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INTRODUCTION 

This study examines the relation of cyclic nucleo

tide changes to initiation of cell proliferation in normal 

and tumor cells derived from mouse mammary glands. Intra

cellular adenosine 3 ' , 5 ' monophosphate (cyclic AMP) con

centrations rapidly declined and intracellular guanosine 

3 ' , 5 ' monophosphate (cyclic GMP) concentrations rapidly 

increased when cells arrested in the stationary phase of 

growth were stimulated to synthesize DNA and divide by the 

addition of fetal bovine serum to the growth medium. The 

cyclic AMP levels remained depressed during the first 60 

minutes after addition of serum , but the cyclic GMP con

centrations initially increased and then declined . These 

findings add to the evidence that cyclic nucleotides may 

mediate a mitogenic stimulus in untransformed cells , but 

the results do not suggest that regulation by cyclic nucleo

tides may be lost in transformed cells . 

It is important to study the transition from the 

resting to the proliferative state , because tumor cells 

and normal cells may differ in their requirements for initia

tion of DNA synthesis . Pardee maintains that the difference 

between normal cell growth and tumor cell growth is caused 

by biochemical events which only occur during the shift 

from quiescence to proliferation (1) . Cells which undergo 
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this change toward proliferation are considered to have 

crossed a critical barrier known as the restriction point. 

One theory of cancer states that tumor cells in some way 
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have become desensitized to such restriction point control . 

Whatever the biochemistry of the restriction point may be, 

it is tantamount to a decision on the part of the cell to 

start the complicated processes which lead to DNA synthesis 

long before actual replication of DNA begins (2) . Cells in 

culture from both normal and tumor sources cease to grow 

when they reach a characteristic density, which is generally 

higher for tumor cells than for normal cells . Cessation of 

growth is reversible and can be reinitiated by a variety of 

factors , including the presence of serum . Density inhibited 

cell cultures behave as if they were blocked at their re

striction points , and addition of serum causes them to pass 

the restriction point and prepare for DNA synthesis and cell 

division . Since the cells which were studied in this research 

were possibly crossing this barrier, the cell system offered 

the best promise of producing meaningful data on biochemical 

control of cell proliferation. 

There have been numerous reports that cyclic AMP and 

cyclic GMP may play important roles in growth regulation . 

In 1968 cyclic AMP attracted attention as a potential growth 

regulator due to reports by Burk (3) , who observed that 

chronic external exposure to cyclic AMP inhibited cell divi

sion in BHK cells, and by Ryan and Heidrick (4), who observed 

a similar mitotic inhibition by cyclic AMP in HeLa and L 



cells . The inhibitory effect of cyclic AMP was found to be 

reversible . Since that time , inhibition of cell division by 

exposure to cyclic AMP or its derivatives has been reported 
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in seven normal and sixteen malignant cell lines (5) . In 

addition , low levels of the cyclic adenine nucleotide were 

found in rapidly dividing cell lines, whereas higher concen

trations were observed in nonproliferating cells (6) . Studies 

with both mouse and human fibroblasts have suggested that a 

rise in intracellular cyclic AMP was a prerequisite for den

sity dependent growth inhibition (7) . Other laboratories , 

however , reported no correlation between cyclic AMP levels 

and growth regulation (8) . Cyclic GMP has also been implicated 

in normal cell growth regulation. In E . coli and mouse fibro

blasts cyclic GMP decreases accompany arrest of growth (9 , 10 , 

11) . For fibroblasts , an 80% decrease was reported (11) . 

Cyclic GMP increases have been implicated in growth stimula

tion . Increased cyclic GMP levels were reported in human peri

pheral lymphocytes stimulated by concanavalin A or phytohemag

glutinin and in 3T3 cells stimulated by the fibroblast growth 

factor of Gospodarowicz (12, 13). Cyclic GMP has also been 

related to chromosome modification through phosphorylation 

of acidic nuclear proteins in lymphocytes (14) . These proteins 

possibly regulate the expression of different regions of DNA . 

Further evidence which supported the importance of 

cyclic nucleotides as growth regulators came from reports that 

the neoplastic state was characterized by alterations in cyclic 
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nucleotide metabolism. Transformed cells were reported to 

have significantly lower cyclic AMP and higher cyclic GMP 

concentrations when compared to the untransformed cell lines 

from which they were derived (5, 10 , 11) . There have also 

been reports that addition of cyclic AMP to cells in culture 

can cause malignant cells to assume the morphology of non

malignant cells . In transformed Chinese hamster ovary cells, 

a change from random overlapping to parallel alignment was 

observed following addition of cyclic AMP (15). Addition of 

cyclic AMP to neuroblastoma cells caused the appearance of 

axons and other physical manifestations associated with non

malignant, differentiated neurons (16) . Johnson and Pastan 

observed that exposure of sarcoma and strain L cells to cyclic 

AMP caused these cells to appear more fibroblastic. However, 

a similar change was not seen when transformed cells of epi

thelial origin were exposed to cyclic N1P (17). Another line 

of reasoning suggested that '' factors intrinsic to the forma

tion of (cell) aggregates are involved in the spread of can

cer" (18) , and subsequent studies showed that cell aggregation, 

a property of many tumor cell lines and embryonic cells, was 

inhibited by cyclic AMP in a human breast tumor cell line . 

Croton oil contains the substance phorbol myristate acetate 

(PMA) , which functions as an epithelial tumor promoter accord

ing to the two stage carcinogenesis model described in 1941 by 

Berenblem (19) . It has been reported that PMA caused a 20- fold 

increase in cyclic GMP only 45 seconds after 3T3 cells were 

exposed to PMA . Cyclic GMP levels returned to basal values 
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by three minutes (20). Thus a carcinogen can function to in

crease intracellular cyclic GMP concentrations and may par

tially mediate its effects through this mechanism. Finally , 

in psoriasis , a disease characterized by excessive cell pro

liferation, it was found that cells in psoriatic lesions con

tained less cyclic AMP and more cyclic GMP than cells in normal 

epidermis (21). 

A special relationship between cyclic AMP and cyclic GMP 

was postulated by Goldberg in the "Dualism" or "Yin-Yang" 

hypothesis, which stated that "opposing actions of cyclic GMP 

and cyclic AMP are expressed in systems which are susceptible 

to both stimulatory and inhibitory controlling influences " (22). 

More directly , the hypothesis maintained that within the same 

cells , increases in cyclic GMP caused effects which were op

posite to the effects of increased cyclic &~ concentrations . 

Thus , as Goldberg expressed, " a reciprocal change in the levels 

of the two cyclic nucleotides should provide for maximum ex

pression of the incoming signal" (22). Observations that in

creased cyclic AMP inhibited and increased cyclic GMP promoted 

cell proliferation fit well within the framework of the Dualism 

Hypothesis. Seifert, Rudland, and Seeley maintained that the 

ratio of cyclic AMP to cyclic GMP was a "sensitive and reliable " 

indicator of the growth state of a cell (10). 

The advantages of studying the effects of serum, rather 

than another mitogen, are numerous . Paul reported that cyclic 

AMP metabolism was probably linked to serum factors {23), and 
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Oey , Vogel, and Pollack maintained that intracellular cyclic 

AMP concentrations were specifically dependent on the amount 

of serum in the growth medium (24). The addition of serum to 

cultured cells lowered cyclic AMP levels and stimulated cell 

growth, while the removal of serum caused the cessation of 

cell growth and a drastic increase in intracellular cyclic 

AMP concentrations (7 , 25). Moreover, it was known that a 

system which employed depletion and subsequent replenishment 

of serum factors induced cell populations to stop and then 

move through the restriction point (26). Perhaps the greatest 

advantage was that serum manipulation presented a convenient 

method of inducing either a quiescent or a proliferative cellu

lar state . Finally there have been reports which suggested 

that serum caused different effects on cyclic nucleotide levels 

in tumor cells compared to cells derived from normal tissue. 

Kram et al. detected a 60% elevation in cyclic AMP levels in 

cultured 3T3 fibroblasts which were deprived of serum but no 

change in the cyclic AMP concentrations in SV-40 transformed 

3T3 cells which were subjected to the same conditions (27) . 

Seifert and Rudland reported that in six fibroblast cell lines 

derived from Balb/C mice, Swiss mice , secondary mouse embryos, 

African green monkey kidney, and baby hamster kidney, cyclic 

AMP increased and cyclic GMP decreased during serum depriva

tion, but they detected no changes in cyclic nucleotide con

centrations when transformed cell lines were deprived of serum 

(26). Furthermore, when the serum deprived cultures were 
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stimulated to grow by addition of medium supplemented with 

increased fetal bovine serum, cyclic GMP increases and cyclic 

AMP decreases were observed in normal cell lines, but no changes 

were reported for transformed cell lines . It therefore seemed 

possible at the outset of this project that the effects of 

serum on cyclic nucleotides might be different in a mammary 

tumor cell line when compared to a line derived from normal 

mammary tissue . 

