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ABSTRACT 

Prolactin (PRL) may be a key mammalian growth and developmental 

hormone. Hepatic receptors bind PRL implicating the liver as a PRL 

target. Recent evidence suggests that PRL triggers hepatic ornithine 

decarboxylase (ODC) induction, a marker of a trophic response. This 

suggests that in the liver PRL may contribute to neoplasia. To test 

this theory, PRL modulation of plasminogen activator (PA) , DNA synthe

sis, cytochrome P450 (P450), liver hypertrophy and enzyme altered foci 

(EM) was assessed. PRL rapidly induced PA activity which reflected 

de ~ biosynthesis. Cyclosporine, a PRL receptor antagonist, atten-

uated PRL-stimulated PA induction. PRL-stimulation of PA and ODe 

activity reflected age dependence. PRL administration to young rats 

stimulated hepatic microsomal P450 content 39~ above control, an effect 

comparable to phenobarbital. Incubation of microsomes from PRL-treated 

rats with warfarin produced a metabolic pattern unique to PRL. PRL 

stimulated hepatic DNA synthesis up to 400~. This effect was shown to 

be specific for hepatic parenchymal cells. PRL for 6 weeks produced 

hepatic hypertrophy, an effect augmented by diethylnitrosamine (DEN). 

Additionally, increased hepatic GGTase activity and EM were demon

strated in rats treated with chronic PRL after DEN. Extrahepatic neo

plasia was increased by par°tial hepatectomy PH and chronic PRL. PRL 

receptor coupling was investigated in PRL-dependent Nb2 node lym

phoma cells. ODe induction and proliferation were found to be coupled 

to protein kinase e (PKC) and calmodulin (CK) in experiments using 

X 



xi 

pharmacological agents. Phosphatidy1inosito1 (PI) turnover and ionic 

flux alterations were also implicated. These results suggest PRL 

receptor coupling to PI turnover and PKC activation in Nb2 cells. 

PRL may be a key liver growth hormone. PRL induces PA, ODC and P450. 

Furthermore, its ability to promote EAF strongly implicates PRL in the 

ontogeny of hepatocarcinogenesis. 

• 



CHAPTER 1 

INTRODUCTION 

Prolactin (PRL) is a 22,000 dalton polypeptide hormone synthe

sized and secreted by the adenohypophysis. It is composed of a single 

peptide chain of approximately 200 amino acids and contains three 

intrachain disulfide bridges (Bewley and Li, 1970). The structure of 

PRL is similar to growth hormone and placental lactogen (Wallis, 1978). 

Each of these hormones is a 191 amino acid polypeptide chain with two 

intrachain disulfide bonds. Unlike growth hormone and placental lac

togen, PRL has been recently shown to contain a carbohydrate moiety 

within its primary structure which is linked to asparagine-31 (Frigeri 

et al., 1986). A large percentage of hydrophobic amino acids contribute 

to the tertiary structure of the intact globular molecule. Recent 

investigations into the nature of peptide processing of hormonal pre

cursors has suggested that biologically relevant hormonal proteolytic 

processing occurs at sites adjacent to basic amino acid pairs, typical

ly arg-arg, arg-lys or lys-lys. Preopiomelanocortin, the common pre

cursor for ACTH, 8,...endorphine and 8-lipotropin, is a widely studied 

example. It has been suggested that PRL may serve as a precursor for 

other biologically relevant peptide hormones due to the presence of 

three pairs of basic amino-acids within its structure. These occur at 

amino acid positions 42-43 (lys-arg), 124-125 (lys-arg), and 176-177 

(arg-arg) in ovine, porcine and human prolactins. 

-1-



2 

HistorY 

The hormonal involvement of the pituitary gland in the regula

tion of lactogenesis was first suggested by Stricker and Grueter 

(1928). These investigators found that crude extracts from bovine 

pituitary glands stimulated milk secretion in oophorectomized rabbits. 

In 1931. Riddle and Braucher (1931) demonstrated a substance derived 

from the anterior pituitary gland that stimulated enlargement and syn

thesis of "crop-milk" in pigeon crop glands. In this study. these 

early researchers were unable to decide "whether the principle acti

vating the crop-gland is the growth. the sex maturity (gonad stimulat

ing) or a third and now unknown anterior pituitary hormone". (Riddle 

and Braucher. 1931). Riddle et al. (1932) published a report further 

describing the anterior pituitary derived hormone which evoked the 

crop-gland response in pigeons and doves and "identified this same 

hormone. which we shall here call "Prolactin" as the hitherto undefined 

pituitary principle which is essential for lactation in mammals". 

(Riddle et al .• 1932). Prolactin was subsequently partially isolated 

and a bioas·say was developed exploiting the ability of PRL to stimulate 

crop glands of pigeons and doves in 1933 by Riddle and his co-workers 

(Riddle et al .• 1933). 

It was not until 1970. that the primary structure of PRL was 

elucidated when Li et a1. (1970) purified ovine PRL to homogeniety. 

The existence of PRL as a separate hormone different from growth hor

mone was controversial since its discovery. This issue was partially 

resolved by Bewley and Li (1970) who compared the primary structures 
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between human pituitary growth hormone and ovine prolactin. In humans 

the controversy continued until Lewis et al. (1971) and Hwang et al. 

(1972) provided definitive biochemical evidence and Niall et al. (1973) 

by amino acid sequencing studies proved that human PRL was distinct 

from human growth hormone. 

Regulation of PRL secretion 

PRL secretion from the anterior pituitary is under tonic inhib

itory control by the hypothalamus. This unique regulation was first 

demonstrated by Everett (1954). Pituitary glands, removed from the 

anatomical proximity to the hypothalamus, secrete large quantities of 

PRL in culture (Pasteels, 1961). Addition of hypothalamic extracts 

inhibits the PRL release (Talwalker et al., 1963). Fuxe and Hokfelt 

(1966) described discrete intrahypothalamic dopamine containing neurons 

with cell bodies located in the arcuate nucleus and axons terminating 

in the median eminence in apposition to hypophyseal portal capillaries. 

This finding lead to the suggestion that dopamine may be the agent 

responsible for hypothalamic modulation of PRL secretion. MacLeod et 

al. (1970) were the first to convincingly demonstrate dopamine suppres

sion of PRL secretion. These investigators showed that dopamine inhib

ited PRL secretion in a dose-dependent fashion and that the effects of 

added dopamine were reversed by dopamine antagonists. 

Regulation of PRL release is also thought to be positively 

influenced by hypothalamic factors. One candidate for a stimulatory 

hypothalamic factor is thyrotropin releasing hormone (TRH). TRH causes 

PRL secretion in vitro from GH3 (PRL-secreting) cells (Tashjian, 
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1971). Koch et a1. (1977) administered TRH-specific anti-serum to male 

and female rats and documented a corresponding decrease in circulating 

PRL. Recent evidence indicates that TRH, in addition to its positive 

action on PRL release from the 1actotroph, interacts at the gene level 

to stimulate PRL gene transcription (Murdoch et a1., 1983). 

A second hypothalamic st.imu1ator of PRL release is vasoactive 

intestinal peptide (VIP). This peptide is present in hypophyseal blood 

in concentrations 19-fo1d above the level present in circulation (Said 

and Porter, 1979). In vitro PRL secretion is stimulated by VIP in a 

dose-dependent manner (Shaar et a1., 1979) . PRL release is also 

stimulated by ovarian estrogens and endogenous opiod peptides 

(Sirinathsinghj i and Audsley, 1985). In addition PRL secretion is 

thought to be inhibited by a:-me1anocyte-stimu1ating hormone (Khorram 

et al., 1985) and adenosine (Dorf1inger and Schonbrunn, 1985). 

PRL receptors 

PRL triggers cellular responses in target tissues through an 

interaction with PRL-specific cell surface receptors. PRL receptors 

have been identified and characterized in a variety of tissues includ

ing adrenal gland, kidney cortex, mammary gland, ovary, testis, lung 

and liver (Waters et a1., 1984; Katoh et a1., 1985; Bonifacino and 

Dufare, 1985; Amit et al., 1984). Host recently, specific PRL recep

tors have been identified on rodent and· human lymphocytes (Russell et 

a1., 1984; Russell et a1., 1985). The presence of PRL receptors on 

both T- and B-lymphocytes may explain the decreased antibody response 

to sheep red blood cells and the development of contact dermatitis 



5 

induced by dinitroch1orobenzene in hypophysectomized rats and why 

immunocompetence is restored by lactogen administration (Nagg et al., 

1983). The importance of PRL as an immunomodu1ator is further suggested 

by the abiiity of cyclosporine (CsA) , a novel endecapeptide immuno

suppressive agent used clinically to abrogate transplanted organ 

rejection, to specifically antagonize PRL binding to its receptor 

(Russell et a1., 1985). 

Solubilization and partial purification of PRL receptors was 

first described by Shiu and Friesen (1974). The first report describ

ing hepatic PRL receptor purificaton to homogeneity was provided by 

Liscia and Vonderhaar (1982), eight years later. CUrrently, PRL 

receptors from liver have been purified and partially characterized by 

several different laboratories (Arnit et al., 1984; Waters et al., 1984; 

Norstedt et al., 1985; Baxter, 1985). Host recently Arnit et a1. (1986) 

have developed antiidiotypic antibodies raised against anti-PRL anti

bodies. These recognize the PRL receptor in purified hepatic prepara

tions and are currently being utilized to study both the mechanism of 

PRL action as well as PRL receptor characteristics. 

The purified hepatic PRL receptor has been found to be an 

oligomeric molecule composed of multiple subunits. It has a half-time 

of 40-50 minutes (Baxter, 1985). Purification experiments utilizing 

hetero- and homobifunctiona1 cross-linking agents have suggested that 

the [125I1 _PRL binding component is a monomer with a molecular 

weight of 32,000 (Bonifacino and Dufau, 1985; Arnit et a1., 1985). 

Each receptor (320,000 molecular weight) is composed of as many as 

nine subunits each with a molecular weight of 32,000 (Katoh at a1., 



6 

1985). CUrrent evidence suggests that one molecule of PRL binds to a 

specific recognition site on a single subunit. The other subunits are 

thought not t.o participate in hormone binding. Instead nonbinding 

subunit.s associat.e to form oligomeric PRL recept.or molecules stabilized 

by noncovalent. interactions (Katoh et a1., 1985, Arnit et a1. 1985; 

Bonifacino and Dufau, 1985). 

Mechanism of PRL action 

The "second messenger'i concept provided by E. W. Sutherland 

(Sutherland and Rall, 1959; Sutherland and Rall. 1960; Sutherland, 

1972) marked t.he beginning of a new era of research investigation in 

the field of pept.ide hormone action. According t.o t.his scheme, peptide 

hormones interact with a cell surface recept.or which results in t.he 

activation of adenylate cyclase. This interaction ultimately results 

in the generat.ion of cAMP, a ubiquitous, "second messenger" which is 

responsible for hormone signal transduction via the activation of 

phosphorylat.ion events. 

Kajumber and Turkington (1971) were t.he first t.o examine t.he 

effects of PRL on cAMP generation in the mammary gland. Their results 

were subsequent.ly confirmed and extended by other laboratories (Sapag

Hagar et al., 1974; Loizzi et al., 1975; Rillema, 1975; Chomczynski and 

Zwierzchowski, 1978). A positive role for cAMP in PRL action was not 

found; rather this cyclic nucleotide was demonstrated t.o be inhibit.ory 

for PRL act.ion (Sapag-Hagar and Greenbaum, 1973; Rillema, 1976). A 

plethora of ot.her candidates for PRL-stimulated intracellular "second 

messengers" have been studied including cGKP (Mat.usik and Rosen, 1980; 
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Anderson et a1., 1981), cUHP and cTHP (Anderson et a1. 1981), polya-

2+ mines (Rillema, 1980a), prostaglandins (Dave et al., 1982) and Ca I 

calmodulin (Rillema, 1980b). None of these agents have been found to 

be totipotent second messengers of PRL action (Nolin, 1985). Recent 

reports from two laboratories have provided preliminary evidence sug-

gesting a coupling of PRL action to the activation of protein kinase C 

(Gerther et al., 1985; Rillema, 1985). 

Early studies of polypeptide hormone actions demonstrated hor-

mone binding sites in subcellular fractions distinct from the plas-

malemma. For example, intracellular. insulin binding sites were 

described in the mid 1970's (Bergeron et al. 1973; Horvat et al. 1975; 

Goldfine and Smith, 1976). Also in the mid 1970's, two reports appe-

ared which suggested the possibility of cellular internalization of PRL 

(Chomczynski and Topper, 1974; Nolin and Witorsch, 1976). Nolin and 

Witorsch (1976) provided evidence suggesting that not only is PRL 

internalized by milk secretory cells but it may also interact with the 

nucleus. Morphological stUdies using mammary gland have firmly estab-

lished transcellular movement of PRL in this tissue. Suard et al. 

(1979), incubated mammary epithelial cells with [125IJ_OPRL. These 

investigators found maximum label accumulation within thirty minutes, 

first in nuclei, then golgi subsequently accumulating in lysosomes. 

These results suggest that intracellular PRL may have a direct effect 

at the level of the nucleus, and that internalization is probably not 

a maj or mechanism of hormone degradation as suggested by Terris and 

steiner (1975, 1976). 
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Khan et al. (1982) have demonstrated internalization of 

[125IJ"_hGH (a lactogenic hormone sharing PRL receptor specificity 

with PRL) in liver cells. In subcellular fractionation studies, this 

group has shown that hepatocellular internalization of radiolabeled 

bormone occurs rapidly and is concentrated specifically in the golgi 

fractions. A smaller portion accumulates in light lysosomal 

fractions. Norstedt et al. (1984) described the subcellular localiza

tion of an inducible (by hGH, GH and estradiol) intracellular PRL 

receptor in rat li ver . These investigators found specific binding 

sites present in the golgi and" lysosomal fractions of fractionated 

livers from male and female rats. The golgi fractions exhibited the 

highest binding capacity (B-max) while the Kd for both fractions was 

identical (0.6-0.7x10-9M). In studies presented by Amit et a1. 

(1984), inducible (by PRL and estradiol) PRL binding sites were 

described in lung and liver. Two major peaks of [125IJ_OPRL binding 

were found in the cytosolic fractions from these tissues, one with a 

molecular weight of 318,000 (similar to the cell surface receptor) and 

a second with a molecular weight of 143,000. These authors concluded 

that the smaller hepatic receptor may represent an intermediate step 

in new receptor synthesis prior to incorporation into the membrane. 

It is clear from the above studies that PRL is capable of being 

internalized by the liver. It subsequently binds to specific intra

cellular receptors. What is not clear, is the physiologic relevance of 

PRL receptors on or in the hepatocytes and the mechanism by which they 

function. To quote J.M. Nolin, ..... Riddle's 'prolactin,' not only in 

the mammary gland, where mechanisms have been most studied, but also in 
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all its other targets, remains, in -legacy (?), just that, a riddle.", 

(Nolin, 1985). 
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statement of the Problem 

The existence of specific PRL binding sites on the surface of 

hepatocytes has been known for. many years. Thus the presence of spe

cific hepatic cell surface PRL recogriition proteins implies a function 

attributed to lactogen stimulation in this tissue. However the raison 

detre' for hepatic PRL receptors as well as specific functions arising 

from ligand receptor interactions in this tissue has remained an enig

ma. PRL is an important growth and differentiation modulating hormone 

in mammary gland development and lactation. Inherent in the ability 

of PRL to stimulate mammary epithelial cell growth is its capacity to 

stimulate cell cycle progression. in this target. For example, the 

salient role played by PRL on mammary epithelial cell DNA synthesis has 

been well characterized. Moreover, the ability of PRL to potently 

stimulate mammary epithelial cells to progress into S phase has been 

linked to the tumor proIJlotional characteristic of this lactogen also 

in the mammary gland. 

Russell et a1. (1984) demonstrated that systemic administration 

of PRL stimulated the induction of ornithine decarboxylase (ODC) in 

liver, a key enzyme expressed early during G
1 

of cell cycle. The 

induction of ODC is considered to be a marker of a trophic response 

elicited by trophic agents including hormones and carcinogens. Thus, 

in the liver PRL stimulates at least one recognized event suggestive 

of its ability to regulate cell cycle. 
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In this study, we examined the effects of acute administration· 

of PRL on other biochemical markers expressed.during cell cycle. The 

hypothesis tested in this investigation was that in the liver, similar 

to its effects in mammary tissue, PRL may modulate hepatocyte cell 

cycle excursion. Specifically the effects of PRL administration on 

hepatic plasminogen activator activity induction, also expressed during 

G1 and the effect of its administration on hepatic DNA synthesis 

were examined. Further since PRL has been demonstrated to be a potent 

promoter of manunary gland tumorigenesis, the effects of PRL adminis

tration on markers of hepatic preneoplasia were also assessed. These 

included alterations in hepatic cytochrome P450 activity stimulated by 

PRL. Also the effects of chronic PRL administration on the development 

of enzyme altered foci phenotypic manifestations of preneoplasia 

expressed prior to the development of hepatocellular carcinoma were 

assessed. 



CHAPTER 2 

MATERIALS 

Animals 

Male and female adult and weanling Sprague-Dawley (SID) rats 

were· obt,ained from the National Center Institue (Frederick Cancer 

Research Center, Frederick, MD) or the Division of Animal Resources, 

University of Arizona. Hypophysectomized and intact SID litt.errnates 

of both sexes were obtained from Hilltop Lab Animals, Scottsdale, PA 

and Munich-Wistar male and female weanling rat.s from a breeding colony 

maintained at the Veterans Administration Medical Center, Tucson, AZ. 

All animals were housed in a controlled environment. at 23°C wit.h a 12 

hour light/dark cycle. Food and water were available ad libitum. 

Reagents 

All reagents were of analytical grade and obtained from J. T. 

Baker Chemical Co., Phillipsburg, NJ, except. for the following: H-D

isoleucyl-L-prolyl-L-arginine-p-nitroanilide-dihydrochloride from Kabi, 

Stockholm, Sweden; 12-0-tetradecanoylphorbol-13-acet.at.e, phorbol di-

butyrate, 4-0-methyltetradecanoylphorbol-13-acetate, 4B-phorbol, 

A23187, amilioride, ouabain, verapamil, tetraethylammonium, ornithine, 

4-aminopyridine, quinine, polymyxin B, tamoxifen, R24571, and dexameth

asone, cycloheximide and actinomycin D from Sigma, st. Louis, HO; 

cyclosporine from Sandoz, Ltd., Basel, Switzerland; Fischer' s medium 

from Gibco, Santa Clara, CAj antibiotics from Amfact Drug Supply Col, 

-12-



13 

Tucson, AZ; fetal calf and horse serum from Hyclone Laboratories, 

Logan, UT. Prolactin (ovine, NIADDK-O-PRL-17) was obtained from NIADDK, 

Bethesda, MD. The radiolabeled compounds; [12511 _PRL (rat), 30-50 

pCi/llg; [methyl-3H1-thymidine (65-80 Ci/mmol); L- [1-14 1 -orni
C 

thine (47.2 mCl/mmol) and [14C1-androstenedione (52 mCIImmol) were 

obtained from New England Nuclear, Boston, MA. [3Hl-myoinositol 

(14.2 Ci/mmol) and Betaphase8 liquid scintillation fluid were ob-

tained from Amersham, Arlington Heights, IL. 

Methods 

.. 
Determination of tissue plasminogen activator activity 

Plasminogen activator activity was determined as previously 

described (Buckley and Putnam, 1983). Tissue homogenates were prepared 

(pH 7.2), 

0.1 mM EDTA and 2 mM dithiothreitol. Following cold centrifugation, a 

1:10 dilution of the supernatant was prepared by the addition of cold 

distilled water. The pH was titrated to 5.9 with acetic acid. The 

precipitate was dissolved in 4°C, 100 liM Tris buffer (pH 8.4) fol-

lowing a second centrifugation. The reaction mixture consisted of 600 

pl each of 100 mM Tris buffer, 0.5 mM H-D-Ile-PRL-Arg-pNA and red is-

solved sample solution. This milieu was incubated at 37°C and genera-

tion of p-nitroanilide was determined spectrophotometrically' following 

addition of 100 pl of 5~ acetic acid to terminate the reaction. 

Under these conditions, hydrolysis of the chromogenic substrate is 

linear with respect to time (up to 60 min) and proportional to enzyme 
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concentration. A calibration curve was prepared using urokinase as a 

standard. 

Determination of tissue ornithine decarboxylase activity 

Ornithine decarboxylase was assayed according to the technique 

of Russell and Snyder (1968). Tissue sections were rapidly thawed and 

homogenized in 5 volumes of ice-cold SO mH Na2HP04/KH2P04 buf

fer (pH 7.2). Ornithine decarboxylase activity was determined as the 

amount of 14C02 released from 0.5 pCi of L_[l_14C] ornithine 

(47.2 mC9/mmol, New England Nuclear, Boston, HA) in 130 pl buffer 

and SO pl homogenate in 30 minutes. The assay was performed in con

ical centrifuge tubes fitted with stoppers containing center wells 

(Kontes, Vineland, NJ). Evolved 14C02 was trapped on a 2.3 cm 

Whatman 3HM filter paper spotted with 20 pl of 2 K NaOH. Pyridoxal 

phosphate-independent release of 14C02 was determined in the pres

ence of 4-bromo-3-hydroxybenzyloxamine dihydrogen phosphate, and this 

value was subtracted from the sample values. The assay was incubated 

for 30 minutes at 37°C and terminated by the injecion of 0.50 ml of 

1.0 K citric acid through the rubber' stopper into the bottom of the 

tube. The samples were allowed to stand an additional 30 minutes at 

37°C to insure complete evolution of 14co2 . The stoppers were 

removed, and the filter papers were counted in 6.0 ml of toluene/Omni

fluor scintillation fluid using a Beckman liquid scintillation counter . 

