy 

and induction of thymic atrophy in normal, adrenalectomized and 

orchidectomized rats. J. Cell. Physiol... 76:141-50G, 

Perris, A.D. & Whitfield, J.F. 1967 Calcium and the control of mitosis 

in the mammal. Nature 216:1350-1. 

Perris, A.D. & Whitfield, 1969 The mitogenic action of bradykinin on thymic 

lymphocytes and its dependence on calcium. Proc. Soc. Exp. Biol. 

£30'21198-1201.. 

Perris; A. De, Whitfield; J.F.'-& Rixon;°R.H. 1967 Stimulation of mitosis:in 

bone marrow and thymus of normal and irradiated rats by divalent 

cations and parathyroid extract. Rad. Res. 32:550-63. 

Petersen, D.F., Tobey, R.A. & Anderson, E.C. 1969 Essential biosynthetic 

activity in synchronized mammalian cells. In. The Cell Cycle. 

Gene-enzyme interactions pp.341-59. Ed. G.M. Padilla & G.L. Whitson. 

Cameron IL APNY. 

Petersen, O.H. & Pedersen, G.L. 1974 Membrane effects mediated by alpha 

and beta adrenoreceptors in mouse parotid acinar cells. J. Memb. 

Biol. Los 350-67. 

Petersen, O.H. & Philpott, H.G. 1975 Pancreatic acinar cells: effects of 

microionophoretic polypeptide application on membrane potential and 

resistance. J. Physiol. 290: 305-15. 

Pfeuffer, T. & Helmreich, E.J.M. 1975 Activation of pigeon erythrocyte 

membrane adenylate cyclase by guanyl nucleotide analogues and 

separation of a nucleotide binding protein. J. Biol. Chem. 250:867-76.



Phillips, L.S. & Vassilopoulou-Sellin, R.(1979)Somatomedins. 

New Eng. J. Med. 302:371-80. 

Philpott, H.G. & Petersen, O.H.(1979)Separate activation aistes for 

cholecystokinin and bombesin on pancreatic acini. Pflug. 

Arch. 382:263-7. 

Pichard, A-L & Cheung, W.Y.(1976)Cyclic 3',5' nucleotide phospho- 

diesterase: interconvertible multiple forms and their 

effects on enzyme activity and kinetics. J. Biol. Chem. 

251:5726-37. 

Pierpaoli, W., Baroni, C., Fabris, N. & Sorkin, E. (1969) Reconstr- 

uction of antibody production in hormonally deficient mice 

by growth hormone, thyrotropin and thyroxine. Immunology 

16:217-224, 

Pierpaoli, W. & Sorkin, E. Alteration of the adrenal cortex and 

the thyroid of mice with congenital absence of the thymus. 

Nature (New Biol.) 238: 282-5. 

Pierson, R.W. & Temin, H.M.(1972) The partial purification from calf 

serum of a fraction with multiplication stimulative activity 

for chicken fibroblasts in cell culture and with non-suppressable 

insulin-like activity. J. Cell. Physiol. 79:319-29. 

Pietras, R.J. & Szego, C.M.(1979)Metabolic and proliferative responses 

to estrogen by hepatocytes for plasma membrane binding-sites 

specific for estradiol-17 beta. J. Cell. Physiol. 98:145-59. 

Pitts, B.J.R.,(1979) Stoichiometry of sodium-calcium exchange in cardiac 

sarcolemmal vesicles. J. Biol. Chem. 254:6232-5. 

Poisner, A.M.(1973) Direct stimulant effect of aminophylline on catech- 

olamine release from the adrenal medulla. Biochem.Pharmacol. 

22:469-76. 

Polimeni, P.I. & Page, E.(1970) Magnesium exchange and binding in rat 

ventricle. Fed. Proc. 28:461.



Polimeni, P.I. & Page, E.(1973) Magnesium in heart muscle. 

Circulation Res. 3 87-74. 

Post, R.@., Kumes, S., Tobin, By, Orcutt, B. &+Sen; AckKatlQGo) 

Flexibility of an active center in sodium plus potassium 

adenosine triphosphatase. J. Gen. Physiol. 54:306~26. 

Post, R.L., Merritt, C.R., Kinsolving, C.R. & Albright, C.D. (1960) 

Membrane ATPase as a participant in the active transport 

of sodium and potassium in the human erythrocyte. 

J. Biol. Chem. 235:1796-1802, 

Post, R.L., Sen, A.K. & Rosenthal, A.S. (1965)A phosphorylated inter- 

mediate in the ATP-dependent sodium and potassium transport 

across kidney membranes. J. Biol. Chem. 240:1437-1445. 

Prescott, D.M. (1976 )Reproduction of Eukaryote cells. Academic 

Press, New York. 

Prescott, D.M. & Goldstein, L.( 1967) Nuclear-cytoplasmic interaction 

in DNA synthesis. Science 155:469-70. 

Pressman. B.C., Harris, E.J., Jagger, W. & Johnson, W.J.( 1967) 

Antibiotic mediated transport of alkaline ions across lipid 

barriers. Proc. natn. Acad. Sci. 98:1949-53. 

Pritchard, H. & Micklem, H.S. (1975) Immune responses in congenitally 

thymus-less mice. I. Absence of response to oxazolony. 

Clinical Expl. Immunol. Og TS nok: 

Putney, J.W.(1976) Stimulation of calcium-45 influx in rat parotid 

gland by carbachol. J. Pharmacol. Exp. Ther. ehOOS26-9 7 

Putney, J.W.(1977)Muscarinic, alpha-adrenergic and peptide receptors 

regulate the same calcium influx sites in the parotid gland. 

J. Physiol. 268:139-49. 

Putney, J.W.(1979)Stimulation-secretion permeability coupling: role of 

calcium in the receptor regulation of membrane permeability. 

Pharmacol. Rev. 30: 209-45.



Putney, J.W. & Parod, R.J.(1978)Calcium-mediated effects of carbachol 

on pumping and sodium uptake in rat parotid gland (slices). 

J. Pharmacol. Exp. Ther. 205:449-58. 

Putney, J.W., Weiss, S.J., Van de Walle, C.M. & Haddas, R.A. (1980) 

Is phosphatidic acid a calcium ionophore under neurohormonal 

control. Nature 284: 345-7. 

Quastel, M.R. & Kaplan, J.G. (1968) Inhibition by ouabain of human 

lymphocyte transformation by phytohaemagglutinin in vitro. 