Changes in cyclic nucleotide concentrations have been 

measured in synchronized cell populations at different stages 

of the cell cycle . Intracellular cyclic AMP levels fluctuated 

rhythmically during the cell cycle (5) . Lowest levels were 

seen during mitosis , and elevated values were reported in Gl 

and in G2. Cyclic GMP levels in fibroblasts were constant 

during the cell cycle with the exception of a transient tenfold 

increase during Gl (26) . The cyclic GMP peak was accompanied 

by transient decreasing cyclic AMP concentrations (26) . Micro

fluorometric analysis of DNA content of cells arrested in the 

quiescent state by serum deprivation showed that cells derived 

from normal tissue became arrested in Gl . When the arrested 

cells were treated with serum , they moved through the Gl block 

in a synchronous fashion . The serum-induced changes in cyclic 

nucleotide concentration which were seen immediately after 

addition of serum were repeated exactly one generation time 

later in the (Gl) synchronous cultures (26). Strong and opti

mistic statements in connection with the Gl cyclic GMP peak 
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have been made, such as: " transient cyclic GMP increases are 

only associated with progression of cells through an early 

region of the G
0 

or Gl phase of the cell cycle" (26) . The 

cyclic GMP increase has been described as constituting "the 

underlying molecular mechanism at the restriction point of 

the cell cycle" (26) . Seifert and Rudland attributed the 

absence of cyclic GMP increases in transformed cells to the 

inability of transformed cells to become arrested in Gl . 

These authors seem to imply that if they had been able to in

troduce Gl blocks in transformed cells, a different cyclic 

GMP response would have been seen when the block was removed 

when compared to the untransformed cell response. Recently 

the influence of cyclic AMP has also been related to a specific 

time in Gl through the finding that the morphology of trans

formed cells can only be influenced by cyclic AMP during the 

Gl phase of the cell cycle (28) . I did not determine cell 

cycle stages in this work . However , synchronized cell studies 

were relevant to my investigation , since observations of tran

sient cyclic GMP increases would indicate that cells possibly 

were arrested in Gl . If the mammary cells derived from normal 

tissue behaved as untransformed fibroblasts did, the mammary 

cells would become arrested in Gl during serum deprivation . 

The main thrust of this research was to examine cyclic 

nucleotide changes during the transition of mouse mammary 

cells in culture from resting to growing cellular states . The 

project investigated the possibility that cyclic nucleotide 
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changes were early events in cells which were stimulated to 

initiate DNA synthesis . The great majority of the work which 

has been done in this particular area has dealt with fibro 

blast cell models. The cell lines used in this study were of 

epithelial origin . Furthermore, cells derived from a mammary 

adenocarcinoma were compared to cells derived from normal 

mammary tissue . Specifically , this research tested the hypoth

eses that 1) regulation by cyclic nucleotides is not intact 

or is bypassed in tumor cell lines , 2) that transformed cell s 

display elevated cyclic GMP and depressed cyclic AMP concen

trations, and finally 3) that the Dualism Hypothesis is a valid 

description of events during the initiation of cell prolifera

tion . 



MATERIALS AND METHODS 

A. Cell Culture 

The cell lines used in this research were generously 

supplied by Dr. Eugene Howard and his staff. One line , 

designated MCG- Tl4 , was derived from a transplanted mammary 

adenocarcinoma which was carried in Balb/C mice . This tumor 

was carried through 142 transplant generations before being 

put into primary culture. After several subcultures, the 

line MCG-Tl4 was derived, and from that line cloned cell lines 

were established. The second cell line which was investigated 

was derived from normal mammary tissue of an A+ virgin mouse . 

It was designated MCG- Vl4 and is most accurately considered 

a cell population of low malignancy rather than normal , because 

the effect of maintenance in vitro is a shift toward the trans

formed state , which is often manifested by the ability to grow 

in multilayers in culture and to form slow growing tumors when 

the cells are injected into a compatible host. The Vl4 line 

served as the best available approximation to a control system. 

On one occasion secondary mouse embryo fibroblasts were used 

as an additional normal model cell system. 

All cells were grown and subcultured according to the 

following methods. Cells were cultured without antibiotics 

in McCoy ' s medium SA supplemented with 5% fetal bovine serum 

(Grand Island Biological Company, Grand Island, New York) . 

10 
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9.62 cm2 and 75.0 cm2 plastic tissue culture dishes and flasks 

were used as growth vessels (Bioquest Company, Cockeysville , 

Maryland and Corning Scientific Products Division, Corning, 

New York) . Cells were incubated with 3.0 ml or 10 ml of media 

in a 95% air-S% C02 , humidified atmosphere at 37° C. After 

the cells reached confluence, the growth medium was removed, 

and the cultures were rinsed with 10 ml of a solution which 

contained in g/1 : 0.02 phenol red, 0 . 4 KCl, 0.35 NaHC0 3 , 8.0 

NaCl, 1.0 glucose, plus 0.05% (w/v) EDTA. After rinsing, 10 

ml of rinse solution supplemented with 0.05% (w/v) trypsin 

was added. Just as cells started to break off in clumps , which 

usually occurred within 30 seconds to 2 minutes, the majority 

of the trypsin solution was removed, and the cells were incu

bated at 37° C for 5 minutes with the remaining volume, which 

varied from 1 to 3 ml . The monolayer was removed and the cell 

aggregates were dispersed by pipetting. The cell suspension 

was then concentrated by centrifugation at 90 X g for three 

minutes , the trypsin solution removed , and the cell pellet 

suspended in McCoy ' s medium SA supplemented with fetal bovine 

serum. Routinely a 1:10 dilution of cells was made for sub

culture. 

Several series of experiments using both the Tl4 and Vl4 

lines were done to test the response of quiescent cultures to 

serum stimulation. Cells were removed from two or three con

fluent 75-cm2 flasks according to the described trypsinization 

procedure . The cell pellet was suspended in 50 ml of McCoy's 
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medium SA supplemented with S% (v/v) fetal bovine serum. Cells 

were counted on a hemocytometer, and then serum supplemented 

medium was added to make a final concentration of approxi-

mately 3 . 3 X 104 cells/ml . Three ml of the suspension were 

placed into several 9 . 62 cm2 tissue culture petri dishes at 

an initial cell density of 1 X 104 cells/cm2 . Plating effi

ciency varied between 70-SS%. Plating at this density allowed 

several population doublings to occur before the stationary 

phase was reached . Twenty-four hours after the initial seeding, 

the serum-rich medium was removed and replaced with McCoy ' s 

medium SA supplemented with 1% (v/v) fetal bovine serum. It 

was difficult to grow cells exclusively in 1% serum from the 

beginning , but the method of plating in S% serum supplemented 

medium and switching to 1% serum supplemented medium 24 hours 

later supported growth very well. It was the most rapid way 

of inducing the quiescent state in cells without substantial 

loss of viability . Each day two dishes were removed for cell 

counts and viability measurements. The contents of both dishes 

were pooled after the EDTA-trypsin treatment and were suspended 

in a known volume of medium. At least two aliquots were counted 

with a hemocytometer. Trypan blue dye exclusion was used as 

a test for viability with a minimum examination of 100 cells 

in each instance . The cultures were not fed again after addi

tion of 1% serum. The cells in 1% serum entered a quiescent 

or stationary state 4 to 6 days after plating . The arrested 

cultures were stimulated to additional cell division by replacing 
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the spent growth medium with fresh medium which contained 10% 

(v/v) fetal bovine serum. Typical growth curves from this 

type of experiment are shown in Figures 1 and 2 . Tl4 cells 

reached a level of saturation density approximately one order 

of magnitude over Vl4 cells . When the Tl4 and Vl4 cells were 

released from growth arrest , the cell populations approximately 

doubled. Cultures were processed for cyclic nucleotide esti

mations during the time immediately prior to refeeding and at 

5 , 10 , 20 , and 60 minutes after introduction of the 10% serum. 

B. Cyclic Nucleotide Estimations 

Replicate cultures (2-5 dishes) were analyzed at each 

time point . Since cyclic nucleotide concentrations can change 

in less than a minute in response to environmental changes , 

all manipulations were done as quickly as possible . First 

the growth medium was aspirated , and without rinsing , 3 ml of 

ice cold 5% trichloroacetic acid (TCA) was added for 5 minutes 

to cover the cell layer . Next 3H-cyclic AMP and 3H-cyclic GMP , 

purchased from Schwartz- Mann , were added to the TCA solution 

to measure recovery through the purification steps. HCl was 

added to a final concentration of 0.1 N after the TCA solution 

had been transferred to 15 ml conical tubes. The extraction 

and initial purification methods were fashioned after the 

techniques described by Kelly, Hall , and Butcher (29). Follow

ing transfer from culture dishes to tubes , each sample was 

extracted five times with two volumes of water saturated ether . 

