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Summary. The effect of  inhibition of polyamine biosyn- 
thesis by c~-difluoromethylornithine (DFMO) on the 
growth of  two murine transplantable tumours was stud- 
ied. Female CBA mice were implanted with either the 
sarcoma F (SaF) or an anaplastic mammary carcinoma 
(CANT), and 3% D F M O  in the drinking water was pro- 
vided once the tumours were established. Over a 10-day 
period control SaF tumours increased exponentially 
from 20 mm 3 to over 800 mm 3, whereas DFMO-trea ted  
SaF reached only 300 mm 3. CaNT grew more  slowly, 
requiring 22 days to achieve a similar volume increase, 
and D F M O  was as effective in retarding growth as it 
had been in SaF. D F M O  depleted tumour tissues of  
putrescine and spermidine, but did not reduce spermine 
levels. Metaphase arrest experiments with vincristine 
demonstrated that D F M O  could substantially reduce 
the rates of  tumour cell production, but there was no 
indication the D F M O  accelerated the rate of  cell loss 
from the tumours. Despite reduced rates of  cell produc- 
tion, labelling studies with bromodeoxyuridine failed to 
detect differences between control and treated tumours:  
an increase in transit time through the S-phase was sus- 
pected. The number of  nuclear organizer regions, de- 
tected by the argyrophilia of their associated proteins, 
was less in DFMO-trea ted  tumours, and within a tu- 
mour the degree of  silver deposition unequivocally re- 
flected the proliferative heterogeneity. Ultrastructural 
studies revealed no differences between DFMO-trea ted  
and untreated tumours. 
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Introduction 

Polyamines are ubiquitous polycationic molecules syn- 
thesized seemingly by all nucleated cells. There is general 
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agreement that polyamines are essential for growth 
(Pegg 1988), probably because of  their ionic binding to 
nucleic acids; their basic nature causing strong binding 
to acidic phosphate groups of  nucleic acids. The first 
step in the synthesis of  polyamines is the decarboxyla- 
tion of  the amino acid ornithine by the enzyme ornithine 
decarboxylase (ODC, 4.1.1.17) to form the diamine pu- 
trescine. Putrescine is metabolized further to spermidine 
and spermine through the consecutive action of  two 
aminopropyl transferases, spermidine synthase and sper- 
mine synthase. Marked increases in polyamine biosyn- 
thesis and accumulation are characteristically associated 
with elevated rates of  cell and tissue growth caused by 
hormones and growth factors (Bachrach 1984), and are 
particularly pronounced when cells are triggered from 
proliferative quiescence to active proliferation as occurs 
to hepatocytes after a two-thirds partial hepatectomy 
(Luk 1986). 

The role of polyamines in cell proliferation has be- 
come somewhat clearer through the use of  specific inhib- 
itors of  their biosynthesis (Pegg 1986). Particularly im- 
portant  in this respect is the enzyme-activated irrevers- 
ible inhibitor of ODC, difluoromethyl ornithine 
(DFMO, M D L  71.782), synthesized at the Merrell-Dow- 
Research Institute (Metcalf et al. 1978). In vitro, D F M O  
retards the growth of  many cell types and these observa- 
tions have lead to many studies of  the effects of  D F M O  
on a variety of  chemically induced or implanted rodent 
tumours, and on human tumours xenografted into nude 
mice. Profound reductions in overall tumour growth rate 
have been recorded for xenografted human tumours 
(Tutton and Barkla 1986; Upp et al. 1988), as well as 
for transplantable rodent tumours (Grossie et al. 1987; 
Marx et al. 1987) and chemically induced rodent tu- 
mours (E1-Ela etal .  1989; Manni et al. 1989; Zhang 
et al. 1988). 