Nature 219: 198-200. 

Rahwan, R.G., Borowitz, J.L. & Miya, T.S.(1973)The role of intra- 

cellular calcium in catecholamine secretion from the bovine 

adrenal medulla. J. Pharmacol. Exp. Ther. 184:106-18. 

Rall, T.W. & Sutherland, E.W. (1962)The enzymatically catalyzed for- 

mation of adenosine 3',5' monophosphate and inorganic pyro- 

phosphate for adenosine triphosphate. J. Biol. Chem. 237:1228-32. 

Rao, P.T. & Johnson, R.T. (1970)Mammalian cell fusion: studies on 

the regulation of DNA synthesis and mitosis. Nature 225:159-64. 

Rasmussen, H. & Goodman, D.B.P. (1975)Calcium and cyclic AMP as inter- 

related intracellular messengers. Annals N.Y.Acad. Sci. 253: 

789-96. 

Rasmussen, H. & Goodman, D.B.P. (1977)Relationship between calcium and 

cyclic nucleotides in cell activation. Physiol.Rev.57:421-509. 

Rechler, Mim. Bruni, GiB. ; boasialhy; J.M., Warner, W. & Carchman, 

R.A. (1977) Modulation of serum-stimulated DNA synthesis in cult- 

ured human fibroblasts by cyclic AMP. Exp. Cell. Res. 104:411-22. 

Rechler, M.M., Zapf, J., Nissley, S.P., Froesch, E.R., Moses, A.C., 

Podskalny, J.M., Schilling, E & Fryklund, L. (1977) Cross- 

reactivity of MSA (multiplication stimulating activity) and NSILA 

(nonsuppressible insulin-like activity) I and II in competitive 

binding assays. Clin. Res. 25:300



Reed, P.W.(1972) A23187 - a divalent cation ionophore. 

Fed. Proc. 31:432a. 

Reed, P.W. & Lardy, H.A. (1972) A 23187 a divalent cation ionophore. 

J. Biol. Chem. 247:6970-7. 

Reeves, J.P. & Sutko, J.L.(1979) Sodium-calcium exchange in cardiac 

membrane vesicles. Proc.natn. Acad. Sci. USA 76:590-4. 

Reimann, E.M., Walsh, D.A. & Krebs, E.G.(1971) Purification and 

properties of rabbit skeletal muscle cyclic AMP dependent 

protein kinase. J. Biol. Chem. 246:1986-1995. 

Rendell, M.S., Rodbell, M & Berman, M. (1977) Activation of hepatic 

adenylate cyclase by guanyl nucleotides. J. Biol.Chem. 252: 

7909-12. 

Resch, K. & Ferber, E. (1972) Phospholipid metabolism of stimulated 

lymphocytes. Effects of phytohemogglutinin, concanavalin A 

and anti-immunoglobulin serum. Eur. J. Biochem.27:153-61. 

Reuter, H.(1974)Exchange of calcium ions in the mammalian myocardium. 

Circ. Res. 34:599-604. 

Reuter, H. & Seitz, I.V.(1968)The dependence of calcium efflux from 

cardiac muscle on temperature and external ion composition. 

J. Physiol. 195:451-70. 

Rheinwald, J.G. & Green, H.(1977)Epidermal growth factor and the 

multiplication of cultured human epidermal keratinocytes. 

Nature 265:421-4. 

Rixon, R.H. & Whitfield, J.F.(1972)Hypoplasia of the bone marrow in 

rats following removal of the parathyroid glands. J. Cell. 

Physiol. 79:343-52. 

Rixon, R.H. & Whitfield, J.F.(1975)The control of liver regeneration 

by parathyroid hormone and calcium. J. Cell.Physiol. 87:147-55.



Roberts, M.L. & Petersen, O.H. (1978)Membrane potential and 

resistance to changes induced in salivary gland acinar 

cells by microionophoretic application of acetylcholine and 

adrenergic agonists. J. Molec. Biol. 39:297-312. 

Rochette-Egly, C. & Castagna, M. (1979)Oscillating levels of adenylate 

and guanylate cyclase activities in rat embryo fibroblasts 

stimulated to divide. Biochem. Biophys. Res. Commun. 86: 

937-44. 

Rodbell, M. (1978)The role of nucleotide regulatory components in 

the coupling of hormone receptors and adenyl cyclase. In. 

Molecular Biology and Pharmacology of Cyclic Nucleotides pp.1l- 

12. Eds. G. Folco & R. Paoletti Elsevier, Amsterdam. 

Rodbell, M., Birnbaumer, L. & Pohl, S.L. (1970) Andeyl cyclase in fat 

cells? Stimulation by secretin and the effects of trypsin on 

the receptors for lipolytic hormones. J. Biol. Chem. 245:718-22. 

Rodbell, M., Krans, H.M.J., Pohl, S.L. & Birnbaumer, L.(1971) The 

glucagonsensitive adenyl cyclase system in plasma membrane of 

rat liver. IV. Effects of guanyl nucleotides on binding of 125. 

glucagon. J. Biol. Chem. 246:1872- 80. 

Rodbell, M., Lin, M.C. & Salamon, Y.(1974) Evidence for interdependent 

action of glucagon and nucleotides on the hepatic adenylate 

cyclase system. J. Biol. Chem. 249:59-65. 

ROGDeELy «Me, Lin, M.C.,; Savamon, Y.,. LOndos,. C.;,, Harwood, J.P. , 

Martin, B.R., Rendell, M. & Berman, M.(1975)Role of adenine 

and guanine nucleotide in the activity and response of adenyl- 

ate cyclase systems: evidence for multi-site transition 

states. Adv. Cyclic Nuc. Res. 5:3-29. 

Rojas, E. & Armstrong, C.M. (1971)Sodium conductance activation without 

inactivation in pronase-perfused axons. Nature (New Biol) 

229:177-8.



Romero, P.J. & Whittam, R. (1971) The control by internal calcium 

of membrane permeability by sodium and potassium. J.Physiol. 

214:481-507. 

Ropke, C. & Everett, N.B. (1974)Migration of small lymphocytes in 

adult mice demonstrated by parabiosis. Cell and Tissue 

Kinetics 7:137-150. 

Rose, I.A. (1968)The state of magnesium in cells as estimated from 

the adenylate kinase equilibrium. Proc. mtn. Acad. Sci. 