After excess ether was boiled off , the solutions were evaporated 





Figure 1 Representa tive growth curve for Tl4 cells 
which were grown in 1% fetal bovine serum sup
plemen~McCoy ' slffiedium SA and stimulated--
after growth arrest by additiOn of 10% serum 
supplemented medium.--Dashed line-indicates 
cultures which were not 1ntrodUCed to an en
rlched serum enVIrOnm-ent. Cultures were prated 
at un1form density , and duplicate dishes were 
counted on successive days according to pro
cedures described under Materials and Methods 
sect1on . 
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Figure 2 Representative growth curve for Vl4 cells 
which were grown in 1% fetal bovine serum sup
plemen~medium and-stimulated after arre~ 
in stationary phase EY addition of 10% serum 
supplemented medium. Specifications ~ the 
same ~ for Figure 1. 
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to dryness on a Buchler Evapo-Mix. In order to purify and 

separate the cyclic nucleotides, 100 ~1 of distilled water 

was added to each tube, and the total volume was spotted on 

Whatman 3 MM paper . A standard solution containing cyclic 

AMP and cyclic GMP was spotted three times on each sheet so 

that quick visual estimations of separation could be made 

after the run by means of ultraviolet illumination and absorp-

tion. Descending chromatography for 18 hours was performed 

to separate the cyclic nucleotides. After the paper had dried, 

standards were examined to determine the distance cyclic AMP 

and cyclic GMP had moved down the paper. Then, parallel sec-

tions of the paper, where the unknowns had run, were cut out 

and cyclic nucleotides were eluted from the paper by three 

1.0 ml volumes of 50% ethanol. The eluate was dried on the 

Evapo-Mix as the final step before carrying out the actual 

cyclic nucleotide assays. 

A modification of the competitive binding assays developed 

by Gilman and by Brown et al. was used for cyclic AMP esti-

mations (30, 31). The binding of 3H-cyclic AMP to a cyclic 

AMP-dependent protein kinase formed the basis of the assay . 

Sensitivity was enhanced by the presence of a kinase inhibitor 

which increased the affinity of cyclic AMP for the enzyme. The 

protein kinase and the inhibitor, a heat stable protein, were 

prepared from fresh beef muscle and generously supplied by Dr. 

David Scott . A reaction mixture volume of 50 ~1 in 50 mM 

sodium acetate/acetic acid, pH 4.0 was incubated for at least 

60 minutes at 0° C. A standard curve based on at least six 
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different dilutions of cyclic AMP was derived for each assay . 

In addition to known or unknown quantities of cyclic AMP, the 

reaction mixture contained 3H-cyclic AMP, binding protein suf-

ficient to bind less than 30% of the nucleotide, and kinase 

inhibitor to promote maximal affinity. 3H- cyclic AMP was 

present at a concentration of 0.6 picomole per 50 ~1 as a 

saturating concentration so that addition of unlabeled cyclic 

AMP resulted in a linear decrease in total bound 3H-cyclic 

AMP . Reaction was stopped by addition of 0 . 6 ml of 20 mM 

KP04 , pH 6 . 0, which contained 0 . 615 mg/ml activated charcoal 

and 5 mg/ml bovine serum albumin . After centrifugation at 

2000 rpm for 15 minutes to remove unbound counts, the super-

natant was dissolved in an appropriate volume of scintillation 

fluid, which consisted of 33.3% (v/v) Triton X-100 (Rohm and 

Haas Company, Houston , Texas), 66.67% (v/v) Toluene, 8.25 

g/1 PPO, and 0.25 g/1 dimethyl POPOP. Radioactivity was measured 

with a Beckman model LS-230 liquid scintillation counter. The 

amount of cyclic nucleotide detected by the assay was divided 

by the recovery to estimate the total cyclic AMP per dish . Re-

sults were expressed as picomoles of cyclic AMP per mg protein . 

A modification of the radioimmunoassay described by 

Steiner et al . (32) was used for cyclic GMP estimations . In 

principle the method relied on the competition between labeled 

antigen (125I-succinyl-cyclic GMP tyrosine methyl ester) and 

unlabeled antigen (cyclic GMP) for a cyclic GMP specific anti-

body. The cyclic GMP-specific antibody and the labeled antigen 
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were purchased from Collaborative Research, Waltham, Mass. 

It was necessary to run a standard curve in each test. For 

convenience the reaction was run in plastic counting vials 

which could be placed directly into the Beckman Biogamma 

counter. A 200 ~1 volume of 50 mM Tris acetate buffer, pH 

7.5 was used for each sample. It was necessary to equili

brate known and unknown cyclic GMP aliquots with buffer for 

four hours at 4° c before addition of antibody and labeled 

antigen. After incubation at 4° C for 18 hours, human IgG 

was added as carrier, and the reaction was terminated by 

addition of 2.5 ml of 80% saturated ammonium sulfate . After 

centrifugation for 20 minutes at 2000 rpm , the supernatant 

was discarded , and the pellet was suspended in another 2.5 ml 

of ammonium sulfate , and recentrifuged. Then the supernatant 

was discarded and the vials were counted on the counter. 

C . Thymidine Incorporation 

Cell uptake and incorporation of 3H-thymidine into 

acid-insoluble material was measured after addition of serum 

to determine if the increase in cell number seen after serum 

stimulation of cell growth was accompanied by new DNA synthesis. 

One ~C of 3 H-thymidine was added to each culture dish for 1 

hour immediately before and 24 and 48 hours after addition of 

serum. The medium was removed, and after removal of the cells 

with trypsin , the cell suspension was centrifuged at 3000 rpm 

for 3 minutes. The supernatant was carefully removed, and a 

known volume, which varied between 2 to 8 ml, of 10% 
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fetal bovine serum- containing medium was added . Small aliquots 

were taken for counting of cells and measuring viability . 

The remaining suspension was recentrifuged and washed with 

5 ml of medium without serum. Following another low speed 

centrifugation , the pellet was suspended in 1.0 ml of cold 

medium without serum, to which 10 . 0 ml of ice cold 5% TCA was 

added . After 10 minutes on ice , the tubes were spun at 10 , 000 

X g for 10 minutes . This step was repeated twice, with care

ful attention given to completely resuspending the pellet 

during each wash. The last wash was done in 95% ethanol, and 

was followed by a step during which the pellets were allowed 

to air dry . In the final stage , acid hydrolysis was carried 

out for 15 minutes at 90° C in 2 ml of 5% TCA. After centri

fugation of the hydrolysate at 10 , 000 X g for 10 minutes , 1.0 

ml of the cleared supernatant was counted on the Beckman model 

LS- 230 scintillation counter. 

Protein determinations were performed according to the 

Lowry method (33) . The samples were prepared for analysis 

by adding 0 . 3 ml of 0.3 N NaOH to cell monolayers which had 

been first extracted with TCA . When the TCA precipitate was 

solubilized , the resulting solution was carefully removed, 

and the dishes were rinsed with 0 . 3 N NaOH. The combined 

sol utions were neutralized with 0 . 3 N HCl , and then protein 

determinations were done using bovine serum albumin as a 

standard. 



RESULTS 

A. Preliminary Studies 

Initial experiments were designed to define the growth 

characteristics of the Tl4 cell line and the relationship 

between cell density and cyclic AMP concentrations. Initial 

studies also included measurement of incorporation of 3H

thymidine in growing , stationary, and serum activated cells . 

These preliminary studies also included the collection of data 

on cyclic AMP content in growth media to determine if patterns 

of medium cyclic AMP changes were related to cell growth 

characteristics. Data for cyclic GMP are not included, since 

the assay was still being developed at the time these first 

studies were done. 

Figure 3 shows the averaged results of three early ex

periments on the growth characteristics of the Tl4 cell line 

in medium which contained 10% serum . In these initial studies, 

cultures were fed every other day. The growth pattern was 

remarkably repeatable in this and in all subsequent studies. 

Exponential growth occurred until the cells reached a density 

of approximately 3.0 X 10 5 cells/cm2. Figure 4 shows a repre

sentative experiment on the Tl4 line in which the effects of 

growing cells in different serum concentrations and of adding 

serum to quiescent cultures were examined. Lowering the serum 

concentration from 10% to 5% did not significantly alter the 

growth characteristics of the Tl4 cells, but the growth of 

22 





Figure 3 Growth curve of Tl4 cells in McCoy ' s medium 
SA supplemented with 10% fetal bovine serum. 
Medium was replaced every ~hours , and cells 
were removed and counted a7cording to methods 
described in the text . Po1nts represent averages 
from three separate experiments . 
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Figure 4 Tl4 growth curve in 5% and 1% serum 
supplemented medium . -severar-9~2 cm2 
tissue culture petri dishes were plated 
at uniform density . After ~hours , half 
were fed with ~ serum supplemented medium 
and half were fed with 1% serum supplemented 
medium. Medium was replaced every ~ hours 
thereafter. Duplicate dishes from both groups 
were counted according to methods described in 
the text. On day g half of the remaining 
cultures which were in 1% serum supplemented 
medium ~ fed with ~ serum supplemented 
medium . McCoy ' s medium SA~ used through
out the study . 