. Determination of Hepatic Kicrosomes 

Hepatic microsomes from PRL treated rats were prepared in col

laboration with Dr. James Halpert, Department of Pharmacology and 
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Toxicology, University of Arizona. PRL- and injection vehicle-treated 

rats were killed by cervical dislocation and the livers rapidly placed 

in a beaker containing ice cold 1.15~ KCl. Hepatic tissue was washed 

with cold 1.15~ KC1, minced with scissors and homogenized in a buffer 

solution containing 100 mK Tris acetate, 100 mK KC1, 1 mK EDTA and 20 

pM butrylhydroxytoluene (BHT), pH 7.4, using a Sorvall Omnimixer for 

two 20 second bursts. The homogenates were then centrifuged 30 minutes 

at 15,000 rpm, 4°C. The resulting pellet was discarded and the super

natant centrifugated for 40 minutes at 50,000 rpm (100,000 x g) at 4°C. 

The supernatant was discarded and the pellet was resuspended in 5-10 

ml buffer containing 100 mK potassium pyrophosphate, 1 roM EDTA; 20 

pM BHT, pH 7.4 using a Kontes No. 22 glass homogenizer and recentri

fugated for 40 minutes, 50,000 rpm at 4°C. Following the second high 

speed spin, the pellets were resuspended and stored at -85°C in 10 roM 

Tris acetate, 1 roM EDTA, 20~ (v/v) glycerol containing 100 pM phen

ylmethylsulfonofluoride until total cytochrome P450, warfarin and an

drosteinedione metabolic profiles were determined. 

Determination of Cytochrome P450 in hepatic microsomes 

Determination of cytochrome P450 in microsomes was performed in 

collaboration with Dr. James Halpert, Department of Pharmacology and 

Toxicology, University of Arizona. Microsomes were diluted to 1 mg per 

ml prior to spectral analysis in a Beckman DU-7 spectrophotometer. The 

buffer utilized to dilute microsomal protein containing 100 roM potas

sium phosphate, pH 7.3, 2~ glycerol, 0.5~ sodium cholate, 0.4~ Renex 

and 1 roM EDTA. Following dilution, 600 pl of sample was added to two 
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cuvettes. A minute amount (less than 2 mg) of sodium dithionite was 

added to one cuvette (background), mixed by inversion and absorbance 

determined by scanning from 400-500 nm. Fifty bubbles of carbon mon

oxide, were bubbled through the second cuvette at a rate of 1 per 

second. Dithionite was added and the sample mixed by inversion. Both 

cuvettes were placed in the spectrophotometer and the absorbance 

determined by scanning from 400-500 nm. The samples were scanned six 

times, the scan producing the greatest absorbance at or near 450 nm was 

printed, following the determination of AmaX for the sample. Results 

are expressed as nmol P450 per mg of microsomal protein. 

Determination of the metabolic profile of androstenedione 

Determination of the ability of hepatic microsomes from PRL

treated rats to metabolize the androgen steroid, androstenedione was 

performed in collaboration with Drs. James Halpert and Penelope Graves, 

Department of Pharmacology and Toxicology, University of Arizona. 

Hepatic microsomes prepared. from PRL- and vehicle-treated 26-day-old 

male SID rats were thawed and 50 pg microsomal protein added to a 

reaction mixture containing 25 pH [14cJ-androstenedione, 50 roM 

HEPES, 15 roM HgC1
2

, and 0.1 mK NADPH in a total incubation volume of 

0.1 ml. Incubation was for 5 minutes at 37°C. The reaction was 

terminated by the addition of 50 pl tetrahydrofuran and placed on 

ice. A 50 pl aliquot was spotted on the preabsorbant portion of a 

thin layer chromotography plate (Baker Silica Gel TLC plates, 250 

pm, Si 250F, 19C) and developed two times in chloroformiethylacetate 

(1:2) to the top of the plate. Cold standards (7C1-0H- 16C1-0H- and 
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68-0H- androstenedione) were run in parallel on the same plate. Exact 

location of the various metabolites of androstenedione were d"etermined 

by autoradiography using x-ray film for a minimum of 24 hours and 

visualization of cold standards by UV light.. Areas on the plats cor-

responding to 7~-qH-, 68-0H-, 168-0H- and 16~-OH-androstenedione 

were scraped into liquid scintillation vials and the [14C] counted 

following the addition of 5.0 ml scintillation fluid in a Beclanan 

liquid scintillation counter. The results are expressed as pmol/tug 

protein/minute. 

Determination of warfarin metabolism 

The determination of the metabolism of warfarin by hepatic 

microsomes prepared from PRL-treated 26-day-old male SID rats was per

formed in collaboration with Dr. Laurence Kaminsky, New York state 

Department of Health, Albany, NY. Reaction mixtures were prepared 

which contained 1.0 tug of microsomal protein and 0.4 pmol of either 

the R- or S-enantiomer of sodium warfarin in 50 mK Tris-HCl buffer pH 

7.4. The mixture was preincubated at 37°C for" one minute, before 1.0 

pH NADPH was added to initiate the reaction. After a 10 minute 

incubation, the mixture was cooled in an ice bath and filtered through 

a series of filters (1.2, 0.45 and twice through 0.22 pm) in a 13 mm 

filter apparatus. The resulting filtrate was analyzed by high pressure 

liquid chromatography as. previ9usly reported by Kaminsky (1981). 

Reaction rates were determined by comparison with those of external 

standards. Data is presented as the mean ± S.E.H. runol metabolite/ 

mg protein/minute. 
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Determination of tissue DNA synthesis 

DNA synthesis was determined in rats receiving PRL (5.5 mg/kg, 

i.p.) at 12 hour intervals for 48 hours. At 46 hours, [3Hl-thymidine 

(1. 0 }lCi/g body weight) was administered by intraperitoneal injec-

tion. [3Hl-thymidine incorporation was determined in tissue hom-

ogenates prepared in an ice cold buffer containing 50mH Na2HP041 

KH
2

P04 , pH 7.2. Twenty-five microliter sample aliquots were pipet

ted in triplicate into 96-well microtiter plates (Falcon, Oxnard, CAl 

and washed onto glass fiber filters using a cell harvester (Cambridge 

Technology, Cambridge, MA). Following exhaustive washing with distil-
• 

led H20, 100 ml of ice cold 5"1. trichloraoacetic (TCA) was washed 

through the filters, to precipitate DNA. The precipitate was then 

washed with 140 ml of 95"1. ethanol to remove unincorporated [3H1 _ 

thymidine. Radiolabeled DNA, trapped on the fiberglass filters was 

evaporated to dryness and counted in 6.0 ml of aqueous counting scint-

illant in a Packard Tricarb scintillation counter. 

Isolation of hepatic nuclei 

DNA synthesis was determined in rats receiving a single Lp. 

administration of PRL (22 mg/kg). [3HJ-thymidine incorporation was 

compared in total liver homogenates and isolated hepatic nuclei ob-

tained over 72 hours subsequent to PRL administration. 

Hepatic nuclei from control and PRL treated animals were iso-

lated according to the method of Widnell and Tata (1964). Liver sec-

tions (approximately 200 mg tissue) obtained from 4-5 animals were 

pooled in 10 ml 0.32 H sucrose containing 3.0 mH KgC12 and min iced 
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to approximately 1 mn? sections. Gentle homogenization was performed 

in glass dounce homogenizer by 15 strokes utilizing the "B" and 10 

strokes with the "A" pestle. The homogenates were diluted to 0.25 H 

sucrose with distilled H20. Homogenizing buffer (0.32 H sucrose, 3 

mH MgCl2) was then layered underneath the diluted sample mixture. 

Following centrifugation at 700 x g for 10 minutes at room temperature 

the resulting supernatant fluid was aspirated and discarded. The 

pellet (containing nuclei and cellular debris) was resuspended in 5 ml 

homogenizing buffer and diluted to 0.25 M sucrose. It was again cent-

rifugated following the layering of 0.32 m buffer underneath to produce 

a total volume of 20 m1. The resulting pellet containing purified nuc-

lei and a small amount of cellular debris but no intact cells by light 

microscopy was suspended in 5 ml of 50 roM Na2HP04/KH2P04 , pH 

7.2. 

[3H1-thymidine incorporation into 25 p1 of isolated nuclei 

was determined in parallel to liver homogenates from the same animals 

by TCA precipitation utilizing a cell harvester as described for 

Deter.mination of tissue DNA synthesis. 

Preparation of Percol1 gradient 

Perco11 

A stock solution was prepared by the addition of 1. 26 part 

(Pharmacia, 
2+ 2+ 

Uppsala, Sweden) to 1. ° part 2X Mg ICa -free 

Hank's balanced salt solution (Gibeo, Grand Island, NY) containing 25 

pg/m1 gentamycin, 20 mH Hepes buffer (Sigma), pH 7.35. Ten ml ali-

quots were centrifugated at 4500 x g at room temperature. At hourly 

intervals the refractive index was determined in serial 1 ml aliquots 
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with a Zeiss refractometer and the density calculated. Two hours of 

centrifugation resulted in the generation of a density gradient similar 

to that reported by Dalet et al., 1981, to be suitable for separation 

of hepatic paranchyrnal cells. 

Isolation of hepatic parenchymal cells 

Hepatic paranchymal cells were isolated from female rats treated 

with 5.5.rng/kg PRL at 12 hour intervals for 48 hours. The animals rece

ived 1 pCi/g body weight of [3H1-thymidine at 46 hours and were 

killed at 48 hours. The abdomen was opened via a midline incision and 

the livers perfused with o. 9~ HaCl by portal vein cannulation with a 

25 gauge butterflye (Abbott, Horth Chicago, IL) catheter until the 

vena cava effluent was free of blood. The livers were excised and 

minced to 1 mrn2 sections. Hepatocytes were enzymatically digested 

free from the connective tissue by continuous stirring in 100 ml 

2+ 2+ Mg ICa -free Hanks balanced salt solution (BSS) containing 20 roM 

Hepes buffer and 0.05~ collagenase (Sigma, st. Louis, MO). Large tis-

sue fragments were removed by filtering through two layers of O. 01mrn 

nylon mesh. The resulting solution was centrifugated at 500 x g for 5 

minutes at 25°C. The cellular pellet was washed twice in 25 ml Mg2+1 

ca2+-free Hanks BSS followed by centrifugation. The final pellet 

was diluted in 5 ml of Hanks BSS (without Kg2+ or ca2+) and 2 ml 

were layered on top of 10 ml of the Percoll gradient and centrifugated 

at 450 x g for 30 minutes at 25°C. This procedure resulted in two 

major cellular bands upon visual inspection. One ml fractions were 

collected in separate tubes after discarding the top 2.0 ml of aqueous 
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solution. The samples were diluted to 3 ml with Hanks BSS (without 

ca2+/Mg2+) and centrifugated at 500 x g for 5 minutes at 25°C. 

The pellets were diluted to 1.0 ml (for fractions containing cells) or 

100 pl for fractions in which cells were not clearly discernab1e. 

[3H1-Thymidine incorporation into the TCA precipitable fraction was 

determined in microtiter plates using a cell harvester as described. 

One hundred microliter sample aliquots were also spun into microscope 

slides using a cytocentrifuge (Shandon Elliot, Sewickley, PA) fixed in 

90"' methanol- 1~ acetic acid and stained with hematoxylin and eosin 

for histological analysis. Trypan blue exclusion was examined in the 

cell fractions to ascertain cell viability. Cell death in fraction 

1-2 (hepat~c parencymal cells) ranged from 10-30~ while viability was 

higher (80"') in fraction 7-8 (erythrocytes, polymorphonuclear leuko-

cytes, macrophages). 

CUlture and maintenance of Nb2 node lymphoma cells 

The PRL-dependent Nb2 rat lymphoma cell line (Gout et al •. , 

1980) was obtained from Drs. Gout and Beer, Vancouver, B.C. and propa-

gated in Fischer's medium containing 10"' fetal calf serum (FCS), 1~ 

horse serum (HS; MA Bioproducts), glutamine (30 pg/ml), and sodium 

pyruvate (22 pg/ml), 2-mercaptoethanol (2-ME, -4 10 M), and a peni-

cillin (SO U/ml)-streptomycin (SO pg/ml) solution. Prior to use for 

various assays, cells were allowed to enter stationary phase by a 20-24 

hour incubation period in fresh medium containing 1"' FCS and 1~ HS. 

When these cells were resuspended in medium containing 10"' HS but with-
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out FCS, the addition of PRL resulted in a dose-dependent reentry of 

cells into cell cycle. 

Determination of inositol phosphates in Nb2 lymphoma cells' 

Analysis of soluble products of phosphatidylinositol metabolism 

was performed in collaboration with Dr. Thomas Smith, Veterans Admin

istration Medical Center, Tucson, AZ. Lymphoma cells (3-4 x lOS 

Nb2) were concentrated to 5.0 ml in stabilizing medium, (10'1. HS) and 

were incubated with 200 pl purified [3Hl-myoinositol (0.429 

mCi/ml) for 1 hour at 37°C. The cells were washed three times in 20 

ml media to remove unincorporated [3Hl-myoinositol. The cells were 

then concentrated to 30-40 x 106 cells/ml in stabilizing medium. A 

200 pl cell aliquot was preincubated with 20 pl LiCl2 (100 mH) 

for 10 minutes. Following preincubation, 24 pl of PRL was added to 

produce a final PRL concentration of 10-12 _10-7 H. The reaction 

mixture was incubated in a shaking water bath for 30 minutes at 37°C. 

Following incubation, 4.0 ml chloroform-methanol (1:1) was added to 

terminate the reaction. The samples were extracted for 60 minutes at 

25°C. The water soluble products of phosphatidylinositol turnover were 

isolated after the addition of SOOpl distilled H20 and centrifuga

tion by anion exchange chromatography. This was accomplished by mixing 

1.0 ml of the sample aqueous phase with 2 ml H20 and 0.6 ml anion 

exchange resin (AG1-XS, Bio-Rad, Riclunond, CA). The resultant slurry 

was added to polypropylene chromatography columns (Bio-Rad) and washed 

three timf!ls with 5.0 ml H20 followed by washing four times wth 5.0 
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ml 250 roM myoinositol to remove free r3H1-myoinositol. 3 [ H1-Hyo-

inositol phosphate products were eluted with 0.2 H ammonium formate 

followed by 1.0 M ammonium formate into liquid scintillation vials. 

The samples· were mixed with 12.0 ml of scintillation fluid and the 

radioactivity was counted in a Beclanan liquid scintillation counter. 

[3H1-Hyoinositol incorporation into cellular membranes was determin-

ed by evaporating the lower organic phase to dryness under a stream of 

nitrogen,· addition of 10 ml scintillation fluid and counting in a liq-

uid scintillation counter. 

Effects of agents on Nb2 lymphoma cell proliferation 

Washed, stationary phase cells were resuspended in Fischer's 

medium wi th 10~ HS, -4 10 H 2-HE glutamine (30 pg/ml)-sodium pyru-

vate (22pg/ml) and penicillin (50 U/ml)-streptomycin (50 pg/ml) 

solution and between 6-9 x 104 cells plated per well in microtiter 

plates in a total volume of 250 pl. Three wells/condition were 

tested. Phorbol esters and pharmacologic agents were added, 25 pl 

per well, anc~ cells were pre incubated for 20 minutes at room temper-

ature before the addition of between 0.03-10 ng/ml PRL. To determine 

the effects of extracellular calcium on PRL-dependent proliferation, 

cultures were preincubated for 15 minutes with 2 roM EGTA or 2 roM EGTA 

plus 2 roM caC1
2 

prior to addition of 10 ng/ml PRL. Direct effects of 

each agent or combination were also evaluated without the addition of 

PRL. Cells were incubated for 44 hours at 37°C in 5" CO2 in air, 

then pulse-labeled for 4 hours with 0.5 pCi/well of [3H1-thymi-

dine, 6.7 Ci/mmole. Samples were harvested with a MASH II harvester 
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onto glass fiber filters,· washed with water and r3Hl-thymidine 

incorporation measured in a Tracor liquid scintillation counter. As 

before, solvent controls were run in each experiment and the concen

trations of each agent tested are given in table legends. with each 

pharmacological agent investigated, cell viability ws ~xamined by 

assessing Trypan blue exclusion. None of the agents tested resulted 

in significant loss of cell viability whether compared to DMSO vehicle

control or cultures containing unstimulated cells. 

Effects of agents on ornithine decarboxylase activity in Nb2 lymphoma 

cells 

Washed, stationary phase cells were resuspended in Fischer's 

medium with (10~) HS, 10-4 M 2-ME, glutamine (30 pg/ml)-sodium 

pyruvate (22 mg/ml) and penicillin (50 U/m1)-streptomycin (50 ug/m1), 

adjusted to a 5 x 105/m1 and plated in 100 m1 glass culture bottles, 

1.8-2.0 x 107/bott1e. Phorbo1 esters and pharmacologic agents were 

added and preincubated for 20 minutes at room temperature before the 

addition of PRL either 0.03, 0.10, 1.0 or 10 ng/m1, depending upon the 

experiment. To determine the effects of extracellular calcium on PRL

dependent induction of ODC, cultures were pre incubated for 15 minutes 

with 2 roM EGTA or 2 mH EGTA plus 2 roM caCl
2

, prior to addition of 10 

ng/m1 PRL. Cells were then incubated for 6 hours at 37°C in 5" CO2 

in air to permit ODC inducton by PRL. CUltures were then harvested and 

cells lysed by brief sonication on ice. 

by measuring the liberation of 14C0
2 

ODC activity was determined 

from L-[1-14Cl-ornithine as 

previously described by Russell and Snyder (1968). The inCUbations 
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were conducted at 37°C in a total volume of 250 pI with 50 mH 

Na
2

H-KH
2

P04 , pH 7.2, 0.1 mH EDTA, 1 mH dithiothreitol, 5 mH NaF 

and 30 pM pyridoxal phosphate and 100-150 pI of the sonieate. 

Under these conditions, reaction velocity was constant with respect to 

time (up to 60 minutes) and proportional to enzyme concentration. The 

reaction was initiated by addition of 1 pCi L[l-14Cl-ornithine and 

cold ornithine to a final concentration of 0.5 mHo The pyr.idoxal 

14 phosphate-independent release of CO2 was determined in the pres-

ence of 4-bromo-3-hydroxybenzyloxamine dihydrogen phosphate, and this 

value was subtracted from the sample values. The reaction was determ-

ined by the addition of 0.25 ml 1 M citric acid. The inCUbation was 

continued for another 15 minutes, and the 14co evolved was trapp-
2 

ed by 20 pl of 2 N NaOH on a 3 MK filter paper (Whatman, Clifton, 

NJ) suspended above the reaction in a plastic well (Xontes, Vineland, 

NJ). Filter papers were placed in 8 ml of toluene/Omnifluor, and 

radioactivity was determined in a liquid scintillaton spectrometer. 

with each pharmacological manipulation, cell viability was determined 

by Trypan blue exclusion. None of the regimens examined resulted in 

significant loss of cell viability compared to cultures containing 

unstimulated cells or vehicle. 

Effects of agents upon prolactin binding to Nb2 lymphoma cells 

Stationary phase Nb
2 

lymphoma cells were harvested, washed 

and resuspended in Fischer's medium with 3" HS but without 2-ME. 

6 Between 1.5 and 2.0 x 10 cells were plated per well in flat bottom-

ed 96 well micro titer plates in a total volume of 250 pI. For each 
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condition tested, 5 wells were used, 3 receiving cells and 100,000-

200,000 cpm of [125Il_rPRL and 2 receiving both [125Il_rPRL and 10 

pg unlabeled, PRL to permit assessment of specific binding. Plates 

were incubated for one hour at 37°C, harvested with a MASH· II cell 

harvester onto glass fiber filters, washed with Pucks saline and 3~ HS. 

The samples were counted in a gamma counter. When the effects of phor

bol esters and pharmacological agents requiring DKSO or EtOH as solv

ents were studied, they were diluted in medium so that the total 

concentration of solvent did not exceed 0.1~. They were incubated at 

room temperature for 20 minutes along with the appropriate solvent 

controls. PRL was added therafter. The cells were warmed to 37°C and 

binding was performed as d·escribed above. In all experiments, approp

riate controls were run to evaluate solvent effects upon PRL binding. 

The final concentrations of each agent tested are given in the body of 

the table or in the table legends. 

Initiation/promotion bioassay model 

The model chosen for this investigation was described by Herren 

and Pereira (1983). This model employs diethylnitrosamine (DEN, Sigma) 

as a tumor initiating agent. Doses of DEN from 0.003 to 2.0 mmol/kg 

have been shown effective in eliciting a tumorigenic response. The 

experiments in this study employed a mid-range initiation dose of 1.0 

mol/kg (102 mg/kg) DEN andministered by intragastric gavage. A one 

week interval between initiation and commencement of promotion is 

allowed for the recovery of experimental animals from the acute hepato

toxic insult of DEN. After one week, promotion with PRL was begun. 
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One week later some rats underwent either partial hepatectomy (Higgins 

and Anderson, 1931) or a sham surgical procedure. This model, which 

has been employed to demonstrate the tumor promoting activity of pheno

barbial (Herren and Pereira, 1983), is sensitive to early phenotypic 

enzymatic alterations and is applicable to long term promotional exper

iments. Gross tumors have been demonstrated to develop up to 80 weeks 

after surgery. This model employs the appearance of y-glutamyl-

transpeptidase-positive foci as the quantifiable endpoint of hepatic 

carcinogenesis. 

Determination of y-glutamyltranspeptidase activity 

Gamma-glutamyltranspeptidase (GGTase) activity was assessed 

utilizing a technique modified from the method described by Naftalin 

et a1. (1969). Tissue homogenates were prepared in 5 volumes of ice 

cold 50 mH NaH-KH2P04 , pH 7.2 buffer containing 0.1 mK EDTA. 