USA. 61: 1079-86. 

Rosen,O.M. & Erlichman, J.(1975) Reversible autophosphorylation of 

a cyclic AMP protein kinase from bovine cardiac muscle. 

J. Biol. Chem. 250:7788-94. 

Rosenstreich, D.L.(1976)Macrophage requirement for mitogenic 

activation of T lymphocytes In: Mitogens in Immunology, 

pp.385-99. Eds.J.S. Oppenheim & D.L. Rosenstreich. 

Ross, E.M., Haga, T., Howlett, A.S., Schwarzmeier, I., Schleifer, 

L.S. & Gilman, A.G.(1979)Hormone sensitive adenyl cyclase: 

resolution and reconstitutionof some components necessary 

for regulation of the enzyme. Ady. Cyclic Nuc. Res. 9: 

53-68. 

Ross, R., Glomset, J., Kariya, B. & Harker, L.(1974) A platelet~ 

dependent serum factor that stimulates the proliferation 

of arterial smooth muscle cells in vitro. Proc. natn. Acad. 

Sci. USA 71:1207-10. 

Rottenberg, H. & Scarpa, A.(1974) Calcium uptake and membrane 

potential in mitochondria. Biochem. 13:4811-17. 

Rozengurt, E. & Heppel, L.A.(1975)Serum rapidly stimulates ouabain- 

86 + 

sensitive Rb influx in quiescent 3T3 cells. Proc. natn. 

Acad Sea. USA. /2:/4492=5,.



Rozengurt, E., Legg, A. & Pettican, P.(1979) Vasopressin stimulation 

Rubin, 

Rubin, 

Rudich, 

of mouse 3T3 cell growth. Proc. ‘natn. Acad. Sci. USA 76: 

1284-7. 

C.S., Ehrlichman, J. & Rosen, O.M.(1972) Molecular forms and 

subsequent subunit composition of a cyclic AMP protein kinase 

purified from bovine heart muscle. J. Biol. Chem. 247: 

36-44. 

H., Terasaki, M. & Sanui, H.(1978)Magnesium reverses in- 

hibitory effects of calcium deprivation on coordinate 

response 3T3 cells to serum. Proc. natn. Acad. Sci. USA 

715: 4379-83. 

L. & Butcher, F.R.(1976) Effect of substance P and eledoisin 

on potassium efflux, amylase release and cyclic nucleotide 

kevels in slices of rat parotid gland. Biochim.Biophys.Acta 

444:;704-11. 

Rudland, P.S., Gospadorowicz, D. & Siefert, W. (1974) Activation 

Ruegg, 

Ruoho, 

of a guanyl cyclase and intracellular cyclic GMP by fibroblast 

growth factor.Nature 250:741-43,773-4. 

J.C. (1971)Smooth muscle tone Physiol. Rev. 51:201-48. 

A. & Kyte, J. (1974)Photoaffinity labelling of the ouabain- 

binding site on Na/K ATPase. Proc. natn. Acad. Sci. USA, 

L123 59220 « 

Russel, T.R., Terasaki, W.L. & Appleman, M.M.(1973) Separate phos- 

phodiesterases for the hydrolysis of cyclic adenosine 3',5' 

monophosphate and cyclic guanosine 3',5' monophosphate in 

rat liver. J. Biol. Chem. 248:1334-40. 

Russel, T.R., Thompson, W.J., Schneider, F.W. & Appleman, M.M. (1972) 

3',5'-cyclic adenosine monophosphate phosphodiesterase: 

negative cooperativity. Proc. natn. Acad. Sci. USA 69:1791-6. 

Russell, D.H. 1978 Type I cyclic AMP dependent protein kinase as a 

positive effector of growth. Adv. Cyclic Nuc. Res. 9:493-506.



Rutherford, R.B. & Ross, R. (1976) Platelet factors stimulate fibroblasts 

and smooth muscle cells quiescent in plasma serum to proliferate. 

J.’ Cell Biol,,,69:. 196-203. 

Rutten, W.J., dePont, J.J. & Bonting, S.L. (1972) Adenylate cyclase in 

the rat pancreas properties and stimulation by hormones. 

Biochim. Biophys. Acta 274: 201-213. 

Ryser, H.J.P. & Politoff, A.L. (1977) Role of external potassium in 

the mitogenic action of concanavalin A on ouabain on mouse spleen 

lymphocyte. Bled. Proc. 369 .989a;. 

Saint-Marie, G. & Leblond, L.P. (1965) Elaboration of a model for the 

formation of lymphocytes in the thymic cortex of young adult mice. 

Blood 26: 765-783. 

Salmon, W.D. & Daughaday, W.H. (1957) A hormonally controlled serum factor 

which stimulates growth. J. Lab. Clin. Med. 49: 825-836. 

Salmon, W.D. & Hosse, B.R. (1971) Stimulation of HeLa cell growth by 

a serum factor with sulphation-factor activity. Proc. Soc. Exp. 

Biol. Med. 136: 805-808. 

Sandow, A., Krishna, M., Pagala, D. & Sphicas, E.C. (1975) Excitation- 

contraction coupling: effects of zero ror ol medium. Biochim. 

Biophys. Acta 404: 157-163. 

Sanui, H. (1970) pH dependence of the effect of adenosine triphosphate 

and EDTA on sodium and magnesium binding to cellular membrane 

fragments. J. Cell Physiol. 75: 361-368. 

Sanui, H. & Rubin, H. (1977) Correlated effects of external magnesium 

on cation content and DNA synthesis in cultured chicken embryo 

fibroblasts. J. Cell Physiol. 92: 23-32. 

Sanui, H. & Rubin, H. (1978) Membrane bound and cellular cationic 

changes associated with insulin stimulation of cultured cells. 

J. Cell Physiol. 96: 265-278.



Scheiff, J.M. & Haumont, S. (1979) The effect of oestradiol on thymic 

epithelial cells in the mouse. J. Clin Lab. Immunol. 2: 225-234. 

Schimmel, S.D. & Hallam, T. (1979) Rapid alteration in Ca content and 

fluxes in Pharbol 12-myristate 13 acetate treated myoblasts. 

Biochem. Biophys. Res. Commun. 92: 624-630. 

Schramm, M. (1979) Transfer of a glucagon receptor from liver membrane 

to a foreign adenyl cyclase by fusion. Proc. natn. AcadsSci < 

U.S.A. 76: 1174-1178. 