5% : · ----------------

1%: 0--------------o 

Stationary cultures after shift from 
1% to 5% : - - - - - - - -



(\J 

~ 
u 
....... 

C/1 

Q) 

u 

Figure 4 

••--.. • 5°/o 
a--a 1°/o 

T 14 

~-- .. Shift From l0k To 5o/o 

2 3 4 5 6 7 8 9 10 II 12 13 14 

Days After Platrng 



27 

cells cultured in medium which contained 1% serum plateaued 

at a lower density. The graph also shows the effect on cell 

number of increasing the serum concentration in stationary 

cultures from 1% to 5%. Cultures in medium supplemented 

with 1% serum stopped dividing on day 10 at a density of 2.0 

X 10 5 cells/cm2 but were stimulated to additional cell division 

on day 12 by increasing the serum concentration of the growth 

medium to 5% . 

In initial experiments, cyclic AMP was measured daily 

in Tl4 cells until viability dropped below 75%. Depending 

on initial plating density , the experiments lasted from 10 

to 14 days. Serum effects were also investigated, and in 

most cases the medium was examined for cyclic AMP content. 

Table 1 shows results from five different experiments during 

successive days of logarithmic growth. The data show that 

cyclic AMP concentrations decreased during progression of Tl4 

cells through the log phase. The data also show that as serum 

concentration was decreased, cellular cyclic AMP content in

creased. vllien cyclic AMP was measured in the medium, there 

was considerable variance in the data obtained in replicate 

experiments. However , in all cases the medium contained more 

total cyclic AMP than the cells . An interesting finding dur

ing this phase of the project was that the amount of protein 

per cell did not vary linearly with cell number. Figure 5 

displays differences in mg protein per cell as a function of 

cell density . The amount of protein per cell decreased as 

cell number increased . This pattern was repeatedly observed 



Table 1 

Cyclic AMP Concentrations during Jarly Day~ of Tl4 Growth 
Tl4 cAMP (picomoles mg prote1n) 

Day 
After 

Plating 

1 

3 

4 

7 

10% 

78 . 2 

26.0 

25 . 0 

13.6 

Serum Concentration 

10% 5% 5% 1% 

43.8 153 230 

11.6 132 199 883 

6 . 4 100 167 366 

64.3 96 . 4 298 
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Table 1 - Intracellular cyclic AMP concentrations , ex
pressed as picomoles per mg protein , in Tl4 cel l s 
during early days of growth in McCoy ' s medium SA 
supplemented with 1%, 5% , or 10% fetal bovine serum. 
Cells were plated at densities between 5-9 X 103 cells/ 
cm2 and were fed with fresh medium every 48 hours . 
Numbers are averages of values obtained from two 
dishes . 





Figure 5 ~ protein per cell ~ a function of cell 
density in Tl4 cell line is shown. Values 
were derived from one experiment in wh1ch several 
9.62 cm2 tissue culture petri dishes were plated 
at unifOrm cell density in McCoy ' s medium SA sup
plemented with 10% fetal bovine serum . Cultures 
were fed every ~ hours. On subsequent days of 
growth two dishes were examined for cell number 
~ two were analyzed for protein content accord-
1ng to the Lowry method. Similar plots ~ ob
tained in two other Tl4 studies. 
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and was interpreted as a reflection of decreasing cell size 

as cultures became more and more crowded . 
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Figure 6 shows 3H- thymidine incorporation into acid 

insoluble material, expressed as counts per minute per cell , 

by Tl4 cells as a function of cell density . As can be seen, 

incorporation was high in sparse cultures which were growing 

rapidly and low in dense cultures which were no longer grow

ing . Table 2 shows the effect of addition of serum to sta

tionary cultures on the uptake of 3H- thyrnidine by Tl4 and Vl4 

cells . In both cell lines large increases in the rate of 

thymidine incorporation into DNA were seen 24 hours after 

addition of serum. The increase over basal values , i . e ., in

corporation in stationary cultures before addition of serum , 

was most pronounced in the cells derived from normal tissue 

(Vl4) . Possibly a greater percentage of Vl4 cells became 

arrested in Gl during conditions of serum deprivation . This 

finding has been reported for untransformed fibroblasts (1 , 5 , 

6) . From the basis of reports on transformed fibroblasts, Tl4 

cells would become arrested at random points in Gl , G2 , and 

s . Twenty-four hours after release from growth arrest , more 

Vl4 cells than Tl4 cells were expected to be in the S phase 

of the cell cycle, and consequently one would predict a greater 

uptake of tritiated thymidine per cell in Vl4 cultures at this 

time . 

Another goal of this project was to compare cells de

rived from normal and tumor tissue with respect to their re

lative cyclic AMP and cyclic GMP content in stationary phase. 





Figure 6 Incorporation of 3H-thymidine into acid 
insoluble material as a function of cell num
ber during differentdays of the growthcurve 
in Tl4 cells. Several dishes ~ plated at 
uniform low density and processed on subse
quent days of growth . Dishes contained 3.0 
ml of McCoy ' s medium SA supplemented with 10% 
fetal bovine serum. Cultures ~ fed every 
48 hours. Cultures were 1ncubated for 60 
minutes with 1 ~C 3H=tfiYmidine and examined 
~ 1ncorporation into acid insOlUble mater-
1al as described in the text. 
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Table 2 

3H-thymidine Incorporation in Tl4 and Vl4 Cells During 
Serum Addition EX;Periment5 

Hours After 
Serum Addition 

Tl4 0 

Tl4 24 

Vl4 0 

Vl4 24 

CPM (CPM/cell) X 10-3 

6,247 1. 36 

12,142 2.54 

5,377 3.73 

21,887 21.03 

Table 2 - 3H-thymidine incorporation into acid insoluble 
counts, expressed as counts per minute (CPM) and 
cpm/cellin stationary phase Tl4 and Vl4 cells be
fore (0 time) and 24 hours after shift from 1% to 
10% serum supplemented medium. 1 ~C of 3H- thymi
dine was added to each culture dish and incubated 
for 60 minutes and processed as described under 
Materials and Methods. Dishes also contained 3 . 0 
ml McCoy's medium SA. Values are averages of 
three experiments for Tl4 cells and two experiments 
for Vl4 cells. 

34 



35 

Table 3 shows the averages for all dishes before addition of 

serum-enriched medium . These figures supported the popular 

notion that transformed cell lines (Tl4) , in general, contain 

higher cyclic GMP and lower cyclic AMP levels than do cells 

derived from normal tissues (Vl4). 

B. Cyclic Nucleotide Response to Serum 

The greatest r esearch effort was made to study cyc l ic 

nucleotide responses in quiescent, serum- deprived cultures 

immediately before and after replenishment of serum factors. 

Measurements of cyclic nucleotide levels in Tl4 and Vl4 cells 

were characterized by considerable variability in the absolute 

values obtained in different experiments . However , the values 

obtained within a given experiment were comparable in magni

tude . An illustration of this phenomenon, which has also 

plagued other investigators (34) , is shown in Table 4, where 

Tl4 cyclic AMP and Vl4 cyclic GMP levels in quiescent cultures 

are presented. The figures are averages for different experi 

ments , and in some cases the values within a given experiment 

were unusually high. The unusual aspect of such findings was 

that the high values were found throughout all subsequent time 

points after addition of serum in those particular experiments . 

It was only by persistently repeating experiments while taking 

multiple samples at each time point that reliable results were 

produced. To compare experiments and identify repeatable 

trends, normalized data were used . Cyclic nucleotide content 



Table 3 

Stationary Phase Cyclic Nucleotide Concentrations 
in Tl4 and Vl4 Cells 

Tl4 cAMP Vl4 cAMP Tl4 cGMP Vl4 cGMP 

39.75 + 6.9 104 . 5 + 14.8 41.2 + 13 . 7 14 . 1 + 1. 5 

N = 9 N = 17 N = 14 N = 19 

Table 3 - Intracellular cyclic AMP and cyclic GMP con
centrations , expressed as picomoles per mg protein , 
in Tl4 and Vl4 stationary phase cultures which were 
grown in McCoy ' s medium SA supplemented with 1% 
fetal bovine serum. N is the number of dishes which 
were examined for cyclic nucleotide content according 
to described procedures. Values represent averages 
from all experiments plus or minus the standard error 
of the mean . 
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Table 4 

Exemplary Cyclic Nucleotide Variation Among Experiments 

Tl4 cAMP Vl4 cGMP 
(picomoles/mg) (picomoles/mg) 

N N 

56.8 2 17.9 9 

45 . 3 3 0.91 2 

27.3 4 10.96 4 

354.0 3 456 2 

15 . 2 4 

331.7 3 

Table 4 - Exemplary variation of intracellular cyclic nu
cleotide concentrations among different sets of 
stationary cultures of Tl4 and Vl4 cells . Different 
groups of cells were grown to the stationary phase 
of growth in McCoy ' s medium SA which was supplemented 
with 1% fetal bovine serum. Tl4 cyclic AMP and Vl4 
cyclic GMP levels are expressed as picomoles per mg 
protein and were estimated according to procedures 
which were described under Materials and Methods. N 
indicates the number of dishes from each experiment, 
and cyclic nucleotide concentrations for each dish 
within a given set were averaged to determine the 
listed concentrations. 