Following equilibration at 37°C of 0.5 ml of the substrate solution 

(containing 51.0 pmol y-glutamyl-p-nitroanilide and 1.1 mmol gly

cylglycine) 20 pl of the homogenate supernatant was added and' incu

bated at 37°C for 20 minutes. Following incubation, 2.0 ml of 1.7 N 

acetic acid was added. To diazotize the p-nitroaniline liberated, 1.0 

ml of 0.1~ sodium nitrite was added. Sequential addition of 1.0 ml of 

1.~ ammonium sulfumate and 1.0 ml of 0.52 mg/m1 naphthylethylenedia

mine re~ults in formation of a pink azo-dye. Absorbance of the pink 

azo-dye was measured spectrophotometrically at 540 nm, and is propor-

"tional to GGTase enzymic activity. 
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Determination of y-glutamyltranspeptidase-positive Foci 

Presence of y-glutamyltranspeptidase-positive foci, therefore 

presence of preneoplastic foci or hyperplastic nodules, was determined 

by the method described by Rutenburg (1969). Tissues· removed at sac

rifice were rapidly frozen in O.C.T. compound (Lab-Tek, Naperville, 

IL) and stored at -85°C until analysis. Cryostat sections (6 pm) 

were mounted on slides, air dried and incubated at 25°C in 20 ml of 

substrate solution. The substrate utilized was y-glutamyl-methoxy-

2-napthylamide (0.125 mg/ml, GKNA, Polysciences, Rydal, PA). In addi

tion to GKNA, the substrate solution also contained 0.1 K Tris, pH 7.4, 

0.85" NaCl, 10 mg glycylglycine and 10 mg diazotized 4' -amino-2' , 

s'diethoxybenzanilide. Following 15 minutes of incubation the slices 

were rinsed with 0.857- HaCl and transferred to a solution containing 

0.1 K cupric sulfate. The slices were again rinsed with H20, air 

dried and mounted. Counterstaining was not required. 

statistical determinations 

Statistical differences between means were determined by the 

Newman-Xeuls studentized range for multiple comparisons (Armitage, 

1980), by ANOVA, or the Student's t-test. Differences were considered 

significant at the 95" or above confidence level. Correlation co

efficients were determined by linear regression. 
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TABLE 1 

Gradient generated by centrifugation 
of stock Percoll solution (1:1.26) 2 hour at 4500 x g 

Fraction number Refractive index Density 

1 1.3393 1.031 

2 1.3429 1.057 

3 1. 3433 1.060 

4 1. 3441 1.066 

5 1. 3446 1.069 

6 1. 3451 1.073 

7 1. 3459 1.079 

8 1. 3468 1.085 

9 1.3499 1.107 

10 1.3538 1.135 

stock Percoll solution was prepared as described. After 2 hours of 
centrifugation 19°C at 4500 x g the refractive index of 1.0 ml 
fractions was determined by refractometry. The density was calculated 
from the refractive index utilizing the relationship: 

density = refractive index - 1.19625. 
0.138752 



CHAPTER 3 

EFFECT OF PROLACTIN ON ENZYME EXPRESSION ASSOCIATED WITH 
CELL CYCLE PROGRESSION, DIFFERIENTIATION AND HEPATIC TUMOR PROMOTION 

Introduction 

In the mammary gland, PRL serves to modulate growth and differ-

entiated functions such as lactation (Riddle, 1963). Inherent in the 

regulatory capacity of PRL in mammary gland growth is the ability to 

stimulate cell cycle progression. This process requires that a variety 

of temporally orchestrated biosynthetic events occur prior to act.ual 

cell division (mitosis). Cell cycle is generally viewed as a cont.inuum 

composed of four phases (G1 , S, G2 and M; Siskin and Moraska, 

1975), which are t.emporally and biosynt.hetically discreet.. Quiescent. 

.. cells are viewed t.o be growth arrested in G1 (Go) and may be stim

ulated to enter cell cycle by hormones and growth factors (Paul et al., 

1974; Holley, 1975). In addit.ion, cells may different.iat.e from Go 

(Lupulescu, 1983). Increased cell mass which (Killander and Zet.t.erberg, 

1965) reflects increased synthesis rates of prot.ein and rRNA (Green, 

1974), phospholipids (Lapit.ina and Michell, 1973) and polyamines 

(Stastny and Cohen, 1970; Russell et. al., 1970; Russell and St.ambrook, 

1975) precede the onset. of DNA synthesis. Increased biosynt.hesis of 

polyamines reflect.s t.he induction of ornit.hin decarboxylase. 

Ornithine decarboxylase (ODC, EC 4.1.1.17) is t.he initial and 

rat.e limiting enzyme in the polyamine biosynt.het.ic pat.hway (Russell and 

Durie, 1978). L-ornit.hine is decarboxylated by ODC to form put.rescine. 

-30-
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Subsequent decarboxylations and propyl amine transfers occur to generate 

spermidine and spermine, other physiologically important polyamines. 

Polyamines are the organic cations of the cell (Russell, 1985) and are 

intimately involved in growth regulatory processess (Russell and Durie, 

1978). Early studies of ODe induction following- pari tal hepatectomy 

in the rat demonstrated that increased ODe activity in ragenerating rat 

liver was the result of de nQ.YQ. enzyme biosynthesis (Russell and 

Snyder, 1969). Induction of ODe by hormones and other growth promoting 

stimuli is considered to be a biochemical marker of a trophic response 

by tissues (Russel! and Durie, 1978; Russell, 1985). The ability of .. 
PRL to induce elevated ODe activity has been demonstrated in a variety 

of target tissues (Russell and Larson, 1985; Russell et a1., 1984a; 

Russell et al., 1984b; Richards et al., 1982; Rillema, 1985). 

Plasminogen activator (PA) is also an inducible enzyme which is 

synthesized and secreted in response to a wide variety of growth pro-

moting stimuli. Intracellular elevation of PA, similar to the induc-

tion of ODe, occurs early during G1 of cell cycle (Tiskatoff and 

Paul, 1978) as the result of de ~ enzyme biosynthesis (Goldfarb and 

Quigley, 1978; Opdenakker et al.; 1983; Buckley et al., 1985). Elevat-

ed tissue PA activity has been demonstrated to occur following exposure 

to sex steroids (Kneifil et a1., 1982), anterior pituitary trophic 

hormones (Strickland and Beers, 1976), growth-promoting polypeptide 

hormones (smi th and Strickland, 1982), cAMP analogs and phosphodi-

esterase inhibitors (Lacroix and Fritz, 1982). PRL has been linked to 

elevated PA activity in carcinogen-treated mouse mammary explants 
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(Kira-y-Lopez et a1., 1983), however, the effect on PA activity of this 

lactogenic hormone in the intact animal is unknown. 

A third family of proteins that are inducible by growth promot

ing stimuli are cytochrome P450 isoenzymes. These enzymes are respons

ible for biosynthesis and degradation of many endogenous compounds 

(steroids, fatty acids, biogenic amines, pheromones, 1eukotrienes and 

prostaglandins). They also participate in the detoxification of foreign 

substances such as environmental pollutants (Nebert and Gonzalez, 

1985). Carcinogens such as 3-methylcholanthrene and benzo[a]pyrene 

(Byus et a1., 1976), polychlorinated biphenyls (Alvares and Kappas, 

1975) as well as phenobarbital, a "prototypic" tumor promoter in rat· 

liver (Peraino, et a1., 1971; Byus et al., 1976; Peraino et a1., 1978) . 

are potent inducers of enzyme activities associated with cytochrome 

P450. Cytochrome P450 hydroxylation patterns of several steroids and 

drugs exhibits sex-differentiation. Hepatic microsomal preparations 

from male rats are generally more efficient than female rats (Conney et 

al., 1965), although female-specific activities exist (Gustafsson and 

Ingelman-SUndberg, 1974). Thus, sexual dimorphyism may suggest a role 

for hormonal regulation of cytochrome P450. To date a number of hor

mones have been implicated in modulation of hepatic cytochrome P450. 

These include growth hormone (HacGeoch et a1., 1985; Lamartiniere, 

1985), thyroid hormone (Fernandez et al., 1985) and androgens 

(Einarsson et a1., 1973). Recent evidence suggests that in humans 

hyperpro1actinemia decreases the production rate of the adrenal ster

oid, dehydroepiandrosterone (Schiebinger et a1., 1986). However, the 

effect of PRL on cytochrome P450 is unknown. 
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The existance and regulation of hepatic cell surface and 

intracellular receptors which specifically bind PRL have been well 

characterized. However, a gap exists in our currant understanding of 

PRL coupled biochemical events in this tissue. Recent evidence indi

cates that the hepatic PRL receptor may be coupled to tissue growth. 

This was suggested by the ability of PRL to stimulate hepatic ODC. In 

this chapter, the ability of PRL to stimulate enzyme markers of cell 

cycle progression were studied. Specifically PRL-stimulation of ODC 

and PA activity in rat liver and in other tissues was examined. In 

addition, the ability of PRL to modulate expression of these enzymes 

in hypophysectomized animals was investigated. Further, since' PRL is 

a potent stimulator of differentiated function as well as mitogenesis 

in mammary gland, the effects of PRL administration on cytochrome P450 

were examined. The ability of PRL to modulate cytochrome P450 iso

enzymes was determined by the microsomal metabolism of warfarin and 

androstenedione by PRL-treated and control animals. 

Results 

Effect of PRL administration on tissue PA activity 

A single intraperitoneal injecton of PRL resulted in a rapid and 

substantial elevation in PA activity in certain tissues. As shown in 

Table 2, peak PA activity in the adrenal gland and aorta occurred at 2 

hours and in liver and heart in 4 hours following PRL (22 mg/kg) admin

istration. PA activity in the kidney as well as in lymphoid organs 

(thymus and spleen) was increased, although in these tissues the levels 

did not significantly differ from control. The time course for PA 
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induction from 0-12 hours in liver, aorta, adrenal gland and heart 

subsequent to PRL administration is shown in Appendix, Figure 5. In 

contrast, data presented in the Appendix, Table 31 demonstrates that 

PRL exposure resulted in a significant decrease in proteolytic activ

ity in lung and skeletal muscle measured at 6-8 hours following PRL. 

The nadir in PA activity in these tissues was coincident with the 

decline in enzyme activities demonstrated in the other tissues 

(Appendix, Figure 5). 

It has been previously reported that chemical carcinogens and 

other agents induce PA activity by de ~ enzyme biosynthesis (Vassali 

et al., 1977; Buckley et al., 1985). To determine if this also occurs 

as a result of PRL administration animals were pretreated with either 

cycloheximide (70 mg/kg) , or actinomycin D (6 mg/kg) fifteen minutes 

prior to PRL administration. The inductions previously shown to occur 

at 2 hours were attenuated in both the liver and adrenal gland by 

metabolic inhibitor administration (Table 3). This result suggests 

that the PRL-stimulated PA induction in these tissues reflects de ~ 

biosynthesis. In the aorta, however, the 2 hour level of PA activity 

subsequent to actinomycin D or cycloheximide pretreatment and PRL 

administration was intermediate between baseline and the hormone-only 

induced levels, and was significantly different from control animals. 

These results suggest that two processes, both induced by PRL, may be 

acting simultaneously within aortic cells. First, de ~ synthesis 

may be occurring. This is indicated by a reduction in enzyme activity 

produced by inhibitor pretreatment. Secondly, pro-enzyme acti vation 

may also contribute to the magnitude of the enzyme induction elicited 
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by the hormone challenge. These data are consistent with the previously 

reported role of PA production in vascular endothelium and its contri

bution to fibrinolysis and hemostasis (Acinapura et a1., 1966). 

Cyc1osporine (CsA) , a potent endecapeptide immunosuppressive 

agent used c1inica11Y,to abrogate rejection in human organ transplant 

recipients, appears to be a selective PRL receptor antagonist. CsA 

attenuates PRL-stimulated ODC induction in tissues (Russell et al., 

1984a; 1984b; Russell and Larson, 1985) and blocks 125I _PRL binding 

(Russell et al., 1984c; 1985) in rodent and human lymphocytes in a 

dose-dependent manner. To examine the effects of CsA on PRL-stimulated 

PA induction, rats received 1 mg/kg CsA i.p. 20 minutes prior to intra

peritoneal PRL (22 mg/kg). The animals were killed after 2 hours and 

tissues analyzed for PA activity. The results shown in Table 4 demon

strate that low dose CsA attenutes the PRL-stimulated increase in PA 

activity in liver and heart, an effect similar to its reported inhib

itory effects on PRL-stimulation of tissue ODC activity. 

Effect of hypophysectomy on PA induction and ODC in rat liver 

The effect of hypophysectomy on the ability of PRL to stimulate 

tissue PA activity was assessed by the administration of 22 mg/kg PRL 

i.p. followed by serial animal killing over a 24 hour period. Tissue 

PA and ODC activities were determined to assess differences caused by 

hypophysis removal. The results of hypophysectomy (HYPOX) on PRL

stimulated hepatic PA and ODC induction are presented in Table 5 and 

in the Appendix, Tables 32-34. HYPOX animals exhibited lower baseline 

hepatic PA activity than controls but an identical time course for 
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enzyme induction over 24 hours (Table 5). Time to peak ODe induction 

was delayed to 8 hours in HYPOX animals compared to 6 hours in intact 

rats receiving PRL. PA induction by PRL in heart was not effected by 

HYPOX. In contrast, HYPOX abrogated PRL-stimulated PA induction in the 

adrenal gland (Appendix, Table 33). In heart, PRL administration failed 

to increase ODe activity in either intact or HYPOX animals (Appendix, 

Table 34). However, in the adrenal gland, administration of PRL to 

HYPOX animals produced an 11-fold increase compared to 2.5-fold in the 

intact animal measured at 6 hours (Appendix, Table 34). 

PRL effects on ODe activity in rat tissues as a function o~ days post

weaning (21 Days) 

Circulating PRL levels in rats vary with the age of the animal. 

This suggests a possible relationship between animal age and respon

siveness of target tissues to lactogen stimulation. ODe activity was 

utilized as a marker of PRL-stimulated receptor coupling to biosyn

thetic events in male weanling rats receiving PRL (22 mg/kg Lp.). 

Rats ranging in age from 22-36 days were studied. Tissues were excised 

at 6 hours following PRL administration and assayed for ODe activity. 

In liver (Table 6), maximal ODe induction by PRL occurred at 26 days 

of age reaching a level 4.5-fold above control animals. PRL adminis

tration at 22, 24, 30 and 32 days also stimulated ODe activity to 

levels 2-3 fold above control. Tables 35-37 of the Appendix demonstrate 

the age dependence of PRL responsiveness in kidney, spleen and heart. 

The ability of PRL to induce ODe aetivity in liver, kidney and spleen 

but not heart occurs co-incidently with the prepubertal PRL surge at 
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28 days of age in male rats reported by Ramaley (1977). The heart 

appears to be more responsive at or following the prepubertal increase 

in circulating PRL. 

Effect of PRL on ~ytochrome P450 in male weanling rats 

Since PRL-responsiveness measured by ODe induction in the liver 

was greatest at 26 days of age this age weanling male rats were util

ized to determine the effect of PRL on cytochrome P450. Rats received 

22 mg/kg PRL intraperitoneal1y and were killed 24 hours after hormonal 

challenge. Hepatic microsomes were prepared and analyzed for total 

cytochrome P450 content. The results are shown in Table 7. Admin

istration of PRL caused a 39~ (p < 0.001) increase in total microsomal 

cytochrome P450 content. This level of cytochrome P450 induction is 

comparable to literature values reported for cytochrome P450 induction 

following a single intraperitoneal dose of 100 mg/kg phenobarbital 

(Byus et a1., 1976). 

To examine the issue of age dependency for the PRL-provoked 

induction of cytochrome P450, 31 day old (an age resistant to hepatic 

ODe induction by PRL) male rats received intraperitoneal PRL (22 

mg/kg). As before, the animals were killed after 24 hours and hepatic 

microsomes prepared. Data presented in Table 8 demonstrates that 31 

day old male rats are resistant to PRL-stiJtUllated induction of the 

enzymes associated with the drug metabolizing monooxygenase system. 

The results were similar at the two PRL doses examined. In addition, 

the inability of PRL to induce elevated drug metabolizing capacity is 

independent of an intact pituitary-hypotha1mic axis since equivalent 
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results were obtained in HYPOX animals. Interestingly, baseline or PRL 

treated levels of cycochrome P450 in HYPOX animals were 34-67~ higher 

than littermate control animals. This suggests that factors secreted 

from the pituitary gland may serve to suppress cytochrome P450 rather 

than sti1lUllate drug metabolizing enymes in this age animal.' 

It is widely accepted that cytochrome P450 represents a family 

of biochemically related isoenzymes. The induction of total cytochrome 

P450 content in liver following xenobiotic administration reflects the 

summed contribution of the induction of specific isoenzymes, while 

others may be unaffected or decreased. To identify which specific 

isoenzymes of cytochrome P450 were sti1lUllated by PRL administration 

(Table 7), microsomes from 26 day old male rats with and without PRL 

treatment were assayed for their ability to metabolize the androgen 

steroid, androstenedione. The data presented in Table 9 demonstrates 

no differences in microsomal metabolism of this substrate in rats 

treated with PRL or vehicle. 

When microsomes from PRL-treated 26 day old male rats were exam

ined for'their ability to metabolize warfarin quite different results 

were obtained. The metabolic profile produced by microsomes isolated 

from PRL-treated rats differed significantly from control in their 

ability to metabolize the R enantiomer of warfarin (Figure 1). Sig

nificant differences were found in the levels of 6-0H, 7-0H and 8-0H 

R-warfarin. stereoselectivity was demonstrated for the PRL-induced 

effect on cytochrome P450 isoenzymes since only the 6-0H metabolite of 

S-warfarin differed significantly from controls. Hicrosomes from PRL

treated rats produced a novel metabolic pattern of this substrate which 
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is dissimilar to those produced by known rat isoenzymes (L. Kaminsky, 

personal communication). This suggests that the PRL-stimulated induc

tion of cytochrome P450 may reflect the contribution of a unique P450 

isoenzyme. 

Discussion 

A single intraperitoneal injection of PRL caused a rapid and 

substantial elevation in tissue PA activity. Hypophysectomy had no 

effect on the time course of PA induced in liver by PRL except to 

attenuate baseline and peak values attained. Pituitary ablation 

increased the time of peak ODe induction stimulated by PRL, from 6 

hours in intact to 8 hours in hypophysectomized animals. Additionally, 

baseline and peak levels of ODe activity were higher inhypophysectom

ized animals compared to intact littermates. 

It has been previously reported that chemical carcinogens and 

other agents induce PA activity by de ~ enzyme biosynthesis 

(Vassalli et a1., 1977; Buckley et a1., 1985). PRL-stimulated PA 

induction in the liver and the adrenal gland was· also the result of de 

~ synthesis since inhibitors of protein and RNA synthesis blocked 

this PRL-stimulated response. In the aorta however, both de ~ syn

thesis and proenzyme activation may contribute to the magnitude of the 

enzyme induction elicited by hormonal challange. 

The novel immunosuppressive agent used clinically in human 

heart, liver and kidney transplantation patients, esA has been recently 

demonstrated to be a PRL receptor antagonist (Russell et al., 1985). 

The induction of tissue ODe is ihibited by animal pretreatment with 
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esA (Russell et al., 1984a). The induction of hepatic PA following PRL 

administration was likewise attenuated by esA pretreatment. The abil

ity of esA to inhibit PRL binding to lymphoid cells (Russell et a1., 

1985) and attenuate PRL stimulation of enzyme expression in tissues 

further supports the hypothesis that many of the effects produced by 

esA in vivo may be mediated by alterations in PRL action. 

It has been suggested that PRL may be the initial fetal and 

neonatal mammalian growth hormone (Nicoll, 1978). Induction of ODe 

activity by PRL administration in the liver and other tissues clearly 

reveals the age dependency for PRL action. PRL was most effective at 

stimulating increased hepatic ODe activity during the first week fol

lowing weaning. Liver was weakly stimulated or refractory to PRL-pro

voked induction of ODe activity and cytochrome P450 after this period. 

Rat liver was most responsive to PRL-stimulated responsiveness deter

mined by ODe induction at 26 days of age. This age rat was employed 

for analysis of PRL effects on cytochrome P450 isoenzymes. 

Administration of a single dose of PRL increased total cyto

chrome P450 by 39~ compared to vehicle-treated controls. In addition, 

analysis of metabolic patterns produced by hepatic micro somes from 

PRL-treated rats suggests that the increase in total cytochrome P450 

reflects an increase in isoenzymes responsible for hydroxylation at the 

6,7 and 8 positions of the R-enantiomer warfarin. Sterospecificity was 

demonstrated by a different metabolic pattern produced by microsomal 

incubation with the S-enantiomer of this substrate. The significance 

of these results are two fold. First, with the exception of growth 

hormone (MacGeoch et al., 1985) no other polypeptide hormone has been 
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demonstrated to modulate this key enzyme system. The finding that 

cytochrome P450 induction by PRL is age dependent suggests that PRL may 

play a salient role in the ontogeny of macromolecular systems in the 

liver and "in· other organs. Second, the metabolic pattern of R-warfarin 

produced by PRL-influenced microsomes is uncharacteristic of the pat

tern by any of the known isoenzymes of cytochrome P450. This finding 

suggests that PRL may selectively stimulate the expression of a unique 

isoenzyme member of the cytochrome P450 "family". 

In conclusion, PRL administration induces the transcriptional 

and translational biomachinery responsible for ODe induction and de 

~ biosynthesis of PA in the liver and other tissues. This ability 

of PRL to stimulate hepatic PA activity also occurred in the absence 

of an intact pituitary gland. Similar results were obtained when the 

effect of PRL administration on tissue ODe induction was examined. The 

effect of PRL on liver enzyme induction was found to be age dependent. 