Sehrammy Mis Orly id's eh imend,. Suwa ‘Korners: Ms, (1977) Coupling of 

hormone receptors to adenylate cyclase of different cells by 

cell fusion. Nature 268: 310-313) 

Schramm, M. & Selinger, Z. (1975) The functions of cyclic AMP and calcium 

as alternative second messengers in parotid gland and pancreas. 

J. Cyclic Nuc. Res. 1: 181-192. 

Schubert, D., LaCorbiere, M., Whitlock, C. & Stallcup, W. (1978) 

Alterations in the surface properties of cells responsive to 

nerve growth factor. Nature 273: 718-723. 

Schultz, G. & Hardman, J.G. (1974) The effect of nor-epinephrine on cyclic 

nucleotide concentrations in rat ductus deferens. Arch. Pharmacol. 

282:""88R. 

Schultz, G. & Hardman, J.G. (1975) Regulation of cyclic GMP levels in 

the ductus deferens of the rat. Adv. Cyclic Nuc. Res. 5: 339-351. 

Schultz, G.,, Hardman, J-G., Hurwitz, L. & Sutherland, E:W. (1973) 

Importance of calcium for the control of cyclic GMP levels. 

Fed. Proc. 32: 773a. 

Schultz, G.;*. Hardman, 0.G.;, Schultz, K., Baird, C.5.:& Sutherland, E.W. 

(1973) The importance of calcium ions for the regulation of cyclic 

GMP levels. Proc..natn.; Acad: Sci UcS7A+ 70: 3889-3893.



Schultz, J. (1975) Cyclic AMP in guinea pig cerebral cortex slices: 

possible regulation of phosphodiesterase activity by cyclic 

AMP and calcium ions. J. Neurochem. 24: 495-501. 

Schulz, I. (1975) The role of extracellular cast and cyclic nucleotides 

in the mechanism of enzyme secretion from the cat pancreas. 

Pflug. Arch- S60; 165-181. 

Schu?2i.5. 3 Milutinovic, S. & Heil, K. (1978) The role of calcium and 

cyclic nucleotides in stimulus secretion coupling. In 'Molecular 

Biology and Pharmacology of Cyclic Nucleotides’ pp.237-250. 

Eds. G. Folco-& R. Paoletti. North Holland. 

Schwartz, A. (1971) Assay of the membrane Na/K ATPase. Methods in 

Pharmacol. Res. 1: 51-79. 

Seaman, W.E., Gindhert, T.D., Greenspan, J.S., Blackman, M.A. 

& Talal, N. (1979) Natural killer cells, bone and the bone marrow: 

studies in estrogen treated mice and in congenitally oesteopetrotic 

(mi/mi) mice. J. Immunol. 122: 2541-2549. 

Segel, G.B., Androphy, E.J. & Lichtman, M.A. (1978) Increased ouabain- 

sensitive glycolysis of lymphocytes treated with phytohemagglutinin: 

relationship to potassium transport. J. Cell Physiol. 97: 407-412. 

Segel, G.B., Hollander, M.M., Gordon, B.R., Klemperer, M.R. & 

Lichtman, M. (1975) A rapid phytohemagglutinin induced alteration 

in lymphocyte potassium permeability. J. Cell Physiol. 86: 327=336. 

Segel, G.B., Kovach, G. & Lichtman, M.A. (1979) Sodium-potassium adenosine 

triphosphatase activity of human lymphocyte membrane vesicles: 

kinetic parameters, substrate specificity, and effects of phytohemag- 

glutinin. J. Cell Physiol. 100: 109-117. 

Segel, G.B.,7 Lichtman, M.A.,. Holdiander;’:MsM., “Gordon, B.R. & 

Klemperer, M.R. (1976) Human lymphocytes potassium content during 

initiation of PHA induced mitogenesis. J. Cell Physiol. 88: 43-48.



Segel, G.B., Simon, W. & Lichtman, M.A. (1979) Regulation of sodium 

and potassium transport in phytohemagglutinin-stimulated human 

blood lymphocytes. J. Clin. Invest. 64: 834-841. 

Selinger,::2., Batzri, S..,..Bimerl, S..& Schramm) M. (1973) Calcium 

and energy requirements for potassium release mediated by the 

epinephrine-receptor in rat parotid slices. J. Biol. Chem. 248: 

369-372. 

Shank, B.B. & Smith, N.E. (1976) Regulation of cellular growth by 

sodium pump activity in mouse lymphoblast. J. Cell Physiol. 87: 

377-387. 

Sheppard, H. & Tsien, W.H. (1975) Alterations in the hydrolytic activity, 

inhibitor sensitivity and molecular size of rat erythrocyte cyclic 

AMP phosphodiesterase by calcium and hypertonic sodium chloride. 

J. Cyc. Nuc. Res. 1: 237-242. 

Siefert, W.E. & Rudland, P.S. (1974) Possible involvement of cyclic GMP 

in growth control of cultured mouse cells. Nature 248: 138-140. 

Sitteri, WsK.,..Febres, F., Clemens, L.E., Chang, R.0.,. Londos, B. 

& Stites, D. (1977) Progesterone and maintenance of pregnancy. 

Ann. N.Y. Acad. Sci. 286: 384-396. 

Silvers, Ss; Toth, K. & Schribner, H.«(1975) Pacilitated transport of 

calcium by cells and sub-cellular membranes of Bacillus subilis 

and Escherichia coli. J. Bacteriol. 122: 880-885. 

Simnett, J.D. & Fischer, J.M. (1973) The relation between cell division 

and 3H Thymicline incorporation in organ culture. J. Cell Physiol. 

Ciera. 

Simons, T.J.B. (1974) Potassium: potassium exchange catalyzed by the 

sodium pump in human red cells. J. Physiol. 237: 123-155. 

Simons, T.J.B. (1976) Carbocyanine dyes inhibit calcium-dependent potassium 

efflux from human red cell ghosts. Nature 264: 467-479.



Sirbasku, D.A. (1978) Estrogen-induction of growth factors specific for 

Sivak, 

Skou, 

Smith, 

Smith, 

Smith; 

Smith, 

Smith, 

Smith, 

Smith, 

hormone-responsive mammary, pituitary and kidney tumour cells. 

Proc. natn. Acad. Sci. U.S.A. 75: 3786-3790. 