37 
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before addition of serum was designated 100 , and values at 

other times were recorded as percent of the initial , or con

trol value . For example, an initial change from 5 to 10 

picomoles per mg protein would be reported as a change from 

100 to 200 . Results of all experiments on both cell lines 

are shown in Figures 7- 10 . Points represent averaged nor

malized data from all individual determinations at a given 

time point . For example , an experiment which examined four 

dishes at each time point contributed twice as much data to 

the final normalized average as did a study which measured 

two dishes at each point. The normalized and raw data , ex

pressed as picomoles/mg protein, for separate experiments are 

presented in Table 5 . Figure 7 depicts the cyclic GMP response 

for Vl4 cells. At 5 and 20 minutes fourfold elevations in 

intracellular cyclic GMP concentrations were observed, and 

levels slightly declined by 60 minutes. Greatest variation 

was seen in this particular response, and among all experiments 

the cyclic GMP peak in Vl4 cells was found at either 5 , 10 , or 

20 minutes . However , Vl4 cyclic GMP levels increased by at 

least three fold in 4 out of 5 experiments . Figure 8 shows 

the cyclic AMP response to serum addition in Vl4 cultures . 

Decreases of 40% were apparent by 5 minutes , and the levels 

remained depressed at 20 and 60 minutes. The cyclic GMP 

response in Tl4 cells is shown in Figure 9 . Cyclic GMP levels 

were elevated by twofold at 5 minutes, fivefold at 10 minutes, 

threefold at 20 minutes , and had returned to initial level by 





Figure 7 Kinetics of cyclic GMP response to serum 
addition to stationary cultures (3.5 X 104 
cells/cm2 ) of Vl4 cells . As described under 
Materials and Methods, the-cultures had been 
mainta1ned for several days in 1% serum befOre 
sh1ft1ng ~' at ~ time, serum concentration 
to 10%. Zero time point represents value be
fore serum-additiOn, and subsequent points are 
expressed as percent of this initial , or con
trol, value. Points are averages of normalized 
valUes from five experiments , and ~is defined 
as the total number of dishes from all experi
ments at respective time points. Range indicates 
plus ~ minus the standard error of the mean . 
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Figure 8 Kinetics of cyclic AMP response to serum 
addition to stationary CUltures of vii cells. 
Legend details~ the same ~for Figure 7. 
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Figure 9 Kinetics of cyclic GMP response to serum 
addition to stationary cultures (3.5 X 105 
cells/cm2) of Tl4 cells. Specifications are 
the same as for Figure 7 . 
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Figure 10 Kinetics of cyclic AMP response to serum 
addition to stationary cultures of Tl4 cells . 
Specifications are the same as for Figure 7. 
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Table 5 Summary of ten individual experiments on 
quiescent cultures of Tl4 and Vl4 cells be
fore (0 minutes) an~atter-serum-additio~ 
NUmbers are averages of mul~1ple d1shes within 
separate experiments. Cycl1c AMP values ~ 
shown on the left and cyclic GMP on the right. 
Top half of table presents normalized data, 
and lower portion shows data expressed as 
picomoles per ~ protein. 
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Table 5 

Surnrnar:t: of All Serum Addition Ex12eriments 

Normal Cyclic AMP Cyclic GMP 
Data 

Minutes Minutes 
0 5 10 20 60 0 5 10 20 60 

% of Control 

Tl4 I 100 81.7 28.8 96 . 7 100 

Tl4 II 100 42.6 76 . 4 100 277 136 100 

Tl4 III 100 51.9 50 . 2 32 . 8 47 . 6 100 614 439 117 

Tl4 IV 100 79.2 60 . 6 74.1 64.7 100 211 580 317 113 

Tl4 v 100 368 74 

Vl4 I 100 137 147 87.5 

Vl4 II 100 76 . 4 44 . 8 96 . 8 49.8 100 134 52 441 109 

Vl4 III 100 297 194 122 286 

Vl4 IV 100 60.5 118 73 . 0 78 100 438 8545 394 780 

Vl4 V 100 48.1 48.3 67 . 5 100 608 770 236 

Raw Data Em/mg 
(pm/mg) 
Tl4 I 56.3 46 . 0 16.2 54.4 23.1 7 . 5 120 24.7 

Tl4 II 354 151 269 68.7 190 93.5 

Tl4 m 45 . 3 20.6 19.9 13 . 0 18.9 80 . 1 491 351 93 . 2 

Tl4 IV 27.3 21.6 16.5 20 . 2 17.6 19.2 40 . 5 111 . 3 60 . 8 21.7 

Tl4 V 10.1 37 . 3 7.5 

Vl4 I 456 625 665 401 

Vl4 II 203 164 91.2 197 101 332 445 1465 363 

Vl4 III 15.2 56.6 36.8 23.3 54.1 

Vl4 IV 20 . 4 5 . 3 24.1 14.9 15.9 0 . 90 3 . 5 75.7 3 . 53 7.04 

Vl4 v 146 70 . 3 70 . 6 98 . 810.96 66.8 84.4 25.9 



60 minutes. Tl4 cyclic GMP concentrations increased trans

iently by at least 3 . 5 fold in 4 out of 5 experiments. 
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Figure 10 shows the Tl4 cyclic AMP response to serum addition. 

Cyclic AMP concentrations were 40% below initial level at 10, 

20, and 60 minutes. Cyclic AMP decreases of 40% or more were 

observed at one or more time points in 4 out of 4 experiments . 

The most significant findings were that cyclic AMP decreased 

in both cell lines and that cyclic GMP transiently increased 

in both cells lines during the 60 minute interval after arrested 

cultures were shifted from medium which contained 1% fetal 

bovine serum to medium which contained 10% fetal bovine serum. 

The averaged data, as shown in Figures 7-10, suggested that 

in the Vl4 cells, cyclic AMP decreased and cyclic GMP increased 

5 minutes sooner than did Tl4 cells. Both cell lines responded 

to serum addition with a 40% drop in cyclic AMP. The cyclic 

AMP concentrations did not return to baseline values during 

the 60 minutes after addition of serum. Approximately a 4.5 

fold increase in cyclic GMP concentrations was observed. The 

cyclic GMP levels in Vl4 cells appeared to remain somewhat 

elevated throughout the time interval which was studied. 

In most normal tissues cyclic GMP is found at a much 

lower concentration than is cyclic AMP, and in malignant tis

sues there may be a different ratio. A comparison of the ratio 

of cyclic AMP to cyclic GMP measured in stationary cultures 

between a high malignant and a low malignant mammary cell line 

supports this idea. Due to both lower cyclic AMP and higher 

cyclic GMP levels, the cyclic A/G ratio in Tl4 cells is much 
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below that of Vl4 cells . Invariably there is a decrease 

followed by an increase in the ratio of cyclic AMP to cyclic 

GMP after arrested cultures are stimulated by serum . As 

shown in Figure 11 , after serum stimulation a greater than 

85% drop in the ratio was repeatably found in both cell lines, 

and at 60 minutes the ratio appeared to be increasing . 

C . Control Experiments 

Experiments were performed to identify potential sources 

of variability in the data . At one point it was thought that 

perhaps the time of extraction with cold 5% TCA might be an 

important source of variability . To test this hypothesis , 

the following experiment was done . A set of Vl4 cultures were 

plated and treated exactly as in the serum stimulation studies . 

The stationary cultures in 1% medium were studied to find out 

if time of extraction with TCA or volume of TCA used for ex

traction was a factor which could contribute to variability 

in the data. Nine combinations of time and volume were studied , 

and at each condition three dishes were taken. That is , dishes 

were extracted with 3 . 0 ml TCA for 5, 15, and 30 minutes, with 

6.0 ml for 5, 15 , and 30 minutes and with 9 . 0 ml for the same 

times . As shown in Table 6, there were no great differences 

in amounts of cyclic nucleotide extracted by the different 

combinations, and the results suggested that extraction with 

3 . 0 ml for 5 minutes was an adequate method and not a source 

of major variability . 