PRL was more effective in younger animals, determined by measurement 

of ODe activity and cytochrome P450. Finally PRL administration 

induced the monooxygenase enzyme system involved in xenobiotic and 

endogenous substrate metabolism by stimulating a hitherto undescribed 

isoenzyme of cytochrome P450. 
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TABLE 2 

Induction of PA activity by PRL in the rat 

control Peak Time to Peak Significance 
Tissue PA Activity PA Activity (hours) (p <) 

Adrenal 12.04 ± 2.61 31.60 ± 1.00 2 0.01 

Heart 15.90 ± 4.04 57."40 ± 8.29 4 0.02 

Aorta 26.83 ± 5.91 65.76 ± 12.30 2 0.05 

Liver 28.11 ± 0.77 38.00 ± 3.70 4 0.01 

Kidney 17.70 ± 1.19 21.79 ± 4.94 2 NS 

Thymus 14.03 ± 2.81 20.33 ± 2.17 4 NS 

Spleen 28.99 ± 6.10 43.39 ± 3.81 4 NS 

PA activity is expressed as I.U. per mg protein. Each value represents 

the mean ± S.E.H. of 4-5 animals. NS. data do not significantly 

differ from control. 
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TABLE 3 

Effect of actinomycin D and cycloheximide 

on PRL-stimulated induction of plasminogen activator 

Tissue control 

Liver 21.70 ± 1.73 

Adrenal 48.14 ± 2.43 

Aorta 42.84 ± 3.89 

PA activity at 2 hours 

Prolactin 

Actinomycin D Cycloheximide Only 

21.23 ± 0.73 19.76 ± 2.71 42.54 ± 5.43 

55.31 ± 2.59 41.69 ± 1.59 74.31 ± 3.89 

*56.61 ± 3.39 **56.36 ± 1.13 70.06 ± 3.46 

Animals were pretreated with either acintomycin D (6 mg/kg), cyclohex

imide (70 mg/kg) or injection vehicle 15 minutes prior to prolactin 

dosing. Plasminogen activator activity (I.U. per mg protein) was 

determined as described. Each value represents the mean ± S.E.K. of 

4 animals 2 hours following PRL. 

a p < 0.05 

b p < 0.02 

c p < 0.01 
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TABLE 4 

Effect of CsA on PRL-stimulated PA activity in liver and heart 

Treatment 

PRL 

PRL + CsA 

CsA 

Vehicle 

Liver 

'r. Control 

253 ± 7 

160 ± 21 

82 ± 11 

100 ± 14 

Heart 

'r. Control 

188 ± 12 

124 ± 15 

138 ± 35 

100 ± 36 

Female SID rats (80-90 g). received 0.1 mg CsA i.p. 20 minutes prior to 

22 mg/kg PRL Lp. The animals were killed at 2 hours and tissue PA 

activity determined. 

animals. 

Data represents the mean ± S.E.K. of 4-5 



TABLE 5 

Effect of hypophysectomy on PRL-stimulated 

hepatic PA an ODe activities in the rat 

PA Activity* ODC ActivUy** 

45 

Time (hours) control HYPOX Control HYPOX 

0 30.7 ± 4.7 19.4 ± 4 3.7 ± 0.6 6.6 ± 0.8 

2 53.8 ± 6.5 53.0 ± 7 5.0 ± 0.3 4.3 ± 0.3 

4 62.8 ± 6.6 58.9 ± 10 5.0 ± 0.5 5.8 ± 0.6 

6 47.9 ± 2.7 5i.5 ± 4.7 6.7 ± 0.1 7.0 ± 1.3 

8 48.4 ± 7.0 43-.9 ± 8 3.0 ± 0.3 11.2 ± 1.4 

12 55.4 ± 17.8 57.7 ± 6 6.0 ± 0.5 8.7 ± 1.2 

18 53.0 ± 17.8 44.3 ± 16 5.8 ± 0.5 7.8 ± 0.5 

24 92.7 ± 11.9 51.6 ± 6.9 3.8 ± 1.2 7.8 ± 1.1 

PRL, 22 mg/kg, Lp. was administered as a single dos~ to intact and 

hypophysectomized rats. The animals were killed over 24 hours and 

livers assayed for PA and ODe activities. Data is presented as the 

mean ± S.E.K. of 5-7 animals. 

14C02/30 min/rog protein 

*: I.U./rog ·protein **: pmol 
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TABLE 6 

PRL effects on ODe activity in rat liver 

as a function of days post-weaning (21 days) 

Liver ODe activity* 
Days wt range (g) Vehicle-control PRL 

22 32-38 15.1 ± 1.5 40 ± 11 

24 54-64 12 ± 1.3 30 ± 7.9 

25 64-80 29 ± 1.7 47 ± 8.4 

26 65-81 13 ± 1.4 58 ± 15 

27 96-106 8 ± 0.4 18 ± 3.2 

28 83-110 35 ± 5.7 23 ± 6.2 

29 88-94 13 ± 1.8 16 ± 2.6 

30 79-112 18 ± 1.0 44 ± 8.8 

31 89-139 21 ± 6.4 20 ± 4.6 

32 131-161 14 ± 1.6 36 ± 6.4 

33 133-153 18 ± 1.7 21 ± 3.0 

34 129-160 12 ± 0.5 21 ± 2.3 

35 119-163 11 ± 0.3 11 ± 0.9 

36 164-194 30 ± 0.8 33 ± 5.6 

PRL (22 mg/kg, i.p.) was administred to male weanling rats. The ani-

mals were killed at 6 hours and hepatic ODe was determined. Data 

represents the mean ± S.E.K. 

min/mg protein 

of 3-5 animal. * pmol 14eo 130 
2 
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TABLE 7 

Effect of PRL on cytochrome P450 in 26 day old male weanling rats 

Treatment 

Vehicle-control 

PRL (22 mg/kg) 

nmol cytochrome P450/mg protein* 

1.196 ± 0.038 

1.662 ± 0.054 

p 

< 0.001 

Hale SID rats. 26 days of age. received intraperitoneal PRL (22 mg/kg). 

The animals were killed 24 hour post-injection. hepatic microsomes were 

prepared and cytochrome P450 was determined. Data represents the mean 

± S.E.H. of 5 animals. 
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TABLE 8 

. Effect of PRL on cytochrome P450 

in intact and hypophysectomized male rats 31 days of age 

Treatment 

Vehicle-control 

PRL (22 mg/kg) 

PRL (2.2 mg/kg) 

Cytochrome P450 nmol/mg protein 

Intact 

0.6425 ± 0.041 

0.5825 ± 0.0098 

0.5915 ± 0.0389 

HYPOX 

0.8804 ± 0.0237 

0.7807 ± 0.0525 

0.9974 ± 0.1338 

Male SID rats, 31 days of age, received intraperitoneal PRL and were 

killed at 24 hours. Hepatic microsomes were prepared and analyzed for 

cytochrome P450. Data is presented as the mean ± S.E.M. of four 

animals. 
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TABLE 9 

Effect of PRL on microsomal metabolism of androstenedione 

Treatment 7 ,,-OH* 68-0H* 168-0H* 

Vehicle-control 615 ± 67 809 ± 72 309 ± 21 88 ± 7 

PRL 745 ± 30 665 ± 24 310 ± 7 70 ± 4 

Male SID rats, 26 days of age, received intraperitoneal PRL (22 mg/kg). 

The animals were killed 24 hours post-injection, hepatic microsomes .. 
were prepared and the metabolism of androstenedione was determined. 

Data represents the mean ± S.E.M. of five animals. 

*pmole metabolite/mg protein/min 



c c-oE - ........ -c "'-E.! 
~o 
o~ u.a. 
G»DI ;:E 
0 ........ .aG» 

"'== -0 G».a 
:IE", --oG» 
G»E --",0 
o:E 

c 

0.160 
0.150 
0.140 
0.130 
0.120 
0.110 
0.100 
0.090 
0.080 
0.070 
0.060 
0.050 
0.040 
0.030 
0.020 
0.010 

o 

R-Warfarin Metabolism 

.: Vehicle Control 

fa: Prolactin 

I 

Dehydro 4-0H 6-0H 7-0H 

Metabolite 

p<O.001 

8-0H 10-0H 

50 

,iaure 1: Effect of PRL on microsomal metabolism of the a-enantiomer 

of warfarin. 



51 

S-Warfarin Metabolism 

c 0.230 .: Vehicle Control c-oE 0.220 
~: Prolactin -, 

-c 0.210 --E.! 0.200 
.. 0 0 0.. .190 
IL Q. 0.180 .m 
!::E -, o. 0.080 ,a_ 

-= 0.070 -0 
.,a 0.060 :E_ 

0.050 --o· 0.040 .E 0.030 --_0 0.020 a:E 
c: 0.010 

0 
Dehydro 4-0H 6-0H 7-0H 8-0H 10-0H 

Metabolite 

Fisure 2: Effect of PRL on microsomal metabolism of the S-enantiomer 

of warfarin. 



CHAPTER 4 

EFFECT OF PRL ON HEPATIC DNA SYNTHESIS 

Introduction 

The mechanism(s) by which quiescent liver cells are recruited 

into cell cycle subsequent to partial hepatectomy, hepatotoxin-induced 

necrosis, or in response to liver carcinogenes is largely unknown. One 

of the more extensively studied models of animal cell growth and repli

cation is the compensatory hyperplasia induced in the liver following 

partial hepatectomy in rats. Excision of 70~ of the hepatic mass 

(Higgins and Anderson, 1931) triggers in rats a "pleiotrophic response" 

leading to regrowth of the hepatic remnant to its original mass by 

about two weeks. Several systems such as the immunologic (Sakai and 

Tanaka, 1979) and the sympathetic nervous system (Kor1ey and Royse, 

1981) have been reported to play an indirect role in the hepatocellular 

pro1i(erative response subsequent to partial hepatectomy. Transfusion 

experiments between hepatectomized and normal animals performed nearly 

20 years ago, however, strongly suggested that liver regeneration may 

be regulated by humoral factors. Koolten and Grisham (1967) and Bucher 

et a1. (1966) in parabiotic experiments demonstrated that transfusion 

of blood from a partially hepatectomized rat stimulated DNA synthesis 

and mitosis in the liver of normal rats. Since these pioneering experi

ments, hormonal profiles in the blood of hepatectomized animals as 

well as the effects of hormone administration in vivo and in vitro 
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have been investigated to more clearly define the precise nature of 

the hormonal substances present in blood and tissues (Terblanche et 

al .• 1980) which stimulate liver cell DNA synthesis. 

Considerable evidence has accumulated suggesting that hormones 

present in the pla~ may be the agents that stimulate hepatic DNA 

synthesis. although specific liver cell proliferation factors acting 

in an autocrine manner cannot be entirely ruled out (Kichalopoulos et 

al .• 1982; Kichalopoulos et al .• 1984; Nakamura et al .• 1984; Goldberg. 

1985). In primary culture. mature hepatocytes are quiescent. Richman 

et al .• (1976) demonstrated that additions of epidermal growth factor 

(EGF) and insulin stimulated DNA synthesis in hepatocyte cultures. In 

vivo. pancreatic ablation and evisceration depressed rat liver DNA 

synthesis 24 hours after parital hepatectomy except when insulin and 

glucagon were infused (Bucher et al .• 1975). Peripheral infusions of 

triiodothyronine (T
3
). glucagon and select amino acids (Short et al., 

1972) or of insulin. glucagon and EGF (Bucher et al .• 1978) into intact 

rats induced small but significant levels of hepatocyte DNA synthesis. 

Split portacaval transposition studies in both intact and pancreatect

omized animals also pointed to the "hepatotrophic" effect of insulin 

and glucagon (Starzl et a1.. 1976). Other hormones that have been 

implicated in the regulation of hepatocyte proliferation are growth 

hormone. and T3 in tandem (Russell and Snyder. 1969). parathyroid 

hormone (Rixon and Whitfield. 1976). calcitonin (Canzanelli et a1.. 

1949), glucocorticoids (Castellano et al .• 1978). norepinephrine 

(Cruise et al .• 1985; Hatta. 1985). a-adrenergic and cholinergic 

agonists. and the sex steroids. testosterone (Francavilla et al .• 1984) 
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and estrogen (Eagon et a1., 1985). Notably, a potentially important 

anterior pituitary trophic hormone, prolactin, has been largely over-

looked in liver proliferation studies. 

Evidence is accumulating which suggests that PRL may be the 

initial fetal and neonatal growth regulating hormone in mammals 

(Nicoll, 1978). PRL receptors in rat liver are coupled to the induction 

of ODe (Richards, 1975; Thomson and Richards, 1978; Russell et a1., 

1984). ODe is a key growth regulatory enzyme expressed early in the 

G1 phase of cell cycle subsequent to partial hepatectomy (Russell 

and Snyder, 1968), and in other altered growth states such as neoplasia .. 
(Russell and Durie, 1978; Russell, 1985). Induction of ODe is an early 

marker of mammalian cell growth (Russell and Durie, 1978) and has been 

shown to be associated with tumor promotion (O'Brian, 1976). Recently, 

the ability of PRL to induce liver plasminogen activator (PA) activity 

in rats (Buckley et a1., 1984) was demonstrated. The induction of PA, 

like ODe, occurs early during the G1 phase of cell cycle and is 

stimulated by hormones, tumor promoters (Buckley et a1., 1985) and 

other growth promoting stimuli (Putnam et al., 1984). 

In this chapter the effects of PRL administration on tissue DNA 

synthesis, with special reference to the liver are presented. Addi-

tionally the relationship of the tumor promoting phorbol diester, 12-0-

tetradecanoylphorbol-13-acetate (TPA) and the glucocorticosteroid, 

dexamethasone (DEX) on hepatic DNA synthesis with and without PRL 

administration were investigated. Finally, evidence from hepatoce11u-

lar fractionation experiments is presented to verify the hepatic 

parenchymal cell specificity of PRL-induced DNA synthetic responses. 
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Results 

To determine the effects of PRL administration on tissue DNA 

synthesis adult SID rats (180-195 g) received PRL (5.5 mg/kg, i.p.) at 

12 hour intervals for 48 hours, a time course which encompases maximal 

hepatic DNA synthesis following partial hepatectomy (Bollum and Potter, 

1959; Maley and Maley, 1960; Weissman et al., 1960). Of the various 

tissues examined, PRL administration caused a mitogenic response only 

in the liver (p < 0.05. Table 10). Weanling rats were also examined 

to assess the age dependence for PRL-stimulated [3Hl-thymidine 

incorporation, similar to that demonstrated for ODe and cytochrome P450 

inductions. Data in Tables 11 and 12 demonstrate that intraperitoneal 

PRL for 48 hours stimulates [3Hl-thymidine incorporation in weanling 

as well as in adult rats. This effect occurs in two strains of albino 

rat suggesting that PRL induced hepatic mitogenesis is a general phen

omena for rat liver. 

TPA, a potent tumor promoting phorbol diester in mouse skin has 

been demonstrated to induce rat hepatic PA and ODe activities after 

intraperitoneal injection (Buckley et al., 1985). To determine if TPA 

also stimulates [3Hl-thymidine incorporation in rat liver in a manner 

similar to PRL, rats received TPA 0.6 mg/kg at 12 hour intervals for 

48 hours. Other rats received PRL, or PRL (5.5-11.0 mg/kg) plus TPA. 

TPA was administered 5-10 minutes prior to PRL administration. The 

results are presented in Tables 12 and 13. In contrast to the stimu

latory effect of PRL on [3Hl-thymidine incorporation, 48 hours of 

TPA decreased the ability of tissues to incorporate [3Hl-thymidine 
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(Table 12). In liver and thymus, TPA reduced [3Hl-thymidine incorp

oration by 35~ and 55~, respectively. It was more potent in kidney and 

heart, reducing these levels to 21~ in the former and 25~ in the lat

ter. Administration of PRL within minutes of TPA injection reversed 

the effect of TPA to attenuate [3Hl-thymidine incorporation in liver 

and thymus but not kidney and heart (Table 12). 

In other systems (Russell et al., unpublished) dexamethasone 

antagonizes [125Il_rPRL binding, PRL-stimulated ODe induction and 

mitogenesis in vitro. To test the capacity of DEX to antagonize PRL

stimulated [3Hl-thymidine incorporation as an index of mitogenesis 

in the intact animal, weanling SID rats received PRL (5.5 mg/kg), TPA 

(0.6 mg/kg), DEX (0.5 mg/kg), PRL plus DEX or TPA plus DEX at 12 hour 

intervals. Following a [3H]-thymidine pulse at 46 hours the animals 

were killed at 48 hours. DEX and TPA were administered 5-10 minutes 

prior to PRL. [3Hl-thymidine incorporation into DNA was determined 

in liver and heart. Data presented in Table 13 show that the effect 

of DEX on [3Hl-thymidine incorporation was similar to that caused by 

TPA. Both compounds reduced radiolabel incorporation in both tissues. 

The combination of DEX plus TPA in liver did not produce an additive 

effect on [3Hl-thymidine. However additivity was suggested in the 

heart since increased inhibition of [3Hl-thymidine incorporation was 

produced by the combined treatment compared to either agent alone. Of 

particular interest was the antagonism of PRL-stimulated hepatic mito

genesis caused by DEX. This effect may be specific for liver since DEX 

did not produce the same effect in the heart of PRL treated animals. 
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Administration of hepatotoxins such as carbon-tetrachloride 

(CC/4; Leevy et al., 1959; Mourelle and Rubalcava, 1981) or galactos

amine (Putnam et al., 1984) produces hepatocellular necrosis followed 

by a mitogenic response by the liver. To test if the increase in 

[3H1-thymidine incorporation in liver following PRL administration 

was a result of hepatocellular necrosis followed by compensatory hyper

plasia, rats received intraperitoneal PRL (5.5mg/kg) over 48 hours at 

12 hour intervals. Blood was collected at 48 hours and serum analyzed 

for clinical markers of liver dysfunction (Table 14). The data 

presented in Table 14 suggest that PRL-stimulated mitogenesis in the 

liver is not the result PRL-produced hepatic necrosis. All parameters 

were within the normal range for rat serum liver function values. 

Putnam et ale (1984) described SGOT and SGPT values of 4877 IU/ml and 

5793 IU/ml respectively following administration of sublethal doses of 

galactosamine. In addition, this treatment stimulated a proliferative 

response measured at 45 hours following hepatotoxin administration. 

The time course for PRL-stimulated mitogenesis in liver was 

examined in hepatic liver nuclei isolated from rats treated with a 

single administration of PRL (22mg/kg). The animals were killed at 24 

hour intervals over 72 hours. Each group received a pulse of [3H1 _ 

thymidine (1pCi/g body weight) 2 hours prior to liver removal. Hep

atic nuclei were isolated from other cellular components on a sucrose 

gradient .(Ref). [3H1-thymidine incorporation into TCA precipitable 

DNA was compared to radiolabel incorporation in homogenates (Table 15). 

The data presented show a positive correlation of [~H1-thymidine 
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incorporation between homogenate and nuclear TCA precipitatable cellu

lar DNA. Following a single administration of PRL, maximal radio label 

incorporation ocurred at 48 hours subsequent to hormonal challenge. 

By 72 hours, in both· the total homogenate and the nuclear fractions, 

DNA synthesis had returned to baseline levels. 

Hepatic tissue contains a variety of cell types, including hep

atic p.arenchymal cells and Kupffer cells (macrophages) as well as blood 

components. To ascertain which hepatocellular subset was responsible 

for the increased [3Hl-thymidine incorporation following PRL admin

istration, rats were treated with PRL (5.5 mg/kg, Lp.) at 12 hour 

intervals for 48 hours. At 46 hours the animals received [3Hl-thym

idine, 1 )JCi/g body weight; the livers were removed 2 hours later. 

Prior to liver removal the portal vein was cannulated and perfused with 

0.9~ NaCl until the effluent from the supra hepatic vena cava was clear 

(approximately 25-30 ml). The tissue was minced and treated with 0.05~ 

collagenase solution to enzymatically disrupt hepatic integrity. 

Following isolation ~nd washing, hepatocytes were layered on top of a 

Percoll gradient and centrifugated. One milliliter fractions were 

analyzed for the amount of TCA precipitatable [3Hl-thymidine incorp

orated into cellular DNA and examined by light microscopy to assess 

cellular morphology, viability and identity. Hepatic parencyhmal cells 

were found to sediment in fractions one and two of the Percoll gradient 

(Table 16). Other cells contained within the liver were found in 

fraction eight. This fraction was composed of erythrocytes, blood 

leukocytes and macrophages. These cells were identified by light 

microscopy. Hone of the remaining seven fractions contained intact 
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cells by light microscopy. The fractions were analyzed for the amount 

of [3H1-thymidine incorporation into TCA precipitatable material. 

Of the three fractions containing intact cells 99.37. of the radio

activity was' associated with hepatic parenchymal cells. Thus, it 

appears that PRL-stimulation of [3H1-thymidine incorporation in the 

rat liver is specific for hepatic parenchymal cells. 

Discussion 

Episodic PRL administration over 48 hours stimulated DNA syn

thesis in rat liver in both adult and weanling animals. The mitogenic 

effect of PRL was specific for liver since none of the other. tissues 

examined demonstrated increased [3H1-thymidine incorporation. The 

data presented suggest the increase in liver DNA synthesis elicited by 

PRL administration is not caused by hepatocyte necrosis; an effect 

documented to occur subsequent to hepatotoxin administration (Leevy et 

al., 1959; Mourelle and Rubalcava, 1981, Putnam et al., 1984). Serum 

enzyme markers of hepatocellular necrosis measured in PRL treated 

animals were within the normal range established for rats. Cell frac

tionation experiments demonstrated that the mitogenic action of PRL for 

liver is specific for hepatic parenchymal cells. No alterations in 

[3H1-thymidine incorporation were evident in other cell types co

purified by enzyme digestion of the intact liver. The effect of 

PRL-stimulated increased [3H1-thrmidine incorporation in hepatocytes 

was probably not due to increased [3H1-thymidine concentration in the 

cytoplasm of liver cells. Experiments examining the time course of 

hepatic DNA synthesis induced by a single RLR administration revealed 
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similar temporal patterns of [3Hl-thymidine incorporation in whole 

liver homogenates and isolated hepatic nuclei. If radiolabel was 

selectively concentrated in the cytoplasmic liver fraction, then 

[3Hl-thymidine incorporation in nuclei would be expected to remain 

at baseline levels. This experiment also demonstrates the potency of 

PRL as a liver mitogen since a single administration of the hormone 

increased [3Hl-thymidine incorporation measured at 48 hours. Also 

demonstrated in these studies is the ability of PRL to increase DNA 

synthesis in the liver in a manner temporally analogous to both chem-

and surgical partial hepatectomy (Bollum and Potter, .. 
1959; Weisman et al., 1960; Hourelle and Rubalcava, 1981). 