A. (1977) Induction of cell division in BALB/-3T3 cells by 

pharbol myristate acetate or bovine serum: effects of inhibitors 

of phosphodiesterase and Na/K ATPase. Ty tro; AA 357-343), 

J.C. (1957) The influence of some cations on an ATPase from 

nerves. Biochim. Biophys. Acta 23: 394-401. 

G.R., Gurson, M., Riddell, A. & Perris, A.D. (1975) Inhibitory 

action of oestrogen on calcium-induced mitosis in rat bone marrow 

and thymus. J. Endocr. 65: 45-53. 

J.A. & Martin, L. (1973) Do cells cycle? Proc. natn. Acad. ,Sci. 

U.S.A. 70: 1263-1267. 

J.B. & Rozengurt, E. (1978) Lithium transport by fibroblastic 

mouse cells: characterization and stimulation by serum and growth 

factors in quiescent cultures. J. Cell Physiol., 97: 441-449, 

J.W., Steiner, A.L. & Parker, C.W. (1971) Human lymphocyte 

metabolism. Effects of cyclic and non-cyclic nucleotides on 

stimulation by PHA. J. Clin. Invest. 50: 442-448. 

P.A. & Case, R.M. (1975) Effects of cholera toxin on cyclic AMP 

concentration and secretory processes in the exocrine pancreas. 

Biochim. Biophys. Acta 399: 277-290. 

R.J. (1978) Bioregulation of lysosomal enzyme secretion from 

guinea pig neutrophils by autonomic neurohormones and cyclic 

nucleotides. Adv. Cyclic Nuc. Res. 9: 755a. 

R.J. & Ignarro, L.J. (1975) Bioregulation of lysomal enzyme 

secretion from human neutrophils: Roles of cyclic GMP and calcium 

in stimulus-secretion coupling. Proc. natn. Acad."Scl. U.S.A. 

72: 108-112.



Smith, T.C. & Vernon, K.D. (1979) Correlation of the effect of ca*2 

on Na* and KT permeability and membrane potential of Ehrlich 

ascites tumor cells. J. Cell Physiol. 98: 359-370. 

Sobhon, P. & Jivasa tham, C. (1974) Effect of sex hormones on the thymus 

and lymphoid tissue of ovariectomized rats. Acta Anat. 89: 211-225. 

Solaro, R.J. & Briggs, F.N. (1974) Estimating the functional capabilities 

of sarcoplasmic reticulum in cardiac muscle. Calcium binding. 

Circulation Res. 34: 531-540. 

sOLaro, Rods, Wise, R.M.+<Shiner,.d:S5 & Briggs, F.N. (1974) Calcium 

requirements for cardiac myofibrillar activation. Circ. Res. 

34: 5297000. 

Sonnenschein, C. & Sato, A.M. (1980) Are estrogens per se growth promoting 

hormones? J. Natl. Cancer Institute 64: 1-3. 

Sordahl, L.A. (1975) Effects of magnesium, ruthenium red and the 

antibiotic ionophore A23187 on initial rates of calcium uptake, 

release by heart mitochondria. Arch. Biochem. Biophys. 167: 

104-115. 

Spivak) .U «ley, Misi ti, 0, Stuart, Re,«qoSharkis, S.go7& Sensenbrunner, L.L. 

(1978) Selective suppression and potential of haematopoietic 

precursor cell proliferation by ouabain. Blood 52: 215a. 

Sporn, M.B., Dunlop, N.M., Newton, D.L. & Smith, J.M. (1976) Prevention 

of chemical carcinogenesis by vitamin A and its synthetic analogues 

(retinoids) . Fed. Proc. 35: 1332-1338. 

Sporn, M.B. & Newton, D.L. (1979) Chaemo prevention of cancer with 

retinoids. Fed. Proc. 38: 2528-2534. 

Srivastava, A.K., Waisman, D.M., Brostrom, C.0O. & Soderling, T.R. 

(1979) Stimulation of glycogen synthase phosphorylation by calciun- 

dependent regulator protein. J. Biol. Chem. 254: 583-586.



Stallcup, W.B. (1979) Sodium and calcium fluxes in a clonal nerve 

cell, J. Physiol. 286: 525-540. 

Steinhardt, R.A. & Epel, D. (1974) Activation of sea urchin eggs by 

a calcium ionophore. Proc. natn. Acad. Sci. U.S.A. 71: 

1915-1919. 

Stewart, D.vJ..7. Sax, J.,<> Funk, R..'e Sen, AK; (2979)+Possible role 

of cyclic GMP in a stimulus-secretion coupling by salt gland of 

the duck. Am. J. Physiol. 237: C200-204. 

Stilwell, E.Fa,2 Cone; C.Ms, & Cone, C.D. (1973). Stimilation.of DNA 

synthesis in CNS neurones by sustained depolarization. 

Nature (New Biol.) 246: 110-111. 

Suarez-Kurtz, G. & Reuben, J.P. (1975) Is a calcium current necessary 

for excitation-contraction coupling in skeletal muscle. In 

"Concepts of Membranes in Regulation and Excitation' pp. 41-54. 

Ed. M. Rocha, C. de Silva & G. Suarez-Kurtz; Raven New York. 

Suelter, C.H. (1970) Enzymes activated by monovalent cations. 

Science 168: 789-795. 

Sulakhe;"P.V.;. -Sulakhe, S.ud., 3 Leung, .N.u.k.). St.Louis; Pod..8 Hickie, RA. 

(1976) Guanylate cyclase; subcellular distribution in cardiac 

muscle, skeletal muscle, cerebral cortex and liver. Bloch... 

OMe LOD = 12's 

Tada, M., Kirchberger, M.A. & Katz, A.M. (1979) Phosphorylation of a 

22,000 Dalton component of cardiac sarcoplasmic reticulum by 

cyclic AMP protein kinase. J. Biol. Chem. 250: 2640-2647. 

Tada, M., Ohmori, F., Yamada, M. & Abe, H. (1979) Mechanism of the 

stimulation of Gare dependent ATPase of cardiac sarcoplasmic 

reticulum by cyclic AMP-dependent protein kinase. Us) BIOL. Chem: 

254: 319-326.



Takai, Y., Nishiyama, K., Yamamura, H. & Nishizuka, Y. (1975) Cyclic 

GMP dependent protein kinase from bovine cerebellum. Verio). 

Chem. 250: 4690-4695. 