A complete study of cyclic nucleotide changes in dense 

cultures of mouse embryo fibroblasts following increasing serum 





Figure 11 Cyclic AMP/cyclic GMP ratios in Tl4 and 
Vl4 cells before (0 time point) and after 
stat1onary cultures were switched ~ 1% 
fetal bovine serum supplemented med1um to 
10% fetal bovine serum supplemented medium. 
Values are expressed as percent of control 
value before shift ~ in serum concentration. 
Tl4 plot represents averages of experiments 
II, III , and IV; Vl4 plot represents averages 
of experiments IV and V. 
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Vol. 
TCA 

3 ml 

6 ml 

9 ml 

+ 

+ 

+ -

Table 6 

Effects of TCA Volume and Extraction Time on Cyclic 
-- --- Nucleotide Estimations----

Intracellular Cyclic AMP 
(pm/dish) 

Intracellular Cyclic GMP 
(pm/dish) 

5 I 15 ' 

11.45 14.33 

4.84 + 2 . 41 

21.81 16.62 
6.63 + 4 . 2 

15 . 44 22.65 
5 . 98 + 2.35 

Time of Extraction 
30 I 5 1 

12 . 93 

+ 1. 68 

12.9 

10.82 
+ 1. 61 

8.48 

+ 1. 04 

5.88 
+ 1. 25 

6.25 
+ 2.0 

15 ' 30 ' 

4.43 4.60 

+ .92 + .73 - -

4.71 5 . 13 
+0.34 + 0.98 

6.51 5.62 
+ 1. 71 + 0.27 

Table 6 - Results of control experiment on stationary cultures of Vl4 cells 
which were grown to saturation density in McCoy ' s medium SA supple
mented with 1% fetal bovine serum. The experiment tested for effects 
of volume of ice cold 5% TCA which was used to extract cyclic nucleo
tides and of duration of extraction. Nine combinations of varying 
volumes and times were examined. Each number is an average of three 
cultures and is expressed as total picomoles of cyclic AMP or cyclic 
GMP per dish, plus or minus the standard error of the mean. 

V1 
w 
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concentration was done . Since several papers had been pub

lished on the cyclic nucleotide response to serum in quiescent 

mouse fibroblasts and had reported transient tenfold cyclic 

GMP increases and a greater than 50% reduction in cyclic 

AMP content , results could be predicted with some confidence . 

An additional rationale was that agreement with the litera

ture findings would , by implication , suggest that the extrac

tion and assay methods were satisfactory. With the exception 

of one high point for cyclic GMP at 60 minutes , the changes 

did follow the predicted pattern of cyclic AMP decreases and 

transient cyclic GMP increases , as is shown in Figure 12 . 

However , the cyclic GMP increase was not tenfold but rather 

was about fourfold , as had been found in Tl4 and Vl4 cells . 

The cyclic AMP/cyclic GMP ratio again dropped by 85% and was 

3 . 05, 0 . 47 , 0.63 , and 0 . 79 respectively at 0, 5 , 10 , and 20 

minutes. 

A third control experiment was performed to test for 

the presence of cyclic nucleotides and possible phosphodies

terase activity in McCoy ' s medium SA and fetal bovine serum. 

Petri dishes which contained 1% McCoy ' s medium SA but no cells 

were incubated for three days , and then several 1 . 0 ml samples 

were taken for the zero time point . Next, 0 . 33 ml of fetal 

bovine serum were added to the remaining dishes , which were 

processed after 5 , 10, 20 , and 60 minutes of incubation. 

Approximately 80 picomoles per ml of cyclic AMP were detected 

at all time points , and 3.0 picomoles per ml of cyclic GMP 





Figure 12 Standardized cyclic AMP and cyclic GMP 
response of quiescent secondary.mouse embryo 
f1broblast cultures before (~ t1me point) and 
after addition of McCoy ' s medium SA which con
ta1ned 10% (v/v) fetal bovine serum. Each 
~oint represents ~ average value obtained 

rom four dishes 1n one experiment . Cell cul
tures were extracted , purified, and assayed as 
described under Materials and Methods section . 
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were measured at all times . Thus the medium appeared to 

contain considerable amounts of both cyclic nucleotides but 

no apparent phosphodiesterase activity. 

D. Medium Studies 

57 

In six experiments data were collected on cyclic nucleo

tide content of the medium and the cells to examine possible 

relationships between extracellular and intracellular cyclic 

nucleotide fluctuations after addition of serum. The tradi

tional viewpoint has been that an intracellular pattern of 

change in cyclic nucleotide content is accompanied by a par

allel extracellular change. This was found to be the case in 

some instances, in which the medium cyclic nucleotide fluctua

tions coincided in the same direction and at the same time as 

intracellular changes. Most published reports discuss only 

cellular cyclic nucleotide concentrations , but on occasion a 

writer may mention that if an expected change in cellular 

cyclic nucleotide levels does not occur , the response con

ceivably could appear in the medium . Some data collected in 

this study suggested that this indeed could happen. On one 

occasion during examination of the serum response, cyclic GMP 

was only slightly elevated at 10 minutes after addition of 

serum, but the medium cyclic GMP concentration increased by 

twofold between 5 and 10 minutes after serum addition . In the 

mouse embryo fibroblast study , medium cyclic GMP was transiently 

elevated over tenfold compared to the cellular fourfold increase . 

In addition, in two separate studies , serum did not cause 
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cellular cyclic AMP levels to decline, but the cyclic AMP 

content in the medium dropped by 60 and 70 percent . Another 

observation of an expected cellular change which was instead 

detected in the medium was made during initial studies on 

cyclic AMP levels in relation to cell density in Tl4 cells . 

Other reports had indicated that stationary cell cultures 

often displayed elevated cyclic AMP concentrations , and this 

result was found in one preliminary experiment . In a sub

sequent study , however, the intracellular cyclic AMP content 

did not appreciably change during the plateau phase , but 

cyclic aMP levels in the medium increased 5 , 9 , and 14 fold 

over early log phase levels on successive days as the cultures 

entered the stationary phase and remained elevated throughout 

the plateau. Other medium data suggested that cyclic AMP 

and cyclic GMP could be transported out of cells, since in 

two experiments the amount of both cyclic nucleotides gradually 

increased in the medium during the first 60 minutes after serum 

addition . Analysis of the data from several experiments in 

which extra and intracellular cyclic nucleotide concentrations 

were measured indicated a reciprocal pattern of changes in 

cells and in the medium . That is , if cyclic AMP concentrations 

were increasing in the medium, then intracellular cyclic GMP 

concentrations were generally decreasing . If medium cyclic 

AMP values were decreasing, cyclic GMP levels in the cells 

tended to increase . A similar inverse correlation was found 

between medium cyclic GMP and cellular cyclic AMP (see Figure 

13) . For all points the relationship was found 73 . 5% of the 





Figure 13 Intracellular and extracellular cyclic nu
cleotide content in secondary mouse embryo fibro
blast cultures before (0 minutes) and after addi
t1on of serum to stationary phase cells . MediUm 
values, as shown in solid bars , ~ expressed as 
cyclic nucleotide content in picomoles per ml . 
Intracellular levels are expressed ~ total pice
moles per dish . ~ comparing the changes between 
t1me points , the reciprocal correlation which is 
described in the text is illustrated . The pat
tern was also found in mammary cell experiments. 
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time . Possible implications of this observation will be con

sidered below. 



DISCUSSION 

The major finding of this research was that a transient 

increase in intracellular cyclic GMP concentration and a de

crease in intracellular cyclic AMP concentration occurred 

in mouse mammary cell lines with both a high and a low degree 

of malignancy after the serum concentration was increased in 

quiescent cultures . At the time this project was begun, re

ciprocal cyclic nucleotide fluctuations had not been reported , 

to my knowledge, for transformed cell lines . During the course 

of this investigation , however , early cyclic GMP peaks and 

cyclic AMP troughs in transformed cells after a switch from 

low to high serum concentration were reported by the Belgian 

investigators Moens , Vohan, and Kram (11). Their primary 

goal was to establish serum and density effects as two dis

tinctly different kinds of regulation in culture . In the 

Moens report, transformed fibroblasts displayed growth arrest 

at high cell density, and when the cyclic nucleotide response 

to serum was studied at saturating cell densities, transient 

tenfold cyclic GMP increases and a greater than 50% drop in 

cyclic AMP content were observed . Reports from other labora

tories (10 , 26) which described no changes in cyclic nucleotide 

concentrations after serum addition to transformed cells were 

based on studies which were done when cells had just achieved 

confluence rather than at saturating cell densities . It seems 

62 
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possible that the response was not detected because the trans

formed cells were not permitted to reach their maximum den

sity . Indeed there is a reluctance among some investigators 

to acknowledge a stationary phase of growth in transformed 

cells . This seems to stem from a semantic confusion concern

ing the description of dense cultures of transformed cells . 

Recently the term '' contact inhibition" was dropped in favor 

of the expression '' density-dependent inhibition of growth , " 

but the perspective that tumor cells did not contact inhibit , 

which was a valid statement , has improperly been expanded to 

the thinking that tumor cells did not display density depen

dent inhibition of growth, which was an invalid assumption . 

In my experiments , serum depletion was used in addition to 

density restriction as a means to induce growth arrest , and 

it was possible to maintain stationary cultures for as long as 

6 days without substantial loss of viability . Other investi

gators have also reported density inhibition of growth in 

tumor lines (35) . Finally , transformed cells often grow 

through confluency at a logarithmic rate , and if a comparison 

to normal cell models is made at this point , the best compari

son from the perspective of growth characteristics would be 

made to untransformed cultures in the log phase rather than 

at confluency. Studies of this type constitute one research 

direction which could be developed as an extension of data 

collected in this thesis research. 