The potent rodent epideral tumor promoter, TPA has been demon-

strated to induce enzyme markers of the G
1 

phase of cell cycle in 

liver following systemic administration (Buckley et a1., 1985). To 

examine if this effect is also coupled to mitogenesis in liver stim-

ulated with PRL, rats received TPA alone or TPA plus PRL. TPA alone 

decreased [3Hl-thymidine incorporation; this effect was reversed by 

PRL administration. In certain tissues phorbol esters stimulate dif-

ferentiation rather than mitogenesis (Blumberg, 1980). In mouse skin, 

phorbol esters have been found to have divergent effects. TPA stim-

ulates markers of proliferation such as polyamine and DNA synthesis 

(O'Brien et a1., 1975; Yuspa et a1., 1976). Conversely, TPA also 

increases biochemical markers of a differentiated state such as epi-

dermal production of keratins and transglutaminase (Steinert and Yuspa, 

1975; Yuspa et al., 1980). These observations suggest that subpopula-

tions may exist that respond to phorbol esters in divergent ways 
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(Vandenbark and Niedel, 1984), as similar situation may exist in the 

liver. Alternatively in the liver TPA may stimulate the production of 

proliferation inhibitor (McMahon and Iype, 1980; McMahon et al., 1984) 

in the same or different hepatocyte subset which is effected positively 

by PRL. The potency of PRL as a liver mitogen is further underlined 

by its ability to reverse the inhibitory effect of TPA on liver 

r3H1-thymidine incorporation. 

The glucocorticosteroid, DEX, has been demonstrated to specif

ically inhibit cellular proliferation in a variety of tissues. Bigsby 

and CUnha (1985) described the ability of DEX to inhibit DNA synthesis 

in mouse uteri. Host recently DEX has been found to antagonize PRL 

binding and PRL-stimulated ODe induction and proliferation in Nb2 

lymphoma cells (Russell et al., unpublished observations). The results 

presented in this study demonstrate that the administration of DEX over 

48 hours decreased hepatic r3H1-thymidine incorporation similar to 

TPA administration. In contrast to TPA however, the inhibitory effect 

of DEX on hepatic DNA synthesis was not reversed by PRL. Another 

divergence between TPA and DEX is that systemic administration of TPA 

stimulates ODe to a level 10-fold above controls (Buckley et al., 1985) 

while DEX produces only 2-fold increase in enzyme activity in liver 

(Richards, 1978). The coupling of ODe to proliferation in cells 

requires that the ODe induction reach a critical magnitude and duration 

(Russell, 1985). Thus, while both TPA an DEX inhibit r3H1-thymidine 

incorporation similarily, the reversal of TPA but not the DEX inhibi

tion of mitogenesis suggests that the differential effects of PRL in 
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combination with these agents may involve their effects on ODC induc

tion. Additionally, DEX has been shown to induce an inhibitor of ODC 

in some systems (Bishop et al., 1985) which may also contribute to the 

effects demonstrated. 

In summary, PRL was found to stimulate hepatic DNA synthesis in 

both adult and weanling rats. This effect of PRL was found to be spe

cific for hepatic parenchymal cells, and not the effect of hormonally 

induced necrosis. The time course for PRL stimulated DNA synthesis is 

consistent with hepatic DNA synthesis provoked by chemical or surgical 

partial hepatectomy. Finally, TPA and DEX reduced baseline [3H)_ 

thymidine incorporation. PRL reversed the inhibition produced by TPA 

but not DEX. This suggests that these agents may be effecting hepatic 

DNA synthesis by disparate mechanisms which may be related to their 

ability to induce ODC. These data taken together support the hypothe

sis that PRL may be a physiological regulator of hepatic DNA synthesis. 

Further, since stress is an important stimulator of PRL secretion by 

the anterior pituitary gland these data suggest that PRL may partici

pate in triggering compensatory hyperplasia elicited by surgical stress 

associated with partial hepatectomy. 
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TABLE 10 

Effect of PRL on DNA Synthesis in Adult SID Rat Tissues 

Tissue " of Controlt 

Liver 182 ± 27* 

Adrenal 210 ± 58 

Heart 139 ± 15 

Kidney 113 ± 15 

Thymus 85 ± 10 

Aorta 56 ± 19 

SID rats received PRL (5.5mg/kg, i.p.) at 12 hour intervals for 48 

hours. Tissue [3HJ-thymidine incorporation was determined as 

described in Chapter 2. * P < 0.05 t mean ± S.E.K. 

TABLE 11 

Effect of PRL on Hepatic DNA Synthesis in Weanling Munich-Wistar Rats 

Treatment 

PRL 

vehicle-control 

13Hl-thymidine incorporationa 

813.0 ± 167.9* 

195.7 ± 20.6 

Weanling (52 ± 2g) Munich-Wistar rats received PRL (5.5mg/kg, i.p.) 

at 12 hour intervals for 48 hours. DNA synthesis was determ,ined as 

described in Chapter 2. Data represents the mean ± S.E.K. of 4-6 

animals. 

a: cpm/mg protein 

*: p < 0.01 
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TABLE 12 

Effect of PRL, TPA and PRL Plus TPA on Tissue DNA Synthesis* 

in Weanling Rats 

. Treatment 

Tissue PRL (5.5 mg/kg) TPA PRL. (5.5 mg/kg)+TPA 

Liver 155 ± 16 65.6 ± 13.5 91.3 ± 10 

Thymus 85.4 ± 11.4 44.4 ± 4 92.7 ± 15.5 

Kidney 113.2 ± 13 21.2 ± 4.1 19.2 ± 11.3 

Heart 133.6 ± 25.9 25.3 ± 6.7 44.3 ± 9.4 

Weanling SID rats (75 ± 2 g) received PRL (5.5 mg/kg, Lp.) and/or 
TPA (0.6 mg/kg) at 12 hour intervals for 48 hours. DNA synthesis was 
determined as described in Chapter 2. Data represents the mean ± 
S.E.H. of 5-8 animals. 

* per cent of vehicle-control 

TABLE 13 

Effect of PRL, DEX and TPA on Liver and Heart DNA Synthesis* 
in Weanling Rats 

Treatment 

Tissue PRL TPA DEX PRL + DEX TPA + DEX 

Liver 219.6 ± 5.7 55.7 ± 5.4 54.3 ± 15.5 45.1 ± 7.4 59.3 ± 10 

Heart 105.7 ± 21.2 68.4 ± 28.1 75.1 ± 16 77.7 ± 10.1 40.5 ± 12 

. Weanling SID rats (62 ± 1 g) received PRL (5.5 mg/kg) , DEX (0.5 
mg/kg) , and/or TPA (0.6 mg/kg) at 12 hour intervals for 48 hours. DNA 
synthesis was determined as described in Chapter 2. Data represents 
the mean ± S.E.H. of 5-8 animals. 
* per cent of vehicle-control. 
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TABLE 14 
Effect of PRL on Serum Harkers of Hepatic Dysfunction 

Treatment 

PRL 276,6 ± 7,7 59.0 ± 3.5 

vehicle-control 213.0 ± 4.4 51.2 ± 2.6 

B'l' b' 5 1 1ru 1n 

0.36 ± 0.06 

0.22 ± 0.06 

Alkaline 

a Phosphatase 

145.6 ± 7.9 

141. 2 ± 10.8 

All indices were measured in serum by standard clinical chemistry tech
niques. Data represents the mean ± S.E.H. of 5 animals receiving PRL 
(5.5 mg/lcg) at 12 hour intervals for 48 hours. 

a: International units Iml 
b: mg/dl 

TABLE 15 

Time Course for PRL-Stimu1ated r3H]-Thymidine Incorporation 
in Liver Homogenates and Isolated Nuclei 

• 

r3H]-thymidine incorporation* 

Time after PRL (hours) Homogenate Nuclei 

0 100 ± 10 100 ± 8 
24 139 ± 13 91 ± 25 
48 140 ± 9 127 ± 7 
72 82 ± 22 73 ± 20 

* per cent of control 

Female SID rats (91 ± 1 g) received PRL (22 mg/kg) Lp. at 0 hours. 
Livers were harvested at 24 hour intervals following a 2 hour pulse 
with r3H]-thymidine. Hepatic nuclei were isolated and r3H]-thymi
dine incorporation determined in both homogenates and nuclei. Data is 
presented as the mean ± S.E.H. of 4-5 animals (homogenates). Nuclei 
were isolated from pooled samples from 4-5 animals, data is presented 
as the mean ± S.E.H. of 2 experiments. 
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TABLE 16 

Increases in PRL-Stimulated Increases in [3H]-Thymidine Incorporation 
are Specific for Hepatic Parenchymal Cells 

Fraction II Density Cell TyPe CPM/mg Protein 

1 1.031 hepatic parenchymal 2811 

2 1.057 hepatic parenchymal 2667 

3 1.067 none 951 

4 1.066 none 800 

5 1.069 none 224 

6 1.073 none 242 

7 1.079 none 826 

8 1.085 erythrocytes, leukocytes 36 
macrophages 

9 1.107 none background 

10 1.135 none background 

Female SID rats received 5.5 mg/kg i.p. PRL at 12 hour intervals for 
48 hours, prior to a 2 hour pulse with [3H]-thymidine. The animals 
were killed and liver cell fractions were isolated. The experiment was 
repeated 3 times utilizing the livers from 1-2 rats per experiment. 
The results of a representative experiment are presented. 



CHAPTER 5 

CHRONIC PROLACTIN ADMINISTRATION SUBSEQUENT TO A HEPATOCARCINOGEN PRO

MOTES THE DEVELOPMENT OF ENZYME ALTERED FOCI 

Introduction 

Since th~ pioneering experiments of Rous and Kidd (1941), 

Berenblum (1941) and Mottram (1944), the concept of a two-stage model 

of chemical carcinogenesis has become well accepted. According to this 

model, chemical carcinogens may be divided into two broad categories, 

based upon their mechanisms of action. Tumor-initiating agents are 

carcinogenic when administered alone, usually require metabolic bio

activation to their ultimate carcinogenic species, are electrophilic 

in nature (interact with cellular nucleophiles), demonstrate no thres

hold dose, are irreversible and are usually mutagenic (Pitot and 

Sirica, 1980). In contrast, tumor promoters are not carcinogenic when 

administered alone, require prior exposure of the cell to an initiator, 

are reversible, and require repeated exposure over time. Promoters do 

not generally require bioactivation, are not thought to interact 

directly with RNA or DNA and thus are not mutagenic (Weinstein, 1977). 

Promoters usually stimulate cellular proliferation and produce pheno

typic alterations that represent stable intermediate stages of 

oncogenesis which are both quantifiable and progressive (Goldsworthy 

et al., 1984). 
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Experimentally, the role of prolactin in the two-stage model of 

carcinogenesis in the mammary gland was first described by Furt.h and 

associates (1961, 1972, 1973). These investigators found in rodent.s 

that administration of subcarcinogenic doses of radiation, 3-met.hyl

cholanthrene or tumor virus were ineffective in eliciting a tumorigenic 

response if given alone. However, these agents induced mammary tumors 

when their administration was followed by implantation of a prolactin

secreting tumor. Without previous exposure to the carcinogen, tumor 

grafting had no effect on the development of mammary tumors. In 

another study, Hori and Bern (1979) implanted normal anterior hypophy

seal glands into female mice of the mammary tumor virus (HTV)-expressed 

strains. In addit~on to causing pronounced secretion .of prolactin 

(Jacobsohn, 1966), the hypophyseal isografts stimulated preneoplastic 

nodule formation and tumors in the HTV-expressed female mice (Hori and 

Bern, 1979). This effect continued even when the adenohypophyseal 

grafts were removed after 21-23 days. Additional evidence in support 

of a promotional role for prolactin in mammary tumorigenesis was pro

vided by Welsch (1978), who found that hypoprolactinemia induced by 

2-bromo-a-ergocryptine (bromocryptine) caused a decrease in preneo

plastic nodules in carcinogen treated and prolactin promoted animals. 

Bromocryptine was found to also markedly inhibit the progression of 

preneoplastic nodules to carcinomas in mammary tumor sensitive mice. 

Prolactin is thought. to promote tumor development in the mammary 

gland by direct stimulation of DNA synthesis (Nagasawa, 1979). In the 

normal gland, the rate of DNA synthesis is a limiting factor for a 
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tumorigenic response. The rate of mammary DNA synthesis is largely 

dependent on circulating PRL concentration (Nagasawa, 1979). In sup

port of this concept e Rillema and Sluyser (1984) found that exposure 

of mouse mammary explants to TPA, or to prolactin resulted in stimula

tion of DNA synthesis to comparable levels. The effect of prolactin 

administration as a potent inducer of hepatic DNA synthesis has been 

discussed in a preceding chapter (Chapter 4). 

Recent studies of the positive effects of prolactin on tumor 

growth have sUbstantiated a broader role than that of a promoter solely 

of mammary gland carcinogenesis (Dunzendorfer et a1., 1979; Richards 

et al., 1982; Frazier and Costlow, 1982; Edery et al., 1983; Rose and 

. Moundjoy, 1983; Erdstein et al., 1984; Arafah et al., 1984; Lupulascu, 

1985). For example, the establishment of a rat lymphoma cell line, 

dependent upon prolactin for mitogenesis, implicates prolactin in the 

growth promotion of certin lymphoid malignancies (Gout et a1., 1980; 

Noble et al. I 1980) . Similarly, prolactin is a potent inducer of 

ornithine decarboxylase and plasminogen activator in the liver, effects 

similar to those of the phorbol ester, TPA (O'Brian, 1976; O'Brian et 

a1., 1976; Boutwell et a1., 1979; Byus and Weiner, 1982; Buckley et 

al., 1984; Buckley et al., 1985). These studies led to the hypothesis 

that prolactin might be an endogenous tumor promoter for carcinogen-

initiated liver cells. To examine this question, rats received 

diethylnitrosamine (DEN) by intragastric gavage. One week later, the 

promotional regimen was begun by thrice weekly administration of 

intraperitoneal PRL. In addition some animals underwent a 7~ partial 
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hepatectomy (Higgins and Anderson, 1931), two weeks following DEN 

administration. The animals were killed over a 4S week period., 

Results 

Data presented in Table 17 demonstrates the effect of adminis

tration of PRL for six weeks on tissue to body weight ratio. Chronic 

PRL thrice weekly increased liver to body weight ratio whether or not 

DEN had been administered previously, although hepatomegaly was induced 

to the greatest extent in animals receiving DEN prior to PRL promotion. 

Of the tissues examined, only liver exhibited t.he increase in mass 

suggesting that. receptor st.imulation by PRL is specific for a growth 

response in liver. 

Dat.a present.ed in Chapter 4, strongly suggest.s t.hat the increase 

in liver mass stimulat.ed by PRL is t.he result of hepatocyte prolifera

tion. This effect was found t.o be specific for t.he liver since none 

of t.he other viscera examined demonstrated an increase in size or 

r3Hl-thymidine incorporation. The ability of PRL t.o augment DNA 

synthesis in hepatocytes labeled in vivo wit.h [3H1 -t.hymidine has al

so been demonst.rat.ed. Thus, similar to lactogens in mammary gland, 

administrat.ion of PRL stimulates a proliferat.ive response unique to 

hepatocytes. This effect is manifested by stimulation of r3Hl-t.hymi

dine incorporation measurable at 48 hours leading t.o an overall incre

ase in hepatic mass by 6 weeks. 

Livers obt.ained from rats receiving PRL for 6, 23 and 4S weeks 

were analyzed biochemically for y-glutamyltranspept.idase (GGTase) 

activity. Increased GGTase activit.y is considered t.o be a marker of 



71 

preneoplasia in the liver and is thought to correlate with development 

of preneoplastic foci which stain positively for the enzyme (enzyme

altered foci). Liver sections frozen at -85°C were thawed and homogen-

ized in 50 pH 7.2 buffer and enzyme 

activity was determined by the method of Naftalin (1969). The results 

presented in Figure 2 demonstrate that within 6 weeks animals receiving 

DEN or DEN and PRL had GGTase activities two-fold above control ani

mals. By 23 weeks, the PRL-treated an,imals had GGTase activities which 

differed from animals receiving DEN alone (p < 0.01). By 45 weeks, 

differences in GGTase activity between groups receiving DEN, PRL or DEN 

and PRL were more apparent. At this time point, chronic PRL admin

istration caused increased GGTase activity that reached statistical 

significance (p < 0.01) compared to DEN and vehicle treated animals. 

Groups receiving DEN and PRL with and without PH reached enzyme activ

ities 2-3 fold above that demonstrated to be produced by DEN alone (p 

< 0.01) and 7-10 fold above baseline. 

Livers obtained from animals receiving DEN, PRL or DEN and PRL 

with and without PH were also assessed for the presence of GGTase

positive foci. Frozen liver samples were cut into sections 6 pm in 

thickness. The sections were then treated by the histochemical method 

of Rutenburg '(1969) to determine the effect of PRL on the development 

of enzyme altered foci (RAP). Figure 3 demonstrates that 6 weeks of 

PRL following DEN produced an increase in GGTase-positive foci over 

animals receiving DEN alone. At six weeks DEN alone produced a level 

3-fold over baseline. DEN plus PRL stimulated foci 10-fold above 
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vehicle-treated animals and 3-fold above the level produced by DEN 

alone. Twenty-three weeks of PRL administration produced in DEN init

iated animals a level of EAF 4-fold above that of DEN alone. Inter

estingly, the number of EAF in animals treated with PRL plus PH was 

equivalent to that demonstrated for ·DEN plus PH but without PRL. At 

45 weeks, the groups treated with DEN and PRL exhibited increased num

bers of EAF compared to the levels caused by DEN alone irrespective of 

PH. Similar to the relationship demonstrated at 23 weeks, PRL or DEN 

alone produced equivalent numbers of GGTase-positive foci. Animals 

receiving PRL for 45 weeks following DEN administration were signifi

cantly greater than either the animals receiving DEN or PRL alone (p < 

0.01). 

The pattern of GGTase activity stimulated by DEN, PRL or the 

PRL subsequent to DEN initiation appear similar to the numbers of EAF 

demonstrated in the same animals. Mean values obtained from the thir

teen groups were analyzed by linear regression to determine the degree 

of correlation between the two measurements of phenotypic alteration 

associated with hepatic preneoplasia. Biochemical determination of 

GGTase activity showed a significant positive correlation (r= 0.8910, 

p < 0.01) to the histochemical method of analysis. This suggests that 

the biochemical method is a reliable predictor of the development of 

EAF determined by histochemistry. 

Some animals from two of the treatment groups receiving PRL for 

45 weeks developed nonhepatic tumors. These tumors appeared to be of 

lymphoid origin upon gross examination. A comparison of the incidence 
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of tumor development was made between the various treatment groups and 

the spontaneous tumor rate in untreated animals of the same sex and age 

(Table 18). As demonstrated. animals receiving PRL in addition to PH 

with and without DEN initiation exhibited a tumor incidence which dif

fered significantly (p < 0.01) from the spontaneous incidence of 

tumors. Histological analysis revealed increased hepatic mitotic 

activity in livers obtained from animals treated with DEN only and DEN 

followed by PRL administration at 23 weeks. Livers from DEN treated 

animals displayed increased numbers of nonviable highly.· eosinophilic 

hepatocytes. PRL treatment subsequent to DEN resulted in fewer eosino

philic cells and better preservation of hepatic architecture. 

Discussion 

The effects of chronic PRL administration were ascertained in 

the model of two stage chemical carcinogenesis first proposed by 

Pereira and associates (1983). PRL was found to be a trophic agent for 

rat liver. Its administration. with or without prior exposure to an 

initiating carcinogen, resulted in increased liver to body weight 

ratio and hepatocyte hyperplasia. Studies reported by others likewise 

support a role for the involvement of PRL in liver hypertrophy. In 

dwarf mice, PRL significantly enhanced hepatic RNA synthesis as well 

as assembly of ribosomes into polyribosomes (Chen et al., 1972a). In 

these mice; PRL reversed the congenital growth retardation and liver 

atrophy, as well as inducing gene expression of an endogenous C-type 

RNA tumor virus which is characteristically expressed only in normal 

littermates (Chen et a1 .• 1972b). These data suggest that in addition 
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to stimulation of hepatic hypertrophy, PRL can also selectively affect 

retrovirus expression. 

The ability of PRL to stimulate retroviral gene expression has 

important implications related to its possible involvement in the car

cinogenic process. Oncogenes are contained within the genome of acute 

transforming retroviruses from which they were first isolated (Bishop, 

1983). Normal cells have been found to contain similar but not ident

ical cellular counterparts (c-onc) to those of transforming RNA tumor 

viruses (retroviruses) (Bishop, 1983). Activated oncogenes are thought 

to participate in abnormal growth states such as neoplasia as well as 

in normal regulation of cellular metabolism and proliferation 

(Weinberg, 1983; Bishop, 1983). The protooncogene c-myc has been 

strongly implicated in the regulation of cellular proliferation 

(Greenberg and Ziff, 1984) particularily in hepatocyte proliferation 

triggered by partial hepatectomy (Makino et a1., 1984). Increased 

expression of c-myc has also been demonstrated to occur in chemically 

induced hepatocarcinogenesis (Fausto and Shank, 1983; Yaswen et a1., 

1985). Importantly, recent evidence suggests that a lactogenic hormone 

(hGH) which binds to the PRL receptor is coupled to the induction of 

c-myc expression (Fleming et a1.; 1985). Using the Nb2 node lymphoma 

cell system, these investigators found that lactogen challenge increas

ed detectable c-myc transcripts within 15 minutes. Transcripts were 

25-fold that of nonstimulated cells at 3 hours. Therefore in the Nb2 

model system, similar to data_reported for other tissues, a mitogenic 

stimulus (PRL or other lactogenic hormones) triggers increased oncogene 
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expression in association with the induction of DNA synthesis. Addi

tionally, evidence has been presented which demonstrates the ability 

of CsA to inhibit concanavalin A induced c-myc expression (Reed et al., 

1985). This finding is of particular interest in light of the ability 

of CsA to inhibit PRL ligand receptor interactions as well as its abil

ity to attenuate PRL-induced elevation of ODC and PA (Chapter 3) 

activities. 