Talvare, A. & Basilico, C. (1978) Requirement of BHK cells for the 

exit from different quiescent states. J. Cell Physiol. 97: 429-440. 

Tangkrisanavinont, V. & Pholpramool, C. (1979) Extracellular free calcium 

and fluid secretion by the rabbit larimal gland in vivo. 

Pflug. Arch. 382: 275-277. 

Taylor, E.W. (1965) Control of DNA synthesis in mammalian cells in 

culture. Exp. Cell Res. 40: 316-332. 

Taylor, S.R. & Godt, R.E. (1976) Calcium release and contraction in 

vertebrate skeletal muscle. In 'Calcium in biological systems' 

pp. 361-380. XXX Symposium S.E.B. Cambridge University Press. 

Teo, T.S. & Wang, J.H. (1973) Mechanism of activation of a cyclic 

adenosine 3',5' monophosphate phosphodiesterase from bovine heart 

by calcium ions. J. Biol. Chem. 248: 5950-5955. 

Teo, T.S., Wang, T.H., & Wang, J.H. (1973) Purification and properties 

of the protein activator of bovine heart cyclic adenosine 3',5! 

monophosphate phosphodiesterase. J. Biol. Chem. 248: 588-595. 

Terasaki, W.L. & Appleman, M.M. (1975) Role of cyclic GMP in the regulation 

of cyclic AMP hydrolysis. Metabolism 24: 311-319. 

Herasaki; Wil, Brooker, G., de Vellis; 7.9. Inglish,: D.>. Hsu, .C.y. & 

Moylan,R.D. (1978) Involvement of cyclic AMP and protein synthesis 

in catecholamine refractoriness. Adv. Cyclic Nuc. Res. 9: 33-52. 

Teshima, Y. & Kakiuchi, S. (1974) Mechanism of stimulation of calcium 

and magnesium dependent phosphodiesterase from rat cerebral cortex 

by modulator protein and Ca” S Biochem. Biophys. Res. Commun. 

56: 489-495. 

Thompson, W.J. & Appleman, M.M. (1971) Multiple cyclic nucleotide 

phosphodiesterase activities from rat brain. Biochem. 10: 311-316.



Thompson, Weds.) - Little; S.A. &.Wiltliams, RH... (1973) Effects, of 

insulin and growth hormone on rat liver cyclic nucleotide 

phosphodiesterase. Biochem. 12: 1884-1894. 

Thompson, W.J. & Strada, S.J. (1978) Hormonal regulation of cyclic 

nucleotide phosphodiesterases. In 'Receptor and Hormone Action' 

Vou. (3% pps; 853-5 77. Eds. L. Birnbaumer & B.W. O'Malley. 

Thyrum, P.T. (1974) Inotropic stimuli and systolic transmembrane calcium 

flow in depolarized guinea pig atra. J. Pharmacol. Exp. Ther. 

188: 166-179. 

Tillish;; 0 .Hw,..:Fung,, 4.K.Hom., Bam. & “Langer.,,. G:A.. (1979) .Transient 

and steady state effects of sodium and calcium on myocardial contractil 

response. J. Molec. Cell Cardiol. 11: 137-148. 

Toba) 205, @Akeray: Ui, Baskin; S.d we, Brody, TM. Gi973)Caloium “ion 

and sodium potassium dependent ATPase: its mechanism of inhibition 

and identification of the (E 1-P) intermediate. Molec. Pharmacol. 

9: 336-349. 

Tosteson, D.C. (1964) The regulation of cell volume by sodium and 

potassium transport. In 'The cellular function of membrane 

transport! pp. 1-22. Ed. J.F. Hoffman, Prentice Hall, N.Y. 

Tsang, B.K., Rixon, R.H. & Whitfield, J.P. (1980) A possible role for 

cyclic AMP formation in the initiation of DNA synthesis by 

isoproterenol activated parotid gland cells. J. Cell Physiol. 

102: 19-26. 

Tupper, J.T. (1976) Cation fluxes in the Ehrlich ascites tumor cells. 

J. Cell Physiol. 88: 77-87. 

Tupper, J.T., Del Rosso, M., Hazelton, B. & Zorgniotti, F. (1978) 

Serum-stimulated changes in calcium transport and distribution 

in mouse 3T3 cells and their modification by dibutyryl cyclic AMP. 

J. Cell Physiol. 95: 71-84.



Uchikawa, T. & Borle, A.B. (1978) Studies of Ca 45 desaturation from 

kidney slices in flow through chambers. An. J. Physiol. 124: R34-38. 

Ueda, N. & Petersen, O.H. (1977) The dependence of caerulein-evoked pancreati« 

fluid secretion on the extracellular calcium concentration. 

Phiug. Arch. 370: 179-183. 

Ulbricht, W. (1977) Ionic channels and gating currents in excitable 

membranes. An. Rev. Biop. Bioenzyme. 6: 7-31. 

Uno, I., Ueda, T. & Greengard, P. (1976) Differences in properties 

of cytosol and membrane derived protein kinase. J. Biol. Chem. 

a1: p29 2- 2095: 

Urry, D.W.,.. Long, M:M.;,,° Ohnishi, T.,. .Jacobs, M..& Mitchell, L:W. 

(1975) Polypeptide backbone and complexation of calcium ions. 

In 'Calcium transport in contraction and secretion' pp. 25-34. 

Ed). EB. Carafoli. North Holland, Amsterdam. 

Uzunov, P., Gnegy, M.E., Revuelta, A. & Costa, E. (1976) Regulation 

of high cyclic nucleotide phosphodiesterase of adrenal medulla 

by the endogenous calcium dependent protein activator. 

Biochem. Biophys. Res. Commun. 70: 132-138. 

Vanaman, T.C. & Watterson, D.M. (1976) Calcium dependent regulatory 

protein of cyclic nucleotdie metabolism in normal and transformed 

cells. Red Proc.) Sos 15634 

Van den Berg, K.J. & Betel, I. (1973) Increased transport of 2 amino 

iso-butyric acid in rat lymphocytes with concanavalin A. 

Exp. Cell Res. 76: 63-72. 

Van Inwegen, R.G. & Pledger, W.J. (1976)Characterisation of cyclic 

nucleotide phosphodiesterases using multiple separation techniques. 

Arch. Biochem. Biophys. 175:700-709.



Van Inwegan; R.G.,. Swatford, .R.L., Strada; Ril. Strada, S.d. 