This research strengthens the hypothesis that cyclic 

nucleotides possess growth regulatory properties, and it raises 
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doubts that the cyclic nucleotide control system is not in

tact or is bypassed in all tumor cells , at least in the con

trol of initiation of DNA synthesis . The data suggested that 

cyclic GMP increases and cyclic AMP decreases possibly func

tioned as signals for initiation of cell proliferation. The 

tacit assumptions are made that causes must precede effects , 

and that if early biochemical changes are repeatedly correlated 

with subsequent events such as DNA synthesis , a causal rela

tionship between the two events may exist . Given the nature 

of the data which was obtained , perhaps the strongest state

ment one can make is that the theory that cyclic nucleotides 

regulate the transition from quiescence to proliferation is 

not refuted . However, the data do not indicate that cyclic 

nucleotide control mechanisms constitute the fundamental lesion 

at the restriction point in all tumor cells . It rather sug

gests that cyclic nucleotide regulation is exerted to some 

degree in tumor cells as well as in cells derived from normal 

tissue . The view of malignancy as a partial rather than a 

total escape from growth inhibition with a continuous variation 

from low to high malignancy is accomodated by these findings . 

Cyclic GMP increased in Tl4 and Vl4 cells but not to the same 

extent as had been reported for untransformed cells. Whether 

fewer tumor cells became arrested at the restriction point or 

whether the cyclic GMP response was fundamentally less in tumor 

cells at the restriction point could not be determined without 

cell cycle analysis, which was beyond the scope of this project . 
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Whichever viewpoint is correct , some cyclic nucleotide regula

tion exists in Tl4 and Vl4 cells, and since no substantial 

differences in the pattern of cyclic nucleotide fluctuations 

after serum addition are found between the high and low malig

nant lines , it seems unlikely that such regulation constitutes 

a fundamental restriction point lesion in these cells . The 

rise in intracellular cyclic GMP and fall in intracellular 

cyclic AMP are perhaps best viewed as one event at the restric

tion point rather than the only event which defines it . 

The mechanism by which cyclic AMP concentrations decline 

and cyclic GMP concentrations increase when quiescent cells 

are stimulated by serum was largely a matter of intelligent 

speculation until recently . Pledger, Thompson , and Strada 

studied cyclic nucleotide phosphodiesterase activity in 

quiescent BHK cells during the first 60 minutes after exposure 

to fresh serum and found increases in activity for the cyclic 

AMP enzyme and decreases in the cyclic GMP enzyme. For cyclic 

AMP , the change in enzyme activity was not due to new protein 

synthesis but rather was attributed to altered substrate 

affinity, with the Krn decreasing by fivefold {36). The French 

workers Lawrence and Jullien published the interesting find

ing that quiescent secondary cultures of chick embryo fibro

blasts could be stimulated to DNA synthesis and cell multi

plication by mere addition of cyclic AMP phosphodiesterase 

{37) . They explicitly state the contention that alterations 

in cyclic nucleotide concentrations are the cause rather than 
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the consequence of the switch from quiescence to prolifera

tion. However , only a 33-50% increase in cell number was seen 

in their study . Nonetheless, these reports suggested that the 

effects of serum on cyclic nucleotides were mediated in an 

important way through phosphodiesterase. 

The data which were collected on cyclic nucleotide con

centrations in stationary Tl 4 and Vl4 before addition of 

fetal bovine serum showed higher cyclic GMP concentrations 

and lower cyclic AMP concentrations in the highly malignant 

Tl4 cell line . These findings support the theory that the 

neoplastic transformation can be accompanied by changes in 

cyclic nucleotide concentrations . For other tumor cell lines 

which displayed higher cyclic GMP and lower cyclic AMP when 

compared to normal cell counterparts, some researchers have 

attributed the differences mainly to changes in cyclase ac

tivity (38), but others maintained that the alteration was in 

the phosphodiesterase system (39 , 40). Another possible ex

planation was that rather than a change in enzyme activity, 

a change in enzyme substrate specificity occurred . Examina

tion of data from the perspective of cyclic AMP/cyclic GMP 

ratios generally showed a change from approximately 10 to 1 

during transformation. That is , in transformed cells , cyclic 

AMP and cyclic GMP were present in roughly equal concentrations . 

The total sum of cyclic AMP and cyclic GMP , or the total cyclic 

nucleotide content regardless of type, did not drastically 

change during transformation . The distribution was the major 
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difference, and decreased cyclic AMP and increased cyclic GMP 

would be predicted if cyclase substrate specificity were 

slightly changed. The alteration would not need to be great 

for molecules which closely resembled each other in structure . 

An interchange of adenyl and guanyl cyclases has been de

scribed (41). Actually the report indicated that the same 

receptors that stimulated cyclic AMP synthesis at 37° c 

triggered the synthesis of cyclic GMP at 24° c in the rat 

atrium. This was regarded either as a change in substrate 

specificity from ATP to GTP or as a change in receptor coupling. 

One could also argue from these data that since temperature 

affects membrane fluidity, and since it is known that some 

tumor cells display altered membrane fluidity (42), the abnor

mal cyclic nucleotide concentrations in some transformed cells 

are due to a membrane effect which alters substrate specific

ity. 

The data on Tl4 and Vl4 cell lines which show reciprocal 

fluctuations of cyclic nucleotides after addition of serum add 

further evidence that the Dualism Hypothesis may be a valid 

description of some events which occur during the initiation 

of cell proliferation. However, while the Dualism Hypothesis 

enjoys widespread support , not all groups interpret it in 

the same way. Indeed many papers conclude that one or the 

other cyclic nucleotides is more important in the regulation 

of cell proliferation. Philosophically the term Dualism not 

only implies opposing action but an equal and opposing action, 

and this is the view which seems to me most reasonable to take 



68 

in the area of response to serum stimulation . What is needed 

in the field of the role of cyclic nucleotides in cell pro

liferation is a working membrane model which could accom

modate the Dualism Hypothesis. A good model would require 

an accommodation of transport phenomena as well as some de

gree of coordination of enzyme activities. It would also need 

to account for the reported coupling of various hormone re

ceptors to common cyclic nucleotide-related enzyme systems . 

Primarily, transport should be involved, since it has been 

reported that cyclic AMP can inhibit some of the same trans

port systems which cyclic GMP can stimulate (35). Evidence 

for a specific transport mechanism for the efflux of cyclic 

AMP from the cell has been found in rat hepatocytes (43) . It 

was found that declining intracellular cyclic AMP levels were 

partly due to loss to the medium. In response to glucagon, 

cyclic AMP concentrations first increased intracellularly, 

and the subsequent drop in cellular concentration was concomi

tant with extracellular cyclic AMP increases. Probenecid, 

an agent Sutherland had found inhibited cyclic AMP exit from 

pigeon erythrocytes, was also found to prevent cyclic AMP 

efflux from hepatocytes . Most reports have documented a 

passive transport mechanism, but there has been one observa

tion of transport against a 1 ~1 cyclic AMP gradient (44). 

There have been widespread observations that if phospho

diesterase was inhibited, the efflux of cyclic AMP was also 

inhibited (45) . While the understanding of transport of 
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cyclic nucleotides remains incomplete , the fact that some 

enzymes which control intracellular cyclic nucleotide levels 

may also be involved with cyclic nucleotide transport from 

the cell could explain some of the unusual correlations ob

served in the medium studies in this project . The findings 

that after the initial cellular cyclic GMP peak, cellular 

levels of cyclic GMP declined and extracellular levels in

creased , perhaps indicated that specific transport mechanisms 

existed for cyclic GMP and that such systems functioned simi

larly to those which had been documented for cyclic AMP . The 

inverse relationship between cyclic GMP in the medium and 

cyclic AMP in the cells or between medium cyclic AMP and cellu

lar cyclic GMP perhaps reflected cellular efforts to maintain 

a balance between positive and negative signals . That is, the 

exit of cyclic AMP could have effected a cellular compensation 

which resulted in decreased cyclic GMP, and vice versa . The 

loss of a negative signal (cyclic AMP) would be coupled to 

the inactivation or destruction of an intracellular positive 

signal (cyclic GMP) . An accurate membrane model and an under

standing of the mechanism by which cells sense and respond to 

cyclic AMP/cyclic GMP ratios will be important future develop

ments . 

The transformed state has not been characterized uni

versally by any single trait which has stood the test of 

time, and cyclic nucleotide phenomena are no exception to 

this rule. Tumor cell lines have been isolated which do not 
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display lowered cyclic AMP levels , and Morris hepatomas have 

been described in which no correlations between growth rates 

and cyclic AMP and cyclic GMP concentrations were found (45 , 

46, 47). Moreover , the ratios between the cyclic nucleotides 

were similar to that of normal liver . The reciprocal fluctua

tions in cyclic nucleotide concentrations observed in Tl4 and 

Vl4 cells suggest that in some tumor cells the cyclic nucleo

tide control over initiation of DNA synthesis is intact to 

some degree. Cyclic nucleotide concentration shifts appear 

to be required for initiation of DNA synthesis, but other 

early regulatory events such as transport of calcium and 

potassium ions and protein synthesis may be equally impor

tant . The opinion that cyclic nucleotides are "somehow in

volved" in cancer probably will lead to chemotherapeutic 

efforts, but any cyclic nucleotide- induced damage to tumor 

cells would detrimentally affect normal cells as well . No 

doubt the role of cyclic nucleotides in regulation of normal 

and tumor cell proliferation will continue to be the focus 

of several investigations . 