In this study, combining PRL administration with exposure to a 

hepatic-initiating agent resulted in increased GGTase activity, whether 

or not a partial hepatectomy was performed. Increased GGTase was found 

at both 23 and 45 weeks of PRL administration to be above that produced 

by the administration of DEN alone. This effect was apparent in both 

the biochemical and histochemical determinations of GGTase, which also 

demonstrated a significantly positive correlation. 

After 45 weeks of PRL administration no hepatocarcinomas were 

apparent, but the overall tumor incidence in rats receiving PRL sub

sequent to DEN was significantly greater. than the spontaneous rate of 

tumor development. ~e incidence in rat~ receiving the combined regi

men of DEN followed by PRL was also higher compared to animals treated 

with DEN alone. This finding suggests that prolonged hyperprolactin

emia may be a general stimulator of tumor development. 

In conclusion the data presented in this study suggest that PRL 

is a key growth-modulating hormone for rat liver. In addition, for 

initiated hepatocytes, PRL dramatically enhances the appearance of EAF. 

While not all GGTase-positive foci progress to hepatocellular carci

noma, this early phenotypic alteration has been shown to be a 
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consistent marker of hepatic preneoplasia (Solt and Farber, 1976; Pitot 

et al., 1978; Herren and Pereira, 1983; Goldfarb, 1984). In humans 

there may be a significant incidence of chronic subclinical hyperpro

lactinemia (Burrowet al., 1981; Zimmerman et al., 1974; Grossman et 

al., 1985). The demonstration that PRL may serve as a promoter for 

DEN-initiated liver cells suggests that hyperprolactinemia might be a 

predisposing factor for human development of neoplastic lesions orgin

ating from a host of environmentally or otherwise initiated cells. 
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TABLE 17 

Effect of 6 weeks of"PRL on tissue to body weight ratio 

Tissue 

Liver 3.08 

Spleen 0.25 

Kidney 0.74 

* p < 0.01 

** P < 0.001 

VEH 

VEH 

± 0.04 

± 0.01 

± 0.01 

Treatment 

VEH DEN DEN 

PRL VEH PRL 

g Tissue/100g body weight 

3.25 ± 0.06* 3.16 ± 0.08 3.41 ± 0.06** 

0.26 ± 0.01 0.23 ± 0.01 0.23 ± 0.01 

0.75 ± 0.01 0.71 ± 0.01 0.75 ± 0.01 

PRL (11 mg/kg) was administered thrice weekly for 6 weeks subsequent 

to a single dose of DEN (102 mg/kg). The animals were killed and the 

various tissues removed, blotted and weighed. Data is presented as 

the mean ± S.E.H. of 5-9 animals. 
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Table 18 

Effect of PRL on tumor incidence determined at 45 weeks in rats 

Tumor Incidence 

Tumor bearing 
Treatment No. tumors/animal animals/treatment 

DEN PRL PH 0.143 1/7* 

DEN PRL SHAH 0 017 

DEN only 0 0/9 

PRL PH 0.25 218* 

Untreated 0.017 1/60 

.. 
Animals were treated in the two stage model of hepatocarcinogenesis as 

described. At 45 weeks of PRL administration the animals were killed 

and various tissues were removed. 

2 determined by ~ analysis. 

Statistical differences were 

* p < 0.01 vs untreated control animals of equivalent age. 
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Fi&ure 3: The effect of chronic PBL administration on hepatic GGtase 
activity 
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CHAPTER 6 

PRL-STIKULATED ODe INDUCTION AND MITOGENESIS IN Nb2 LYMPHOMA CELLS 
INVOLVES PROTEIN KINASE C ACTIVATION AND ea2+ MOBILIZATION 

Introduction 

Recent studies of the positive effects of PRL on cellular growth 

in a variety of tissues (Russell et a1., 1984a Buckley et a1., 1984) 

have substantiated a broader involvement for PRL than that of mammary 

gland growth modulation and lactation. Evidence is accumulating to 

suggest a major role for PRL in the regulation of the inunune response 

(Nagy and Berczi, 1978; Weisz-Carrington, et al., 1978; Russell et al., 

1984a, 1984b, 1984c, 1985; Russell and Larson 1985). 

Prolactin receptors have been reported in the rat thymus and 

spleen (Russell et al., 1983; Russell and Larson, 1985) and identified 

on human T and B lymphocytes (Russell et al., 1984c, 1985). Stimula-

tion of PRL receptors on both rat and human lymphocytes is coupled to 

the induction of ODC, the rate limiting enzyme in polyamine biosynthe-

sis (Russell et al., 1984a, 1984b, 1984c, Russell and Larson, 1985). 

Cyclosporine (CsA) , a potent endecapeptide immunosuppressive 

agent used clinically to abrogate rejection in human organ transplant 

recipients, appears to be a selective PRL receptor antagonist. CsA 

attenuates PRL-stimulated ODe induction (Russell et al., 1984a 1984b, 

Russell and Larson, 1985) and blocks r125Il_PRL binding (Russell et 

al., 1984c, 1985) in rodent and human lymphocytes in a dose-dependent 

-81-
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manner. The concentration of CsA that maximally alters both ODC 

induction and PRL binding is similar to that which inhibits trans

planted organ rejection (Canadian Multicenter Transplant study Group, 

1983) . 

The potent tumor promoter TPA has a positive effect on lympho

cyte proliferation (Mastro and Mueller, 1974; Mastro and Pepin, 1980, 

1982; Mastro and Smith, 1983). In combination with calcium ionophores, 

TPA bypasses the requisite antigen- (or lectin-) indu~ed signal at the 

initial stage of T-lymphocyte activation (Truneh et al., 1985). TPA 

and other phorbol esters induce ODC in cells of lymphoid origin 

(Huberman et al., 1981) and in other tissues (Verma and Boutwell, 1981; 

Buckley et al., 1985). In addition, TPA stimulates phosphorylation of 

specific cellular proteins (Rosengurt et al., 1983; Trevillyan et al., 

1984 ; Feuerstein and Cooper, 1984 i Blackshear et al., 1985). The 

mechanism by which phorbol esters elicit cellular' ~esponses is thought 

to include their ability to activate protein kinase C (PKC) (Castagna 

et a1., 1982; Yamanishi et a1., 1983; Nishizuka, 1984). PKC is a 

calcium activated, phospholipid-dependent enzyme thought to migrate to 

the plasma membrane upon activation (Kraft and Anderson, 1983). 

A second ca2+-dependent process, the complexing of ca2+ to 

calmodulin (Cheung, 1971) and subsequent kinase activation, has also 

been link~d to lymphocyte mitogenesis. The calmodulin specific antag-

onist, N-(6-aminohyxyl)-5-chlorol-1-naphthalenesulfonamide (W-7) , 

inhibits concanavalin A-stimulated capping in bovine lymphocytes (Kwong 

and Mueller, 1982). Moreover, W-7 also blocks the induction of ODC in 
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guinea pig lymphoctyes stimulated by phytohemagglutinin or the calcium 

ionophore A23187 (Otani et al., 1985). 

A rat node lymphoma cell line (Nb2) which is absolutely 

dependent upon PRL. or other lactogens for stimulation of cellular pro-

liferation has been established (Gout et al., 1980; Tanaka et a1., 

1980). The mitogenic effect of PRL in these cells is mediated through 

specific cell. surface PRL receptors (Shiu et al., 1983). Induction of 

ODC in Nb2 lymphoma cells is coupled to PRL receptor stimulation by 

lactogenic hormones (Richards et al., 1982). 

The mechanism by which PRL modulates lymphocyte mitogenesis is .. 
not yet understood. utilizing phorbol esters, a calcium ionophore and 

various inhibitors of PKC and calmodulin, this chapter provides pharm

acological evidence that PKC activation and ca2+ mobilization play 

critical roles in signal transduction in PRL-stimulated Nb2 lymphoma 

cell induction of ODC and subsequent proliferation. In addition, data 

showing attenuation of [12511_PRL binding by phorbol esters are pre-

sented, further implicating PKC and calmodulin in PRL transmembrane 

signalling. 

Results 

A suboptimal stimulatory concentration of PRL (0.1 ng/ml) was 

chosen to investigate the effect of TPA concentration on Nb2 lympho

ma cell proliferation. TPA from 20-80 nM resulted in maximal [3H]_ 

thymidine incorporation (Table 19). Less than 20 nM TPA produced a 

minimal response, while concentrations greater than 80 nM attenuated 

label incorporation. Since 20 nM TPA produced maximal incorporation, 
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this concentration was utilized for subseguent experiments involving 

TPA and other phorbol analogs. 

Since PRL-stimulated r3H1-thymidine incorporation could re-

flect augmentation of the intracellular pool of this nucleotide and not 

an increased cellular recruitment into S phase, we examined the effect 

of PRL- and TPA-stimulation on both r3H1-thymidine incorporation and 

increases in cell number. The results presented in Table 20 demon-

strate a high degree of correlation between Nb
2 

lymphoma cell 

increases in r3H1-thymidine incorporation and the degree of cellular 

proliferation determined by cell counting. Since PRL- or TPA-stimula-

tion of Nb2 lymphoma cells produced identical results, we chose to 

measure r3H1-thymidine incorporation in subsequent experiments as an 

accurate marker of cell proliferation. 

A maximally stimulatory PRL concentration (10 ng/ml. Table 21) 

was utilized to investigate the effective of TPA on ODe activity in 

Nb
2 

lymphoma cells. Exposure of stationary cells to 20 nH TPA alone 

increased ODe activity to 37~ of that demonstrated for PRL. Addition 

of ionophore to cultures containing TPA further increased ODe activity 

to 63~ of the PRL-stimulated ODe activity. The combination of PRL and 

TPA stimulated ODe activity to 167~ that produced by 10 ng/ml PRL. 

Addition of A23187 to PRL-stimulated cultures increased ODe activity 

to 115~ that of cells that received only PRL. Nb
2 

lymphoma cells 

incubated with the combination of PRL, TPA and A23187 exhibited ODe 

activity 184~ that detected with PRL alone. 

Data presented in Table 22 demonstrate the dose-dependent rela-

tionship for PRL-induced mitogenesis in Nb
2 

lymphoma cells. Addition 
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of TPA to PRL-treated cultures increased [3H1-thymidine incorpora

tion at all PRL concentrations tested. Addition of A23187 to the 

culture media decreased [3H1-thymidine incorporation compared to 

cul tures containing TPA and PRL. At the lowest PRL concentration 

tested (0.03 ng/ml) TPA and A23187 increased [3H1-thymidine incorp

oration four-fold over PRL alone. At 0.1 ng/ml PRL, TPA and ionophore 

also increased radionucleotide· incorporation above the PRL-stimulated 

level. with maximally stimulatory PRL (10 ng/ml), TPA and ionophore 

in combination decreased [3H1-thymidine incorporation by 5~ compared 

to PRL alone. 

The structure-activity relationship of tumor-promoting and non

promoting phorbol analogs was investigated on Nb2 lymphoma cell ODC 

activity (Table 23) and proliferation (Table 24). Data in Table 23 

demonstrate that all phorbol esters tested increased ODC activity above 

that caused by submaximal PRL-stimulation. Phorbol analogs shown pre

viously to be effective in promoting tumor development in mouse skin 

systems (Hecker, 1978), increased ODC activity in Nb2 lymphoma cells 

to the greatest extent. 

TPA was the only phorbol analog capable of significantly stimu

latingcell cycle progression without the addition of PRL (Table 24). 

Addition of A23187 to media containing the dibutyrate analog slightly 

stimulated cellular proliferation, as did 4B-phorbol. Culturing 

cells in the presence of PRL and the various phorbol analogs stimulated 

[3H1-thymidine incorporation to a level comparable to that demon-

strated for PRL without further additions. Here, the most potent 

tumor-promoting phorbol ester analog (Hecker, 1978), TPA, was also the 
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most effective at stimulating ODC activity and cell cycle excursion 

into S phase. 

The effect of R24571. a calmodulin inhibitor (Gietzen et al.. 

1981). polymyxin B. an inhibitor of PKC (Kuo et al.. 1983) and the 

synthetic non-steroidal antiestrogen. tarnoxifen. which antagonizes both 

calmodulin (Lam. 1984) and PKC (O'Brian et al .• 1985), were evaluated 

on PRL-stimulated ODC activity (Table 25). A concentration of PRL 

'shown to be maximally stimulatory. 10 ng/ml. was chosen for this 

experiment. Inhibition of calmodulin activation by R24571 attenuated 

·the PRL-stimulated ODC induction usually detected at 6 hours by over 

90'1.. Tamoxifen under similar conditions. also resulted in a nearly 

total inhibition of. ODC activity. Polymyxin B added to ~ell cultures 

also decreased PRL-stimulated ODC activity to a level 59'1. that of PRL 

alone. 

A maximally stimulatory concentration of PRL (10 ng/ml) was 

also used to examine the effects of calmodulin and PKC antagonism on 

hormone-stimulated Nb
2 

lymphoma cell proliferation. 

Table 26. R24571 inhibition of 

[3H1-thymidine incorporation by 

calmodulin reduced 

99~. Inhibition of 

As shown in 

PRL-stimulated 

proliferation 

was not overcome by TPA and A23187. R24571 also blocked the ability 

of TPA plus A23187 to bypass the requirement for PRL receptor stimula

tion of proliferation. 

Polymyxin B decreased PRL-stimulated [3H1-thymidine incorpor

ation by 89~. Addition of TPA and ionophore decreased the ability of 

polymyxin B to inhibit proliferation. Cells exposed to these agents 
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in addition to PRL and polymyxin B had only 23,. the [3H1-thymidine 

incorporation of cells exposed to PRL alone. Polymyxin B more potently 

antagonized PRL-stimulated cellular proliferation compared to that pro-

voked by TPA and ionophore. 

Blockage of voltage-dependent ca2+ channels by verapamil. 

inhibited both PRL-stimulated ODC induction and subsequent [3H1 _ 

thymidine incorporation (Table 27). Calcium chelation with EGTA almost 

totally blocked PRL-stimu1ated ODC elevation and [3H1-thymidine 

incorporation. The specificity of EGTA for Ca2+ was demonstrated by 

Ca 2+ addback experiments which restored the ability of PRL to stimu-

late ODC activity and Nb2 lymphoma cell proliferation. 

Treatment of Nb2 lymphoma cells with ouabain, an inhibitor of 

Na+/K+ ATPase, attenuated both ODC elevation and [3H1-thymidine 

incorporation to 2'- or less compared to PRL alone. Amiloride. an 

inhibitor of Na + IH+ antiporter activity (Pouyssegur et a1., 1982; 

Schu1diner and Rozengurt, 1982), likewise blocked PRL-induced ODe 

elevation and thymidine incorporation to 4'- or less. Blockade of vol-

. + . . + . 
tage-dependent K channels with TEA or ca1c1um-act1vated K chan-

nels with quinine (Chandy et a1., 1985) inhibited the increase in ODC 

activity elicited by PRL to 29'- and 0.3'- of controls respectively. 

However, TEA-blockade augmented PRL-stimulated [3H1-thymidine incor-

poration to 133,. of controls while quinine and 4-AP both resulted in 

markedly inhibited proliferation. 4-AP, also an inhibitor of voltage

+ dependent K channels, did not affect the ability of PRL to stimu-

late ODC activity. 
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Adenosine 3':5'-cyclic monophosphate (cAMP) is an important 

second mes.senger which serves to transmit and amplify signals resulting 

from receptor stimulation by several polypeptide hormones and neuro

transmitters. Data presented in Table 28 show that addition of 8Br

cAMP, a cAMP analog, to cultures of Nb2 lymphoma cells containing 

either PRL or TPA plus A23187, attenuated the increase in ODC activity 

produced by these stimulatory agents and also inhibited [3H1-thymi

dine incorporation" significantly in all cases. 

Phorbol ester tumor promoters inhibit epidermal growth factor 

(EGF) (Lee and Weinstein, 1978; Bachrach et al., 1985; Jetten et al., 

1985) and c1 adrenergic receptor agonist binding in vitro (Leeb

Lundberg et a1., 1985). Phorbol esters are thought to reduce ligand 

binding by receptor phosphorylation resulting in decreased receptor 

affinity for its ligand. Since EGF (Jetten et al., 1985) and 

c 1-adrenoceptor agonist (Leeb-Lundberg et al., 1985) are thought 

to stimulate PKC, the effect of tumor-promoting and non-promoting 

phorbol esters on [125I1 _PRL binding were examined in Nb2 lymphoma 

cells. In addition, the effect of OAG (an s,n-1,2-diaclyglycerol known 

to activate PKC, Cabot and Jaken, 1984-) was also investigated. Specific 

[125I1 _PRL binding of Nb
2 

lymphoma cells was attenuated by OAG and 

most phorbol esters (Table 29). TPA, the most potent tumor-promoting 

phorbol ester, decreased binding by 75~, while the non-promoting 

4-0-methyl derivative, instead of inhibiting, increased [125I1 _PRL 

binding twofold. Inhibition of PRL binding by TPA and OAG, but not 

4-0-methyl TPA, suggests that previous PKC activation alters prolactin 
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receptor occupation. This effect has previously been documented for 

EGF (Jetten et al., 1985). 

The data in Figure 4 demonstrate the concentration dependency 

of PRL-stitm.llated inositol phospbate products in NB2 cells. Cells 

were preincubated for 1 hour at 37°C witb [3H1-myoinositol. Follow

ing the addition of LiCl2 , the cells (5 x 106/tube) were incubated 

a second time (30 minutes) in the presence of increasing concentrations 

of PRL. The reaction was terminated. by tbe addition of chloroform-

etbanol. After the addition of H20 the aqueous products of phos

phatidylinositol metabolism were extracted by ion excbange cbromatog-

raphy. PRL-stimulated Nb2 cells demonstrated increased polypbospbo

inositide metabolic products within a similar concentration range 

utilized for the pharmacological stitm.llation and inhibition of PKC. 

Discussion 

The data presented in this chapter demonstrate that the potent 

tumor phorbol diterpene, TPA, enhances both PRL stimulated ODC induc-

tion and cellular proliferation in Nb2 lymphoma cells. An added 

effect on ODC induction but not [3H1-thymidine incorporation was 

attained by the addition of a calcium ionopbore, A23187, to cultures 

containing bC?th TPA and PRL. This unique cell line is absoluteiy 

dependent upon the presence of PRL or other lactogens for stimulation 

of mitogenesis. However, exposure of Nb2 lymphoma cells to TPA or 

TPA plus A23187 without. PRL, increased [3H1-thymidine incorporation 

to a level between that. demonstrated for PRL concentrations of 0.03 



90 

and 0.1 ng/ml. Therefore, the requisite lactogen signal for mitogene-

sis is mimicked by the tumor promoter and calcium ionophore. This ef-

feet also was demonstrated for other- tumor-promoting phorbol esters. 

For example, the less effective tumor-promoting dibutyrate analog, PDB, 

with A23187, likewise bypassed the PRL requirement and produced 

[3Hl-thymidine incorporation five-fold above vehicle-treated sta-

tionary cells. Nevertheless, this effect was only 10~ of that demon-

strated with the more potent TPA. The non-tumor promoting derivatives 

(PDA, 4-0-methyl phorbol) did not increase radiolabel incorporation 

into cellular DNA except in the presence of PRL, although 4--a-phor

bol slightly stimulated [3Hl-thymidine incorporation. The cAMP ana-

log, 8Br-cAMP, by itself was without effect on Nb2 lymphoma cell 

proliferation when added to stationary cultures but inhibited prolif

eration in the presence of PRL as well as in combination with TPA and 

calcium ionophore. This suggests that cAMP is not a positive modulator 

of PRL-stimulated Nb2 lymphoma cell proliferation. 

Inhibition of calmodulin by R24571 or PKC by polymyxin B atten

uated pRL-stimulated ODC induction and [3Hl-thymidine incorporation. 

Calmodulin inhibition completely abrogated both PRL-dependent re-

sponses. Tamoxifen, an inhibitor of both calmodulin and PKC, likewise 

inhibited enzYme induction and proliferation in Nb2 lymphoma cells. 

These results taken together strongly implicate PKC activation 

2+ and Ca synergy in PRL-stimulated polyamine biosynthesis and mito-

genesis in these cells of lymphoid origin. Since ODC gene expression 

and [3Hl-thymidine incorporation are nuclear events resulting from 
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lactogenic'hormone-stimulated signal transduction from the plasma mem

brane to the nucleus, the effects of various agents on [125I1 _PRL 

binding were ascertained. The presence of TPA or the sn-1, 2-diacyl

glycerol, OAG, but not the non-promoting phorbol ester, 4-0-methyl TPA, 

inhibited the binding of [125I1 _pRL , in a manner similar to that 

reported in other systems (Jetten et al., 1985). 

Recent evidence indicates that PKC may be the phorbol ester 

receptor (Kikkawa et a1., 1983). PKC is a Ca2+ and phospholipid

dependent enzyme that is activated by diacylglycerol (Hori et al., 

1982). Tumor-promoting phorbol esters such as TPA, which contain a 

diacylglycerol-like moiety within their structure, are thought to 

activate PKC at low concentrations' by substituting for diacylglycerol 

(Castagna et al., 1982). Diacylglycerols produced physiologically by 

phosphatidylinositol metabolism or by exogenously added phorbol ester 

serve as sensitivity modulators which activate PKC thereby increasing 

its affinity for ca2+ This eftect is thought to be independent of 

a change in cytosolic ca2+ concentration (Rasmussen et al., 1984). 

ODC . and cellular proliferation in Nb2 lymphoma cells are pos

itively regulated by TPA, both in the presence and absence of PRL. The 

data presented confirm and extend a recent report which suggests a 

relationship between the PRL receptor, PKC activation and human growth 

hormone-stimulated cell cycle progression in a Nb2 lymphoma cell 

clone (Gertler et al., 1985). 