& wend an W.J. (1977) Characterization of particulate cyclic 

nucleotide phsophodiesterase of rat kidney. Arch. Biochem. 

Biophys. 178: 58-68. 

Van Rossum, G.D.V. (1970) Net movements of calcium and magnesium in 

Sitees.of rat Liver . Jie (Gen Phystol.. 55: le—32. 

Van Sande, J., Deoster, C. & Dumont, J.E. (1975) Control and role 

of cyclic GMP in the thyroid Biochem. Biophys. Res. Commun. 62: 

168-175. 

Vaughan, G.L. & Cook, J.S. (1972) Regeneration of active-transport 

capacity in HeLa cell membranes after specific blockade by 

ouabain. Proc. natn. Acad. Sci. U.S.A. 69: 2627-2631. 

Verveen, A.A. & De Felice, L.J. (1974) Membrane noise. Prog. Biophys. 

Molec. Biol. 28: 189-265. 

Vogel ,,A.;, ‘Raines, E., Kariya, B., - Rivest, Mid. & Ross, R. (1979) 

Co-ordinate control of 3T3 cell proliferation by platelet-derived 

growth factor and plasma components. Proc... natn, Acad. Sct ; 

U.S.A. 75: 2810-2814. 

Voornees) J.0., ~Colbirn; NoH..; be ail: M.,> Duell, “E.A., . Haddox, M- 

& Goldberg, N.D. (1974) Imbalanced cyclic AMP and calcium levels 

in rapidly dividing incompletely differentiated epidermis. 

In 'Regulation of proliferation in animals cells' Cold Spring 

Harbor Lab. Symposium. 

Wallace, D. & Postan, I. (1976) Stimulation of guanylate cyclase of 

fibroblasts by free fatty acids. J. Biol. Chem. 251: 5802-5809. 

Walsh.,,-D¢A.,,: ( Ashby,, .C.D.s,-* Gonzalez,-C., ‘Calkins, D:, Fischer, <).H. 

& Krebs, E.G. (1971) Purification and characterization of a 

protein inhibitor of cyclic AMP protein kinase. J. Biol. Chem. 

Zea 197 /=1O85..



Waltham, S.R., Burde, R.M. & Berrios, J. (1971) Prevention of corneal 

homograft rejection by estrogens. Transpl. 11. 194-196. 

Wang, J.H. & Desai, R. (1976) A brain protein and its effect on the ma 

and protein modulator activated cyclic nucleotide phosphodiesterase. 

Biochem. Biophys. Res. Commun. a 2029925 

Wara, D.W. & Ammann, A.J. (1975) Activation of T cell rosettes in 

immunodeficient patients by thymosin. An. N.Y. Acad. Sci. 249: 

308-314. 

Weber, G. (1975) Role of key enzymes in metabolic regulation. on 

"Mechanism of action and regulation of enzymes' pp. 237-251. 

Ed. T. Keleti, North Holland, Amsterdam. 

Wedner, H.J., Dankner, R. & Parker, C.W. (1975) Cyclic GMP and lectin- 

induced lymphocyte activation. J. Immunol. 115: 1682-1687. 

Wedner, H.J. & Parker, C.W. (1976) Lymphocyte activation. Prog. 

Allergy 20: 195-300. 

Weiss, B. & Greenberg, L.H. (1975) 'Diseases' pp. 269-320. Ed. B. Weiss, 

Univ. Park Press, Baltimore. 

Wells, J.N. & Hardman, J.G. (1977) Cyclic nucleotdie phosphodiesterases. 

In ‘Adv. Cyclic Nuc. Res. 8: 119-143. 

Welsch, M.J., Dedman, J.R., Brinkley, B.R. & Means, A.R. (1978) 

Calcium dependent regulator protein: localization in mitotic 

apparatus of eukaryotic cells. PYOG. natn. .Acad<.Scb,. UsS oA. 

#52 -L667-1871° 

Welton, AcF., Lad, P.M., Newby, A.C., » Yamamura, H.,. Nicosia, S. 

& Rodbell, M. (1977) Solubilization and separation of the 

glucagon receptor and adenylate cyclase in guanine nucleotide 

sensitive states. Jd. Biol; Chem: 252; ° 5947-5950.



Westcott, K.R., Laporte, D.C. & Storm, D.R. (1979) Resolution of 

adenyl cyclase sensitive and insensitive to wa and calcium 

dependent regulators protein (CDR) by CDR-sepharose affinity 

chromatography. Proc. natn. Acad. Sci. U.S.A. 76: 204-208. 

Westermark, B., Karlsson, F.A. & Walinder, 0. (1979) Thyrotropin is 

not a growth factor for growth human thyroid cells in culture. 

Proc. natn. Acad. Sci. U.S.A. 76: 2022-2026. 

White, A.A., Aurbach, G.D. & Carlson, S.F. (1969) Identification of 

guanyl cyclase in mammalian tissues. Fed. Proc. 28: 473A. 

Whitfield, J.F., Boynton, A.L., MacManus, J.P., Sikorska, M. 

& Tsang, B.K. (1979) The regulation of cell proliferation by 

calcium and cyclic AMP. Molec. and Cell Biochem. 27: 155-179. 

Whitfield, J.F., Brohee, H. & Youdale, T. (1964) Reduction of mitotic 

delay in irradiated suspension cultures of rat thymocytes by 

an elevated salt concentration. Exp. Cell Res. 35: 207-210. 

Whiltrield, 0.8 2,4 “MacManus; Jap.) Boynton) Attia; Gillen. D.o. 

& Isaacs, R.J. (1974) Concanavalin A and the initiation of thymic 

lymphoblast DNA synthesis and proliferation by a calcium-dependent 

increase in cyclic GMP level. J. Cell Physiol. 84: 445-457. 

Whitfield). Ger 3,.: MacManus, J3Po,. Franks, "D.J., ° Gillan, D.u. & 

Youdale, T. (1971) The possible mediation by cyclic AMP of 

the stimulation of thymocyte proliferation by cyclic GMP. 

Proc. Soc. Exp. Biol. Med. 137: 453-457. 

Whitfield, J.F., MacManus, J.P. & Gillan, D.J. (1973) Calcium dependent 

stimulation by a pharbol ester (PMA) of thymic lymphoblast DNA 

synthesis and proliferation. J. Cell Physiol. 82:) 151-156. 