SUMMARY 

Changes in the intracellular concentrations of cyclic 

AMP and cyclic GMP were measured in a high and a low malig

nant mammary cell line after arrested cultures were stimu

lated to initiate DNA synthesis by exposure to fetal bovine 

serum. Transient cyclic GMP increases and cyclic AMP de

creases were observed during the initial 60 minutes after 

serum addition . Cyclic nucleotide fluctuations may con

stitute an important regulatory influence over initiation 

of DNA synthesis at the restriction point in some tumor cells. 

Whether tumor cells were as dependent as normal cells on 

cyclic nucleotide regulation was not determined. Cyclic 

GMP concentrations were higher and cyclic AMP concentrations 

were lower in the high malignant cell line relative to the 

low malignant cell line. Similar cyclic nucleotide fluctua

tions in both cell lines after serum addition suggested that 

restriction point biochemical regulation is not exclusively 

determined by cyclic nucleotide levels . 

71 



LITERATURE CITED 

1. Pardee, A.B . and Jimenez de Asua, L ., and Rozengurt, E. 
(1974) in Control of Proliferation in Animal Cells, 
Clarkson, B. and Baserga, R., eds ., pp . 547- 561 , Cold 
Spring Harbor , New York . 

2. Tobey, R. A., Gurley , L . R., Hildebrand, C.E., Ratliff, 
R.L ., and Walters, R.A. (1974) in Control of Pro
liferation in Animal Cells, Clarkson, B . and Baserga, 
R., eds., pp. 665-679, Cold Spring Harbor , New York. 

3 . Burk, R.R. (1968), Nature, 219, 1272-1275. 

4. Ryan, W.L., and Heidrick, M.L. 
1484-1485. 

(1968), Science, 162, 

5 . Ryan, W.L ., and Heidrick, M.L. (1974) in Advances in 
Cyclic Nucleotide Research, Greengard, P. and Robinson, 
G.A., eds., Vol. 4, pp. 81-115, Raven Press, New York . 

6. Pastan, I., and Johnson, G.S . 
cer Research, 19, 303-327. 

(1974), Advances in Can-

7. Otten, J., Johnson, G.S., and Pastan, I. (1972), J . Biol. 

8. 

9 . 

Chern., 247, 7082-7087. 

Sheppard , J.R . 

Goldberg , N.D., 
Hadden , J.W . 
Animal Cells, 
609-625, Cold 

(1972), Nature New Biology, 236, 14-16. 

Haddox , M.K., Dunham , E., Loper, C., and 
(1974) in Control of Proliferation in 
Clarkson, B., and Baserga, R., eds., pp. 
Spring Harbor, New York . 

10 . Rudland, P.S., Seeley, M., and Seifert, W. 
251, 417-419. 

(1974), Nature, 

11. Moens, W., Vokaer, A., and Kram, R. (1975), Proc . Nat. 
Acad. Sci ., USA, 72, 1063-1067. 

12. Hadden, J . W., Hadden, E.M., Haddox, M.K ., and Goldberg, 
N.D. (1972), Proc . Nat . Acad. Sci. USA, 69, 3024-3027 . 

13. Rudland, P.S., Gospodarowicz, D., and Seifert, W. (1974), 
Nature, 250, 773-774. 

14 . Johnson , E . M., and Hadden, J.W. 
1198-1200. 

72 

(1975), Science, 187, 



73 

15. Hsie, A.W., and Puck, T.T. (1971), Proc. Nat. Acad. 
Sci . USA, 68, 358 . 

16. Prasad, K.N., and Hsie, A.W. (1971), Nature, 233, 141 . 

17. Johnson, G. S., Friedman, R.M., and Pastan, I. (1971) 1 

Proc. Nat . Acad. Sci. USA, 68, 425-429 . 

18 . Tchao, R. , and Leighton, J. (1976), Nature, 259, 220-222. 

19. Berenblum, I. (1941), Cancer Research, 1, 44-48. 

20. Estensen, R. D., Hadden, J.W., Hadden, E.W., Touraine, 
F., Touraine, J . L., Haddox, M.K. , and Goldberg, N.D. 
(1974) in Control of Proliferation in Animal Cells, 
Clarkson, B., and Baserga, R., eds., pp. 627-634, 
Cold Spring Harbor , New York. 

21. Voorhees, J.J., Colburn, N.H., Stawiski, M., Duell, E ., 
Haddox, M., and Goldberg, N.D. (1974) in Control of 
Proliferation in Animal Cells, Clarkson , B. , and 
Baserga, R., eds ., pp. 635-648, Cold Spring Harbor, 
New York. 

22. Goldberg, N.D. , Haddox, M.K., Dunham, E., Lopez, c., 
and Hadden, J.W. (1974) in Control of Proliferation 
in Animal Cells , Clarkson, B., and Baserga, R. , eds ., 
pp. 609-625, Cold Spring Harbor, New York . 

23. Paul, D. (1973), Biochem. Biophys. Res . Commun., 53, 
745-753. 

24 . Oey, J., Vogel, A. , and Pollack , R. (1974), Proc . Nat. 
Acad. Sci. USA , 71, 694-698. 

25. Grimm , J ., and Frank , W. (1972) Zeitschrift fur Natur
forschung, 27, 562-566. 

26 . Seifert, W., and Rudland, P . S . (1974), Proc. Nat. Acad. 
Sci. USA, 71, 4920-4924. 

27. Kram, R., Mamont, P., and Tomkins, G.M. (1973) , Proc. 
Nat. Acad. Sci . USA, 70, 1432-1436. 

28. O'Neill, J.P ., Schroder, C . H., Riddle , J.C . , and Hsie, 
A. W. (1976), Experimental Cell Research, 97, 213- 217. 

29. Kelly, L.A., Hall , M. S., and Butcher, R.W. (1974)' 
J . Biol . Chern., 249, 5182-5187 . 

30. Gilman , A.G. 
305-312. 

(1970), Proc. Nat . Acad. Sci. USA, 67, 



31. Brown, B. L., Ekins, R.P., and Albano, J.D.M. (1972} in 
Advances in Cyclic Nucleotide Research, Greengard, P. 
and Robinson, G. A., eds., 2, po. 25-40, Raven Press, 
New York. 

32. Steiner, A. L., Parker, C.W., and Kipnis, D.M. (1972} , 
J. Biol. Chern., 247, 1106-1113. 

33. Lowry, O.H. , Rosebrough , N. L., Farr, A.L., and Randall, 
R.J. (1951}, J. Biol. Chern., 193, 265-275. 

34. Jolicoeur, P . (1974}, Exp. Cell Res., 89, 238. 

74 

35. Pardee, A.B. (1975} , Biochi. Biophys. Acta, 417, 153-172 . 

36. Pledger, W. J. , Thompson, W. J., and Strada , S.J. (1975}, 
Nature, 256, 729-731. 

37. Lawrence , D.A., and Jullien , P. 
95, 54-62 . 

(1975}, Exp. Cell. Res., 

38. Peery, C.V. , Johnson, G.S., and Pastan , I . (1971}, J . 
Biol. Chern., 246, 5785-5790. 

39. Monahan, T . M., Marchand, N.W., and Abell , C.W. (1975}, 
Cancer Research, 35, 2540-2547. 

40. Hait, W. N., and Weiss, B. (1976}, Nature, 259, 321-323. 

41. Samir Amer, M., and Byrne, J.E. 
421-424 . 

(1975}, Nature, 256, 

42. Albrecht-Buhler , G. (1973}, Exp. Cell Res., 85, 225-233. 

43. Pilkis, S . J ., Claus, T . H., Johnson, R. A., and Park, C.R. 
(1975}, J . Biol. Chern., 250 , 6328-6336. 

44. Clark, R. B., Su, Y.-F ., Ortmann , R. , Cubeddu, X., Johnson, 
G.L ., and Perkins , J . P. (1975} , Metabolism, 24, 343-358. 

45. Chlapowski, F . J., Kelly, L.A., and Butcher, R.W. (1975) 
in Advances in Cyclic Nucleotide Research, Greengard, 
P., and Robinson , G.A., eds., 6 , pp . 245-338, Raven 
Press, New York. 

46. Thomas , E . W., Murad, F . , Looney, W. B. , and Morris, H.P. 
(1973), Biochim. and Biophys. Acta, 297, 564-567. 

47. Butcher, F.R., Scott, D.F., Potter, V. R., and Morris, 
H.P. (1972), Cancer Research, 32, 2135-2140 . 