Another effect of the stimulation of receptors coupled to PKC 

is the simultaneous mobilization of calcium. Following ligand-receptor 
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stimulation, cytoplasmic ca2+ rapidly increases. This effect is 

produced by mobilization of microsomal ca2+ and influx of extracell

ular ca2+ (Michell, 1979; Berridge, 1980). Calcium ionophore in the 

presence of TPA increases both ODC induction and Nb2 lymphoma cell 

proliferation above that produced by phorbol ester-stimulation alone. 

This implies that a dual pathway is involved: PKC activation followed 

by phosphorylation of 2+ key cellular elements and Ca . mobilization 

and consequent calmodulin coupling. The ability of PRL to stimulate 

polyphosphoinositide metabolism also supports this hypothesis. More-

over, inhibition of proliferation and PRL binding by 8Br-cAHP also 

implicates the same mechanism, since cyclic nucleotides are considered 

to be negative modifiers of cellular ·events linked to PKC activation 

(Yamanishi et al., 1983. In addition, cyclic nucleotides are thought 

to inhibit cellular progression into S phase (Sheppard and Prescott, 

1972; Milles et al., 1974). 

The demonstration that ion and ion-channel antagonism produces 

inhibition of both PRL-stimulated responses is intriguing. PRL-stimu

lated ODC induction and [3H1-thymidine inc~rporation are inhibited 

by chelation of ca2+ with EGTA; inhibition is reversed by adding 

back ca2+, further strengthening the hypothesis that ca2+ mobili-

zation and subsequent calmodulin interaction are integral to both 

PRL-stimulated responses. Further complexity is suggested by the 

separation of the effects of inhibitors of voltage-dependent K+ 

channels on ODC induction and [3H1-thymidine incorporation. TEA 

blockade attenuated the ODC response while augmenting proliferation. 
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In contrast, 4-AP had no effect on PRL-stimulated increases in ODe but 

effectively blocked r3H1-thymidine incorporation. The paradoxical 

nature of these results may be explained by temporal alterations. TEA 

reduced the induction of ODe activity to 29~ of that produced by max-

imally stimulatory PRL. However this level of enzyme activity is sim-

ilar to that produced by TPA which is coupled to proliferation. It is 

possible that while the magnitude of ODe "induction is attenuated by 

TEA, the duration of the response may be increased. This could lead 

to enhanced [3H1-thymidine incorporation at 44-48 hours. Inhibition 

of mitogen stimulated [3H1-thymidine incorporation in murine T cells 

by 4-AP requires prolonged drug exposure (ehandy et a1., 1984). OUr 

finding that 4-AP inhibits PRL-stimulated r3H1-thymidine measured at 

44-48 hours but not ODe induction at 6 hours may reflect the time 

required for full drug effect in this and other systems. Moreover, 

inhibition of both PRL-stimulated responses by quinine which blocks 

ea2+ -activated K+ channels further suggests that activated K+ 

channels may contribute to PRL-stimulated intracellular signalling. 

These findings are consistent with recent reports suggesting the pres-

+ " 
ence of functional K channels on lYmPhocytes and coupling of these 

channels to events leading to lymphocyte activation (Chandy et a1., 

1985) . 

Finally, the finding that amiloride inhibits both PRL-stimulated 

ODe induction and r3H1-thymidine incorporation suggests a role for 

Ua + IH+ exchange via the Ua + IH+ antiporter system. Amiloride 

inhibits the Ua+/H+ antiporter in several systems (Pouyssegur et 
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al., 1982; Schuldiner and Rozengurt, 1982; Moolenar et a1., 1982) 

However, a recent. report suggest.s t.hat amiloride may have addit.ional 

biochemical act.ions (Davis and Czech, 1985). 

The mechanism by which PRL produces a t.ransmembrane signal 

coupled to mit.ogenesis in lact.ogen-responsive cells is not. yet under

stood. A recent. report. has suggest.ed t.hat. PRL-st.imulat.ed ODC induct.ion 

in mouse mammary explant.s may involve act.ivat.ion of PKC (Rillema, 

1985). In t.his chapt.er, dat.a is presented which st.rongly support.s t.he 

hypothesis t.hat. t.he PRL recept.or may be coupled t.o phosphat.idylinosit.ol 

turnover; diacylglycerol and inosit.ol t.risphosphat.e produced as t.he 

result. of recept.or occupation may serve as second messengers result.ing 

in activat.ion of PKC and ca2+ mobilization. A t.hird component., 

linked t.o K+ current. alt.erat.ions, has likewise been implicat.ed by 

the present. st.udy. These event.s may function t.oget.her t.o st.imulat.e t.he 

induct.ion of ODe, a G1 event. in t.he cell cycle and subsequent. DNA 

synthesis in Nb
2 

lymphoma cells as well as in ot.her PRL-responsive 

tissues. 



TABLE 19 

concentration effect of TPA 
on PRL-stimulated [3H]-thymidine incorporation 

in Nb2 lymphoma cells 

[3H]-thymidine incorporation 

Treatment 

* Cells only 0.4 ± 0.04 

** Vehicle-Control 0.2 ± 0.03 

TPA only (20 nH) 9.5 ± 2.6 

PRL 13.2 ± 2.4 

+ TPA (nH) 

+ 2 17.3 ± 0.7a ,b 

+ 20 29.2 ± 0.98 ,b 

+ 40 31.6 ± 0.98 ,b 

+ 60 31.9 ± 0.4a ,b 

+ 80 33.2 ± 2.2a ,b 

+ 100 26.8 ± 2.2a ,b 

95 

6-9 x 104 cells per well were incubated in the presence of PRL (0.1 
ng/ml) and increasing TPA concentrations. After 44 hours, 0.5 ).ICi 
[3H]-thymidine was added to the incubated mixture. The experiment 
was repeated three times with similar results. Dat8 represents the 
mean ± S.E.M. 

a p < 0.01 vs PRL. 

b p < 0.01 vs TPA only. 

* unstimulated. 

** DKSO vehicle-control (0.05~). 
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TABLE 20 

Effect of PRL and TPA on Nb2 lymphoma cell mitogenesis 

[3Hl-thymidine incorporation Cell number 
Treatment . CPH (x 103) (x 10S/ml) 

* Cells only 0.3 ± 0.01 1.0 

** Vehicle-Control 0.3 ± 0.01 1.4 

PRL (0.1 ng/ml) 20.7 ± 1.2
a 

S.l
a 

PRL (10 ng/ml) 37.6 ± 2.9a 
13.0

a 

TPA (20 nH) 5.4 ± 0.3b 2.7b 

PRL (0.1 ng/ml) + TPA 25.0 ± 1.Sa, b 8.Sa ,b 

.. 
5 

4 x 10 Nb2 lymphoma cells per well were cultured with increasing 

concentration of PRL. Additional cultures contained either TPA (20 

nH) or TPA plus 

[3Hl-thymidine was 

PRL (0.1 

added to 

ng/ml) . After 44 hours, 0.5 pCi 

the incubation mixtures. Cells were 

harvested at 48 hr and radiolabel incorporation and cell number were 

determined as described in Hethods. The experiment was repeated three 

times with similar results. Data represents the mean ± S.E.H. CPK 

per well. Variation in cell number determination· was consistently 

less than 107.. 

a p < 0.01 vs cells only. 

b p < 0.01 vs vehicle-control. 

* unstimulated. 

** DHSO vehicle control (0.057.). 

r = 0.9776 



Treatment 

Cells only 

TPA 

A23187 

TPA+A23187 

PRL 

+TPA 

+A23187 

+TPA+A23187 

TABLE 21 

Effects of PRL, TPA and A23187 on ODC activity 
in stationary Nb2 lymphoma cells 

PRL 

(ng/ml) 

o 

o 

o 

o 

10 

10 

10 

10 

ODC activity 

pmol C02/60 min/106 cells 

2 ± 0.02 

165 ± 30a 

13 ± 2a 

283 ± 15a ,b 

452 ± 63a 

756 ± 48a ,b,c 

522 ± 338 

832 ± 67a ,b,c 

97 

7 Nb2 lymphoma cells (1 x 10 cells per assay) were incubated in the 

presence of PRL (10 ng/ml), TPA (20 nH) and/or A23187 (O.2pM). ODC 

in triplicate was determined in cell lysates following a 6 hour incu-

bat ion as described in Methods. The experiment was repeated three 

times with similar results. Data represents the mean ± S.E.M. 

a p < 0.01 vs cell only 

b P < 0.01 vs TPA. 

c p < 0.01 vs PRL. 
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• TABLE 22 

Effect of PRL concentration on [3H]-thymidine incorporation 
in co-culture with TPA and/or A23187 in Nb2 lymphoma cells 

Treatment 

* Cells only 
** Vehicle-Control 

TPA 
A23187 
TPA±A23187 

PRL 
+TPA 
+A23187 
+TPA+A23187 

PRL 
+TPA 
+A23187 
+TPA+A23187 

PRL 
+TPA 
A23187 
+TPA+A23187 

PRL 
(ng/ml) 

0.0 
0.0 

0.0 
0.0 
0.0 

0.03 
0.03 
0.03 
0.03 

0.1 
0.1 
0.1 
0.1 

10.0 
10.0 
10.0 
10.0 

[3H]-thyrnidine incorporation 
CPH (x 103 ) 

0.4 ± 
0.2 ± 

9.5 ± 
0.5 ± 

10.6 ± 

5.2 ± 
9.5 ± 
6.5 ± 

19.3 ± 

0.04 
0.03 

2.6a 
0.1 
0.7a 

0.8b 
1. 2b , c 
2.6b 
5.0b ,c 

13.2 ± 2.4b 
22.5 ± 1.7b ,c 
19.1 ± 10.0b,d 
23.2 ± 3.2b ,c 

37.2 ± 
50.3 ± 
27.2 ± 
35.5 ± 

4.2b 
S.7b ,d 
3.Sb ,d 
6.Sb 

6-9 x 104 Nb2 lymphoma cells per well cultured in the presence of 
increasing PRL concentrations with and without addition of TPA (20 nK) 
and/or A23187 (0.2 pH). After 44 hours, 0.5 pCl [3H]-thymidine 
was added to the incubation mixture. Cells were harvested and 
radio label incorporation was determined as described in Methods at 48 
hours. The experiment was repeated three times with similar results. 
Data represents the mean ± S.E.M. 

a p < 0.01 vs vehicle-control. 
b p < 0.01 vs unstimulated. 
c p < 0.01 vs PRL. 
d p < 0.05 vs PRL. 

* unstimulated. 

** DMSO vehicle-control (0.5~). 
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TABLE 23 

Effect of phorbol derivatives on ODe activity in Nb2 lymphoma cells 

PRL 

+TPA 

+PDB 

+PDA 

Treatment 

+4-0-methyl phorbol 

+4 ~-phorbol 

VRL-stimulated 

ODe Activity 

100 

883a 

650a 

4888 

6308 

611a 

Nb2 lymphoma cells (1 x 107 were incubated in t.he presence of PRL 

(0.1 ng/ml) or various phorbol analogs (20 nM). ODe activity was 

determined in triplicate after a 6 hour of incubation as described in 

Methods. The experiment was repeated three times with similar results. 

The data from a representative experiment are given and presented as 

per cent of oPRL stimulated ODe activity. 

a p < 0.01 vs PRL. 



TABLE 24 

Effect of phorbol derivatives on [3H]-thymidine incorporation 
in Nb2 lymphoma cells 

100 

[3H]-thymidine incorporation 
Phorbol Analog PRL A.23187 CP!! (x 103 ) 

13.2 ± 2.4a 
9.5 ± 2.6b 

PRL only + 
TPA 
TPA + 10.6 ± 0.7b 
TPA + 19.5 ± 1.7a •c 
TPA + + 21.2 ± 6.Sa •c 
PDB 0.3 ± 0.02 
PDB + 1.2 ± 0.3 
PDB + 17.5 ± 1.1a 
PDB + + 20.4 ± 1.3a •c 
PDA 0.4 ± 0.05 
PDA + 0.6 ± 0.04 
PDA + 14.5 ± LOa 
PDA + + 16.3 ± 0.7a 

4-0-methyl TPA 0.2 ± 0.02 
4-0-methyl TPA + 0.2 ± 0.01 
4-0-methyl TPA + 19.0 ± 1.2a •c 
4-0-methyl TPA + + 14.4 ± 2.3a 

4 a-phorbol 1.2 ± 0.07 
4 a-phorbol + 0.7 ± 0.06 
4 a-phorbol + 14.5 ± 1.1a 

4 a-phorbol + + 14.4 ± 1.4a 

* Vehicle-control 0.2 ± 0.03 

** Cells only 0.4 ± 0.04 

6-9 x 104 Nb2 lymphoma cells per well were cultured in the pres
ence of PRL (0.1 ng/ml). phorbol analogs (20 nK) and' A23187 (0.2~K). 

Following a 44 hour incubation. 0.5 ~Ci [3H]-thymidine was added 
to the incubation mixture. The experiment was repeated three times 
with similar results. Data represents the mean ± S.E.!!. 
a p < 0.01 vs cells only. 
b p < 0.01 vs vehicle-control. 
c p < 0;05 vs PRL only. 
* unstimulated. 
** D!!SO vehicle-control (0.05~). 



TABLE 25 

Effect of calmodulin and PKe antagonists 

on PRL-stimulated ODe activity in Nb2 lymphoma cells 

ODe Activity 

101 

Treatment pmol eo2/60 min/106 cells ,. Inhibition 

PRL 

PRL+R24571 

PRL+Tamoxifen 

PRL+Polymyxin B 

452 + 66 

29 + 5.1a 

25 + 4.0a 

185 + 53a 

o 

94 

94 

52 

Nb2 lymphoma cells (1 x 107) were incubated in the presence of PRL 

(10 ng/ml) and R24571 (30 pH), tamoxifen (100 pH) or polymyxin B 

(50 pH). ODe was determined in triplicate in cell lYBstes S6 

described in Hethods. The experiment was repeated three times with 

similar results. Data represents the mean ± S.E.H. 

a p < 0.01 vs PRL. 
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TABLE 26 

Effect of calmodulin and PKC antagonists 
on PRL-stimulated [3H]-thymidine incorporation in Nb2 lymphoma cells 

Treatment 
[3H]-thymidine 
CPM (x 103) "' Inhibition 

PRL 37.8 ± 5.8 0 

TPA+A23187 10.6 ± 1.1 0 

PRL+TPA+A23187 36.8 ± 4.5 0 

R24571 0.24 ± 0.02 

PRL+R24571 0.22 ± 0.04a 99 

R24571+TPA+A23187 0.16 ± O.Olc 99 

PRL+R24571+TPA+A23187 0.18 ± O.Olb 98 

Polymyxin B 0.53 ± 0.04 

PRL+Polymyxin B 4.2 ± 0.32a 89 

Polymyxin B+TPA+A23187 8.3 ± 0.23c 
77 

PRL+Polymyxin B+TPA+A23187 4.3 ± 0.22b 59 

PRL+Tamoxifen 0.20 ± 0.02a 99 

6-9 x 104 Nb2 lymphoma cells were cultured in the presence of PRL 
(10 ng/ml). TPA (20 nH). A23187 (0.2 ).1M). R24571 (30 ).1M). poly
myxin B (50 ).IH). or tamoxifen (100 ).1M). After 44 hours. 0.5 ).ICi 
[3H]-thymidine was added as a 4 hr pulse to the inCUbation mixture 
as described in Methods. The experiment was repeated three times with 
similar results. Data represents the mean ± S.E.M. 
a p < 0.01 vs PRL. 
b p < 0.01 vs TPA+A23187. 
c p < 0.01 vs PRL+TPA+A23187. 
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TABLE 27 

Effect of ion and ion-channel manipulation on ODC activity 
and [3H]-thymidine incorporation in Nb2 lymphoma cells 

ODC Activity 
Treatment pmol C02/60 min/106 cells 

Cells only 

PRL 

+verapamil 

+EGTA 

+EGTA+CA2+ 

+TEA 

+4-AP 

+quinine 

+ouabain 

2 ± 0.02 

412 ± 18a 

8 ± 1b 

32 ± 16b 

370 ± 23a 

120 ± 3b 

440 ± 54
a 

1.4 ± 3b 

0.8 ± 0.2b 

~PRL 

Effect 

100 

2 

8 

90 

29 

107 

0.3 

0.2 

[3H1-thymidine ~ PRL 
CPM (x103) Effect 

0.4 ± 0.04 

36.0 ± 5.8a 

1.60 ± O.lb 

0.09 ± O.OOlb 

37.7 ± 4.9a 

48.0 ± 6.6a 

0.3 ± 0.02b 

6.1 ± 1.6b 

0.6 ± 0.03b 

100 

5 

o 

105 

133 

1 

17 

0.1 

ODC activity was determined in 10
7 

cells after a 6 hour incubation 

with PRL (10 ng/ml) alone or with inhibitors plus PRL as described in 

Methods. [3Hl-thymidine incorporation was determined in 6-9 x 10
4 

cells 44 hours after release from stationary phase as described in 

Methods with 10 ng/ml PRL. Inhibitor concentrations were as follows: 

verapamil (l00 pM); EGTA (2mK); caCl2 (2mK); 4-AP (8.6mK); TEA (20 

mK); quinine (100 pM): ouabain (1 roM); amiloride (1 mK). The exper-

iment was repeated three times with similar results. Data represents 

the mean ± S.E.M. 

a p < 0.01 vs cells only. 

b p < 0.01 vs PRL. 



TABLE 28 
Effect of 8Br-cAMP on PRL-stimulated ODC activity 

and [3Hl-thymidine incorporation in Hb2 lymphoma cells 

Treatment 
*Cells only 

pmol C02/60 min/106 cells 
16 ± 2 

8Br-cAMP (1.0 mil) 
(0.1 mil) 

PRL 
PRL+8Br-cAHP 

PRL+TPA 
PRL+TPA+8Br-cAHP 

PRL+TPA+A23187 
PRL+TPA+A23187+8BR-cAHP 

TPA+A23187 
TPA+A23187+8BR-cAHP 

6 ± 0.3 
48 ± 4 

411 ± 18a 
13 ± 0.5b 

756 ± 48a 
8 ± 0.6c 

832 ± 67a 
19 ± 0.3d 

269 ± 6.7a 
3 ± 0.2e 

~ [3H]-thymidine 
Inhibition CPK (x 103) 

0.4 ± 0.04 

0.2 ± 0.01 
0.5 ± 0.06 

0 37.2 ± 4.20a 
97 0.2 ± O.Olb 

0 50.3 ± 5.7a 
99 7.2 ± 1.0c 

0 35.5 ± 6.5 
99 5.4 ± 0.8d 

0 10.6 ± lola 
99 2.7 ± 0.5e 

~ 

Inhibition 

0 
99.6 

0 
86 

0 
85 

0 
75 

ODe activity (107 cells per well) and [3Hl-thymidine (6-9 x 104 cells) were 
determined in the presence of PRL (10 ns/ml). TPA (20 nK) and 8Br-cAMP (1.0 mH) as 
described in Kethods. The experiment was repeated three times with similar 
results. Data represents the mean ± S.E.K. 

* unstimulated. 
a p < 0.01 vs cells only. 
b p < 0.01 vs PRL. 
c P < 0.01 vs PRL+TPA. 
d p < 0.01 vs PRL+TPA+A23187. 
e p < 0.01 vs TPA+A23187. -o 

.;:.. 
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TABLE 29 

Effect of PKC Activation 
on [125I]-rPRL Binding in Nb2 Lymphoma Cells 

[125I] -rPRL-
Agent (~ specific binding) 

rPRL 11 

OAG (30 ).Ig/ml) 

TPA (20 nH) 

PDA (20 nH) 

4-0-methyl TPA (20 nH) 

[125I ] b· d· -rPRL 1n 1ng was determined in 1. 5-2 K 106 cells per well. 

Cells were incubated in the presence of hot and hot plus cold rPRL for 

1 hour at 37°C in the presence and absence of the pharmacologic agents. 

This experiment was repeated three times with similar results. Data 

125 from a representative experiment is presented as percent of [ I]-

rPRL specific binding. 

a p < 0.01 vs rPRL. 
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TABLE 30 

Summary of the effects of pharmacological manipulation of calmodulin, 
PKC and ion channels on PRL-stimulated ODC activity 

and [3H]-thymidine incorporation in Nb2 lymphoma cells 

Effect on ODC 
Treatment Activity 

PRL (0.1 ng/ml) + + 

(10 ng/ml) + + + + 

TPA + 

TPA+A23187 + + 

PRL (0.1 ng/ml)+TPA + + + 

PRL+calmodulin antagonism* inhibition 

PRL+PKC antagonisms** inhibition 

'PRL+Ca2+ chelation inhibition 

PRL+ion channel antagonism*** +,inhibition 

PRL+8Br-cAMP inhibition 

Effect on [3H]-thymidine 
incorporation 

+ + 

+ + + + 

+ 

+ 

+ + + 

inhibition 

inhibition 

inhibition 

+,inhibition 

inhibition 

ODC activity and [3H]-thymidine incorporation were determined in the 

presence of either 0.1 ng/ml PRL or a maximally stimulatory concentra-

tion of PRL (10 ng/ml) or TPA (20 nM) and A23187 (0.2 pH) as 

described in Hethods. 10 ng/ml PRL was utilized in all experiments 

with pharmacological antagonists. 

* R24571 (30 pH) 
** polymyxin B (50 pH), tamoxifen (100 pH) 
*** TEA (20 mK), 4-AP (8.6 mH), quinine (100 pH), ouabain (1 mK), 

amiloride (1 mK). 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

Data presented in this study strongly support a role for PRL in 

the physiological modulaton of hepatocyte growth and differentiation. 