Whitfield, J.F., MacManus, J.P. & Rixon, R.H. (1970) Cyclic AMP 

mediated stimulation of thymocyte proliferation by low concentration 

of carbachol. PYOG'.., SoG .2Bxp:. Biol. Med. :134:,- 11.70%



Whitfield, J.F., MacManus, J.P. & Rixon, R.H. (1971) Stimulation by 

growth hormone of DNA synthesis and proliferation of thymic 

lymphocytes. Horm. Metab. Res. 3: 28-33. 

Whitrield,;J-P.; MacManus, J.P. “Rixon, R.H., Boynton, Ash::, 

Youdale, T. & Swierenga, S. (1976) Positive control of cellular 

proliferation by the interplay of calcium ions and cyclic 

nucleotides. Pn Vater 12s) 7. 

Whitfield, J.F., Perris, A.D. & Rixon, R.H. (1969) Stimulation of 

mitotic activity and the initiation of deoxyribonucleic acid 

synthesis by magnesium. J. Cell ‘Physiol. 74: 1-8. 

Whitfield, J.F., Perris, A.D., & Youdale, T. (1969) The calcium- 

mediated promotion of mitotic activity in rat thymocyte populations 

by growth hormone, parathyroid hormone and prolactin. 

Wie cell Physiol s973 203-21 2. 

Whitfield, J.F.,. Rixon, R-H., * MacManus; J.Ps& Balk, S.Du #01972) 

Calcium, cyclic AMP and the control of cell proliferation. 

HON eel Om Oso oi 

Whitfield, J.F., Rixon, R.H., Perris, A.D. & Youdale, T. (1969) 

Stimulation by calcium of the entry of thymic lymphocytes into 

the DNA synthesis phase of cell cycle. Exp. Cell Res. 57: 

8-12: 

Whitney, R.B. & Sutherland, R.M. (1972) Enhanced uptake of calcium by 

transforming lymphocytes. Cell Immunol. 5: 137-147. 

Whitney, R.B. & Sutherland, R.M. (1973) Characteristics of calcium 

accumulation by lymphocytes and alteration in the process induced 

by PHA. J.. Cell Physiol 8239-19. 

Wiesmann, W., Sinha, S. & Klah, S. (1977) Effects of ionophore A23187 

on base-line and vasopressin-stimulated sodium transport in the 

toad bladder. J. Clins Invest. 59: 418-425.



Wilbrandt, W. (1940) Die Abhdngigkeit der Ionenpermeabilitdt der 

Erythrozyten vom glycolytischen Stoffwechsel. Pflug. Arch. 

Gen. Physiol. 243: 519. 

Williams, R.J.P. (1974) Calcium ions: their ligands and their function. 

Biochem. Soc. Symp. 39: 133-138. 

Williams, R.J.P. (1976) Calcium chemistry and its relation to biological 

function. In 'Calcium in Biological Systems' pp. 1-17. Sab... 

Symposium XXX. 

Wilms, K. & Williams, W. (1969) Enzymatische Untersuchungen der DNS- 

synthese in PHA stimulierten Lymphocyten Kulturen. Klin. 

Wochenschrift. 47: 39-42. 

Wolff, D.J. & Brostrom, C.O. (1979) Proposed function of the calcium- 

dependent regulator protein. Adv. Cyclic Nuc. Res. 11: 27-88. 

Wolff, J. & Jones, A.B. (1971) The purification of bovine thyroid 

plasma membranes and the properties of membrane bound adenyl 

cyclase. Proc. natn. Acad. Sci. UsS.%. 65:454-459 

Wood, J.M. & Schwartz, A. (1978) Effects of ouabain on calcium 45 flux 

in guinea pig cardiac tissue. J. Molec. & Cell Cardiol. 10: 137-144. 

Yamagami, K. & Terayama, H. (1979) Ges binding sites in plasma membranes 

of rat liver and hepatoma cells and effect of concanavalin A on 

the cat binding sites and cellular uptake of Gan: 

Biochim. Biophys. Acta 558: 199-213. 

Yamamura, H., Nishiyamoto, K., Shimomura, R. & Nishizuka, Y. (1973) 

Comparison of catalytic units of muscle and liver cyclic AMP 

protein kinase. Biochem. 12: 856-862. 

Yankner, B.A. & Shooter, E.M. (1979) Nerve growth factor in the nucleus: 

interaction with receptors on the nuclear membrane. Proc. natn. 

Acad. Sci. U.S.A. 76: 1269-1273.



Yerna, M.J., Hartshorne, D.J. & Goldman, R.D. (1979) Isolation and 

characterization of BHK-21 cell modulator protein. Biochem. 

18: ° 673-678. 

Yoshida, H., Nagai, K., Kamei, M. & Nakagawa, Y. (1968) Irreversible 

inactivation of sodium and potassium dependent ATPase and 

potassium-dependent phosphatase by fluoride. Biochim. Biophys. 

Acta 150: 162-164. 

Youdale, T. & MacManus, J.P. (1975) Failure of tritiated thymidine 

incorporation to reflect the autoradiographically demonstrable 

calcium-induced increase in thymic lymphoblast DNA synthesis. 

J. Cell Physiol. 86: 495-502. 

Zapf, J., Rinderknecht, E..,« Humbel, R~E. & Froesch, E.R. (1978) 

Non-suppressible insulin-like activity from human serum, recent 

accomplishments and their physiological implications. Metab. 27: 

1803-1828. 

Zeilig. C. & Goldberg, N.D. (1977) Cell cycle related changes of cyclic 

GMP levels in Novikoff hepatoma cells. Proc... Nati. ACads:-SCl . 

U.S.A. 74: 1052-1056. 

“Zeilig, C.E., Johnson, R.A., Freedmen, D.L. & Sutherland, E.W. 

(1972) Cyclic AMP concentrations in synchronized HeLa cells. 

Ae te Bilole 59+. 2—-6a. 

Zick, Y., Cesla, R. & Shaltiel, S. (1979) Cyclic AMP dependent protein 

kinase from mouse thymocytes. J. Biol. Chem. 254: 879-887. 

Zonefrati, R.,  Tanind,.A;,.. Rotella,«@.7& Poccatondl, R. (1978) 

Effect of ionophore A23187 on cyclic AMP levels in isolated 

pituitary beer oe rat. In 'Molecular Biology and Pharmacology 

of Cyclic Nucleotides.' Eds. G. Falco & R. Paoletti, pp. 185-188. 

Elsevier.