The role of PRL in initiating cell cycle excursion was examined in two 

inducible enzyme systems, plasminogen activator and ornithine decarb

oxylase. The inducton of both enzyme activities has been demonstrated 

to occur early in G1 of cell cycle. PRL administration produced a 

rapid increase in liver PA activity in intact and hypophysectomized 

rats. The PA response was not altered in the absence of other pitui

tary hormones. This was demonstrated by identical responses in hypo

physectomized and intact animals. Further, it· was demonstrated that 

the potent inununosuppressive drug, CsA attenuated the inducton of PA 

by PRL. Moreover, other studies have demonstrated inhibition of 

[12511 _PRL binding to its receptor by CsA. Therefore the ability of 

PRL to induce PA is probably a direct effect in the liver .. CsA dimin

ution of PRL-induced PA suggests that in the liver, similar to other 

tissues such as lymphocytes, (Russell, et a1., 1985a) CsA is a PRL 

receptor antagonist. The CsA inhibition of PRL stimulated hepatic ODC 

induction has also been demonstrated (Russell, et a1., 1985b), thus 

further substantiating CsA antagonism at the PRL receptor. PRL induces 

elevated PA activity by de ~ enzyme biosynthesis; protease induction 

was blocked by inhibitors of protein and in RNA synthesis. This effect 

is similar to that described for PA induction by tumor promoters. 

-108-
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Hypophysectomy altered the time course for PRL-stimulated ODe 

induction in liver. PRL induced peak enzyme activities occurred 2 

hours later in hypophysectomized than in intact littermates. Never

theless, in the absence of other pituitary hormones, PRL was capable 

of inducing this enzyme marker of G1 . This may also suggest a direct 

effect of cell cycle stimulation by PRL in the liver. 

Two days of episodic PRL administration stimulated hepatic DNA 

synthesis 2-4 fold above control. Moreover, a single injection of PRL 

increased [3H1-thymidine incorporation 'at 48 hours in liver homoge

nates and hepatic nuclei. The dose of PRL that caused this effect was 

identical to that which induced both G1 enzymatic markers, PA and 

ODe. The administration of PRL to the intact animal, strikingly sim

ilar to partial hepatectomy, stimulated cell cycle excursion determined 

by. ODe induction at 6 hours and DNA synthesis at 48 hours. These data 

strongly support a role of PRL as a hepatic mitogen. The ability of 

PRL to stimulate DNA synthesis in mammary gland is well documented 

(Rud1and et a1., 1977). Most recently Lupulescu (1985) reported that 

chronic PRL administration in the presence and abscence of 3-methyl

cholanthrene increased mouse epidermal DNA synthesis. 

We examined the effects of chronic PRL administration on several 

markers of hepatic preneoplasia including hypertrophy. Administration 

of PRL alone or subsequent to a subcarcinogenic dose of DEN produced 

hepatomegaly at 6 weeks. Additionally we assessed the effect of PRL 

on the development of EAF in the liver. 

The presence of GGTase-positive foci is considered to be an 

early marker of a transformed phenotype in liver carcinogenesis. EAF 
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occur well before the appearance of hepatocellular cancer (Solt and 

Farber, 1976; Solt et al., 1977; Solt, 1978; Pitot et al., 1978; Pitot 

and Sirica, 1980; Herren and Pereira, 1983; Goldfarb, 1984; Yager et 

al., 1984). The generality of EAF as a marker of the hepatic carcino

genic process is indicated by the demonstration of GGTase-positive 

hyperplastic nodules in four different models of rat chemical carcino

genesis (Roomi et a1., 1985). Th~ analysis of hepaticGGTase in this 

study was approached by measuring enzymatic activity in liver homog

enates in addition to histochemically. The results of both approaches 

determined after 6, 23 and 45 weeks of PRL administration showed a 

strong positive correlation (p < 0.01). By six weeks increased hepatic 

GGTase activity was demonstrated in animals receiving DEN alone and in 

those initiated with DEN followed by the thrice weekly PRL administra

tion regimen. Levels of GGTase determined biochemically did not differ 

in the DEN plus PRL from DEN only treated animals. However, a differ

ence was apparent by the histochemical measurement of this marker. EAF 

in groups receiving PRL plus DEN were significantly elevated above DEN 

but without PRL administration by 23 or 45 weeks. This effect was 

demonstrated by both biochemical and histochemical determinations of 

GGTase. The additional mitotic stimulus of partial hepatectomy did not 

significantly increase GGTase in groups receiving DEN and PRL at either 

23 or 45 weeks. Further, rats receiving PRL in combination with par

tial hepatectomy exhibited increased GGTase by both methods of analy

sis. This effect was similar to that produced by DEN and partial 

hepatectomy. An intriguing finding, this suggests that PRL may mimic 

a complete carcinogen when administered in tandem with a partial 
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hepatectomy. This is consistent with the demonstration by others 

(Pitot and Sirica, 1980) that partial hepatectomy prior to. a hepatic 

initiating agent causes increased hepatocellular carcinoma compared to 

sham controls. Increased effectiveness of initiating agents in hepa

tectomized animals may be explained by more cells synthesizing DNA. 

An effect produced by the loss of hepatic mass (Pitot and Sirca, 1980). 

At 45 weeks of PRL administration no hepatocarcinomas were 

demonstrated. However, the overall tumor incidence in rats receiving 

PRL plus DEN was significantly greater that the spontaneous rate of 

tumor development as well as that found in animals treated with DEN 

alone. This finding further suggests that prolonged periods of hyper

pro1actinemia may contribute to general tumor development. The effect 

of PRL administration as a promoter of mammary gland carcinogenesis has 

been well established in rodents (Heites, 1972. DeSombre et a1., 1976; 

Yokoro et a1., 1980. Simon etal., 1984). Topical PRL treatment com

bined with estradiol in 3-methylcholanthrene-initiated mice increases 

the incidence of uterine squamous cell. cervical carcinomas (Forsberg 

and Breistein, 1979) The specifici.ty of PRL in this system was 

demonstrated by reduced tumor incidence in animals receiving bromo

cryptine. Host recently, PRL has been shown to increase the incidence 

and tumor size as well as stimulate tumor cytodifferentiation in 

3-methylcho1anthrene treated (Lupulescu, 1985) mouse epidermis . The 

abili ty of PRL to enhance the growth of a transplantable malignant 

lymphoma has also been demonstrated in rats in vivo. PRL dependence 

for mitogenesis of cells from these tumors has been established in 

vitro (Noble et al., 1980. Gout et al., 1980). These data SUbstantiate 
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the ability of PRL to promote neoplastic development in tissues other 

t.han "classical" PRL target.s. 

Pitot. and Sirica (1980) suggest.ed that. one common charact.eristic 

of t.he struct.urally disparat.e agent.s which promote hepat.ocarcinogenesis 

is t.he capacit.y to augment t.he cyt.ochrome P450 monooxygenase enzyme 

system. A single PRL challenge elevat.es cyt.ochrome P450 levels by 24 

hours. An effect. similar to that produced by systemic phenobarbital 

(Byus et. al., 1976). This finding further st.rengt.hens t.he hypothesis 

t.hat PRL is capable of hepatic t.umor promot.ion. Moreover, PRL may play 

a salient role in regulation of t.his key enzyme system. Furt.her evi

dence support.ing t.his cont.ent.ion is the finding t.hat. PRL administ.ration 

increases a hithert.o unknown isoenzyme of cytochrome P450 determined 

by warfarin metabolism (L. Kaminsky, personal communication). Further 

research is required to aBBeBB the oi&nificance of this finding as well 

as t.o det.ermine the chemical nature of this protein(s). 

A rat node lymphoma cell line (Nb2) dependent upon lactogens 

for cellular proliferation (Gout et a1., 1980; Tanaka et al., 1980) was 

utilized to investigate the mechanism of PRL action at the cellular 

level. In these cells the mitogenic effect of PRL is mediated through 

specific cell surface PRL receptors (Shiu et a1., 1983). The tumor 

promoter TPA, was found to enhance both PRL-stimulated ODe inducton and 

cellular proliferation. The calcium ionophore, A23187 was effective 

at furt.her stimulating ODe inducton but. not. proliferation. This cell 

line is unique due to its dependancy for PRL for stimulation of cell 

cycle progression. However, the addition of TPA or TPA plus A23187 to 
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cultures without PRL stimulated proliferation similar to low concen

trations of PRL. Thus the 'PRL-induced intracellular signals for mito-

genesis was mimicked by phorbol ester and ionophore. These data 

strongly suggest that a component of the PRL-stimulated transmembrane 

signal is polyphosphoinositide' turnover, activation of PKC and the 

liberation of IP3. Further, 8Br-cAMP, a cAMP analog, inhibited 

PRL-stimulation of both ODC and proliferation. It also did not produce 

a stimulatory effect when added alone indicating that the PRL receptor 

in Nb2 cells is not coupled to adenylate cyclase and the generation 

of cAMP. Therefore, cAMP is not required for PRL-stimulated mitosis 

in Nb2 lymphoma cells. These data corroborate findings by other 

laboratories (Sagag-Hagar et al., 1974; Loizzi et al., 1975; Rillema, 

1975; Rillema, 1976; Chomczynski and Zwierzchowski, 1978) which suggest 

that cAMP is inhibitory to PRL action. 

The contribution of PKC and calmodulin in PRL-generated inter

cellular signaling was also examined by phamacological inhibition of 

these protei~s. Inhibition of PKC by polymixin B or tamoxifen (which 

inhibi ts both PKC and calmodulin) or calmodulin by R24571 produced 

equivalent c.ellular responses. Inhibition of either component of the 

polyphosphoinositide bifurcating pathway attenuated PRL stimulation of 

ODe activity and PRL-, TPA plus A23187-, or PRL plus TPA plus A23187-

stimulated cellular proliferation. These results also implicate PKC 

activation and ca2+ synergy in PRL-stimulated polyamine biosynthesis 

and mitogenesis in these cells. 

Another effect of the stimulation of receptors coupled to PKC 

activation is a simultaneous mobilizaion of calcium, producing a 
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transient rise in cytosolic ca2+ concentration. Berridge and col-

leagues (Streb et al., 1983; Berridge and Irvine, 1984) have proposed 

that IP3 (inosital-1,4,~ triphosphate), a product produced by inos

itol phospholipid breakdown, is involved in ca2+ release from intra-

cellular stores. To examine the relationship between PRL receptor 

occupation and the stimulation of phosphoinositide turnover, Nb
2 

cells labeled with were incubated in the presence of 

increasing concentrations of PRL. The results from this experiment 

demonstrated that PRL-stimulated liberation of water soluable phosphate 

products of inositol phospholipid turnover. Further, intercellular 
• 

accumulation of inositiol phosphates occured within 30 minutes of PRL-

stimulation. This occurred at concentrations of PRL similar to those 

which stimulated the induction of ODC and [3H]thymidine incorpora-

tion. Therefore, the pharmacological manipulation of PRL-stimulated 

responses in Nb2 cells by inhibitors of calmodulin was confirmed by 

the biochemical measurement of the products responsible for Ca2+ 

mobilization. This further supports the concept of PRL receptor stim-

ulation coupled to inositol phospholipid turnover. 

Protein kinase C phosphorylates many endogenous proteins, par-

ticularily those associated with cellular membranes (Wrenn et al., 

1980). In some systems PKC phosphorylates receptors coupled to its own 

activation. This is considered to be a control mechanism resulting in 

receptor down-regulation. This effect has been demonstrated to occur 

with EGF (Lee and Weinstein; Bachrach et a1., 1985; Jetten et a1., 

1985) as well as the Cl1 adrenergic receptor (Leeb-Lundberg et a1., 
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1985). Nb2 lymphoma cells were incubated in t.he presence of pharma-

cological act.ivat.ors of PKC prior t.o t.he addit.ion of 125 
[ 11-rPRL. 

This t.reat.ment. inhibit.ed the abilit.y of PRL t.o bind t.o it.s recept.or 

subsequent t.o PKC activat.ion. Thus, similar t.o ot.her syst.ems, act.iva-

tion of PKC coupled t.o t.he PRL-recept.or may result. in PRL recept.or 

phosphorylat.ion resulting in recept.or downregulat.ion. 

Recent. evidence indicat.es that. PKC may be t.he phorbol est.er 

recept.or (Kikkawa et. al., 1983). Most if not. all pleiot.rophic act.ions 

of tumor promot.ing phorbol esters may be mediat.ed t.hrough phosphoryla-

tion event.s linked t.o this enzyme (Nishiuku, 1986). The result.s pre-

sent.ed in this st.udy implicat.e PRL recept.or coupling t.o inosit.ol 

phospholipid t.urnover and st.imulat.ion of PKC. Thus, PRL activat.ion of 

PKC may explain t.he mechanism by which PRL exert.s a t.umor promot.ional 

effect.. Tumor promoters, in general, induce PA act.ivit.y. The induc-

tion of t.his enzyme system is t.hought. t.o be required for t.he develop-

ment of t.he t.ransformed phenot.ype in skin (Weinst.ein et. a!., 1978; 

Messadi et al., 1986) and mammary gland (Carlsen et. al., 1984), bot.h 

are t.issues in which ot.her laborat.ories have demonst.rat.ed a promot.ional 

effect. of hyperprolactinemia. PRL administ.rat.ion also st.imulat.es other 

markers induced by hepatic t.umor promot.ers, including ODC, cyt.ochrome 

P450, DNA synt.hesis and GGTase. The relat.ionship bet.ween PKC act.iva-

tion and t.he carcinogenic process in liver has been recent.ly demon-

strated in t.wo syst.ems. Bombick et. a!. (1985) found increased PKC 

activity in hepat.ic membrane preparations from rat.s and quinea pigs 

treated wit.h 2,3,7,8-tetrachloradibenzo-p-dioxin (TCDD). TCDD, a t.oxic 

environment.al po llu t. ant , has been shown t.o be acnegenic, t.eratogenic 
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and carcinogenic (Poland and Knutson, 1982). Olson (1985) demonstrated 

enhanced phosphatidylinosito1 kinase activity in early stages of 

hepatocarcinogenesis and in hepatocellular carcinomas produced in the 

Solt and Farber (1976) model. This model employs the combination of 

DEN, 2-acetylaminofluorene and partial hepatectomy. It is important 

to note that in this protocol the appearance histochemically demon

strated enzyme-altered foci is among the earliest markers of a trans

formed phenotype expressed. 

In conclusion, the results of this study suggest that P-L is a 

key growth modulating hormone for rat liver. This was demonstrated by 

PRL stimulation of hepatic PA, ODC, DNA synthesis and hypertrophy. 

Additionally, for initiated hepatocytes PRL significantly enhanced the 

appearance of enzyme-altered foci measured both biochemically and 

histochemically. This early phenotypic alteration has been shown to 

be a consistent marker of hepatic preneoplasia in rats and suggests 

that PRL may be an endogenous tumor promoter for initiated hepatocytes. 

The demonstration that PRL induces cytochrome P450 isoenzymes is fur

ther evidence of the promotional role of PRL in liver. Finally, si~ 

ilar to the tumor promoter TPA, PRL stimulates the activation of PKC. 

This enzyme system is linked to carcinogenic process not only by its 

activation by tumor promoters but also it recently has been shown to 

participate in oncogene activation and expression (Greenberg and Ziff, 

1984; Kruijer et al., 1984; Muller et al., 1984; Mitchell et al., 1985; 

Kelly et al. 1983). The demonstration that PRL may be an endogenous 

tumor promoter has certain clinical implications. Several studies 

have estimated the incidence of subclinical pituitary microadenomas, 
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many of which actively secrete PRL, to be near 3~ in the human popu

lation (Costello, 1036; Burrow et a1., 1981; Zimmerman et a!., 1974; 

Grossman and Besser, 1985; Nagy et al., 1985). Therefore, in humans 

there may be a significant incidence of undiagnosed hyperprolactinemia. 

Elevated serum PRL may be produced by either subclinical PRL-secreting 

microadenomas or by pharmacologically induced hypersecretion (Ross et 

a1., 1984; Grossman and Besser, 1985). The data presented in this 

study suggests that hyperprolactinemia may predispose to the develop

ment of neoplastic lesions from a variety of chemically initiated cells 

in man. 



APPENDIX 

ADDITIONAL TABLES AND FIGURE 

TABLE 31 

Reduction of baseline PA activity by prolactin in the rat 

Control Nadir Time to Nadir. Significance 
Tissue PA Activity PA Activity (hours) (p <) 

Lung 68.48 ± 11.90 19.79 ± 3.14 8 0.02 

Skeletal 55.41 ± 4.60 41.73 ± 2.34 6 0.05 
Muscle 

PA activity is expressed as I.U. per mg protein. Each value represents 

the mean ± S.E.H. of 4 animals. Statistical significance was 

determined by the unpaired Student's t-test. 
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TABLE 32 

Effect of hypophysectomy on PRL-stimulated PA activity 

in the rat heart 

PA activity 

(I.U./rog protein) 

Time (hours) Intact HYPOX 

0 38.7 ± 5.4 32.6 ± 0.8 

2 45.3 ± 2.7 43.3 ± 3.8 

4 52.0 ± 5.6 46.8 ± 1.9 .. 
6 48.6 ± 4.8 55.4 ± 7.3 

8 73.8 ± 11.9 55.3 ± 7.1 

PRL, 22 rng/kg, Lp. was administered as a single dose to intact and 

hypophysectomized rats. The animals were killed over 24 hours and 

tissues assayed for PA activity. Dat~ is presented as the mean ± 

S.E.K. of 5-7 animals. 



TABLE" 33 

Effect of hypophysectomy on PRL-stimulated PA activity 

in rat adrenal glands 

PA activity 

(I.U./rog protein) 

" 120 

Time (hours) Intact HYPOX 

0 50.8 ± 3.7 67.8 ± 6.2 

2 68.1 ± 6.9 53.8 ± 6.5 

4 75.6 ± 8 69.5 ± 6.5 

PRL, 22 rog/kg, i. p. was administered as a single dose to intact and 

hypophysectomized rats. The animals were killed over 24 hours and 

tissues assayed for PA activity. Data is presented as the mean ± 

S.E.M. of 5-7 animals. 
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TABLE 34 
Effect of hypophysectomy on PRL-stimulated ODC activity at 6 hours 

in rat tissues 

Intact HYPOX 

Tissue Control Control PRL 

Heart 12.4 ± 0.3 12.6 ± 1.1 27.15 ± 1.55 11.2 ± 5.14 

Adrenal 15.7 ± 2.6 37.4 ± 7 11.5 ± 3.7 121.8 ± 34 
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TABLE 35 

Prolactin (PRL) effects on ornithine decarboxylase (ODC) activity 
in rat heart as a function of days post-weanling (21 days) 

ODC activity 
(pmol/30 min/mg protein) 

Days Control PRL 

22 days 4.4 ± 0.4 4.1 ± 0.3 
24 days 66 ± 20 58 ± 8 
25 days 22 ± 2 39 ± 4 
26 days 72 ± 16 85 ± 8 
27 days 18 ± 1 30 ± 4 
28 days 29 ± 1 49 ± 4 
29 days 45 ± 3 33 ± 4 
30 days 28 ± 5 30 ± 1 

'31 days 22 ± 3 36 ± 6 
32 days 14 ± 0.8 29 ± 3 
33 days 31 ± 0.9 44 ± 4 
34 days 14 ± 0.4 14 ± 2 
35 days 14 ± 0.5 14 ± 1 
36 days 27 ± 7 '38 ± 3 

mean ± SEM 

PRL (22 mg/kg, i.p.) was administred to male weanling rats. The ani
mals were killed at 6 hours and hepatic ODC was determined. Data 
represents the mean ± S.E.M. of 3-5 animal. * pmol 14C02/30 
min/mg protein 
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TABLE 36 

Prolactin (PRL) effects on ornithine decarboxylase (ODC) activity 
in rat spleen as a function of days post-weanling (21 days) 

ODe activity 
(pmol/30 min/mg protein) 

Days Control PRL 

22 days 20 ± 4 26 ± 8 
24 days 36 ± 9 96 ± 23 
25 days 12 ± 2 31 ± 8 
26 days 22 ± 4 48 ± 6 
27 days 12 ± 3 53 ± 8 
28 days 13 ± 2 19 ± 3 
29 days 15 ± 2 25 ± 6 
30 days 10 ± 9 11 ± 9 
31 days 9 ± 0.2 10 ± 2 
32 days 12 ± 2 15 ± 1 
33 days 6.5 ± 1 17 ± 4 
34 days 4.5 ± 1 7.4 ± 1 
35 days 6.8 ± 0.5 6.0 ± 1 
36 days 4.1 ± 0.1 6.0 ± 0.5 

mean ± SEH 

PRL (22 mg/kg, i.p.) was administred to male weanling rats. The ani
mals were killed at 6 hours and hepatic ODC was determined. Data 
represents the mean ± S.E.K. of 3-5 animal. * pmol 14C02/30 
min/mg protein 
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TABLE 37 

Prolactin (PRL) effects on ornithine decarboxylase (ODC) activity 
in rat kidney as a function of days post-weanling (21 days) 

ODC activity 
(pmol/30 min/mg protein) 

Days Control PRL 

22 days 28 ± 10 419 ± 142 
24 days 155 ± 20 2570 ± 259 
25 days 598 ± 97 3363 ± 197 
26 days 613 ± 115 2579 ± 280 
27 days 608 ± 26 2297 ± 199 
28 days 727 ± 100 1114 ± 142 
29 days 772 ± 80 2409 ± 644 
30 days 641 ± 210 1118 ± 165 
31 days 580 ± 35 838 ± 252 
32 days 860 ± 20 2500 ± 287 
33 days 589 ± 87 1328 ± 296 
34 days 425 ± 1848 ± 2758.3 
35 days 679 ± 52 1197 ± 85 

. 36 days 1717 ± 329 1567 ± 193 

mean ± SEH 

PRL (22 mg/kg, i.p.) was administred to male weanling rats. The ani
mals were killed at 6 hours and hepatic ODC was determined. Data 
represents the mean ± S.E.K. of 3-5 animal. * pmol 14C02/30 
min/mg protein 
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risure 6: Time course for the induction of p1asminosen activator 
activity by prolactin. Animals received prolactin (22 
mslk&), i.p., were serially sacrificed and tissues analyzed 
for plasminosen activator activity. Enzyme activities were 
determined as described in Chapter 2. Values are repre
sented as percent chanse from control. Oliver, Oaorta, 
6adrenal, Oheart. 
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