The present study was undertaken to define more 
exactly the kinetic mechanisms by which D F M O  retards 
tumour growth. Two murine transplantable tumours of  
differing growth rate were studied, and measurements 
have been made at two time points during the exponen- 
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t ial  p h a s e  o f  g r o w t h .  A c t u a l  a n d  p o t e n t i a l  d o u b l i n g  
t imes  fo r  t he  t u m o u r s  w e r e  c a l c u l a t e d  to  assess  t he  ef- 
fects  o f  D F M O  o n  cell  loss  ra tes  as wel l  as cell  p r o d u c -  
t i on  ra tes .  U l t r a s t r u c t u r a l  s tud ies  w e r e  p e r f o r m e d  to  f ind  
i f  t he re  w e r e  a n y  s u b c e l l u l a r  m o r p h o l o g i c a l  c h a n g e s  as- 
s o c i a t e d  w i t h  t he  t r e a t m e n t .  

M a t e r i a l s  and methods  

Animals. Sixteen female CBA mice were implanted with sarcoma 
F (SaF), a round cell tumour of murine connective tissue, and 
a further 16 female mice were implanted with carcinoma NT 
(CANT) an anaplastic corded mammary carcinoma. Implants were 
made subcutaneously on the flank, each containing approximately 
l • 10  6 tumour cells. Mice bearing the faster-growing SaF tumours 
were killed at either 12 or 16 days post-implant, while mice bearing 
CaNT were killed at either 26 or 35 days post-implant. These time 
intervals were chosen so that both tumours had a mean diameter 
of around 0.5 cm at the first time point and a mean diameter 
of around 1 cm at the latter time point. 

Tumour measurement. Starting on the 6th (SaF) or 13th (CANT) 
day after implantation, when they were first palpable, tumours 
were measured at intervals for up to 16 days (SaF) or 35 days 
(CANT) after transplantation. The three principal diameters of each 
tumour were measured using a Vernier caliper, and the volume 
of each tumour was calculated using the formula: 

7~ 
Volume = (Product of the 3 diameters) x 

DFMO administration. D F M O  was a gift from C.D. Houldsworth, 
Research Support Manager at Merrell Dow Research Institute, 
Strasbourg Research Center, Strasbourg, France. Six days after 
implantation of SaF or 13 days after implantation of CANT, each 
category of tumour-bearing mouse was randomly divided into two 
groups of 8; the treatment groups were immediately placed on 
drinking water containing 3% DFMO. 

Estimates' of tumour cell proliferation. Three separate techniques 
were employed to assess the proliferative status of the tumours. 
First, the rate of entry into mitosis was calculated by performing 
a metaphase arrest experiment after injection of vincristine sulphate 
(VCR) (Oncovin; Eli Lilly, Basingstoke, UK). Briefly, at each time 
point of the study, groups of 6 mice were given a single i.p. injection 

of VCR and subsequently killed at 30-rain intervals over the follow- 
ing 3 h. The metaphase index (%) for each animal was estimated 
by scanning 2000 consecutively observed tumour cells, and graphs 
of metaphase index versus duration of VCR treatment were con- 
structed for each experimental group. The regression coefficient 
for each group was calculated using the method of least squares, 
the calculated value representing the rate of entry into mitosis or 
the cell birth rate (Kb) with units of cells born, per cell, per hour. 
This method allows the potential doubling time (tpd) of the tumour 
to be calculated from the formula: 

ln2 
t p d = ~  (Wright and Alison 1984) 

The S-phase labelling index was measured after injection of 
the pyrimidine analogue bromodeoxyuridine (BrdUrd; Gratzner 
1982). Mice were injected i.p. with BrdUrd (Sigma, Poole, UK) 
at a dosage of 50 mg/kg body weight 1 h prior to death. Tissue 
was fixed for 4 h in Carnoy's solution and subsequently transferred 
to 70% alcohol prior to immunostaining. Dewaxed sections under- 
went partial DNA denaturation (1 M HC1 at 60 ~ C for 5 rain) 
and were exposed to the primary antibody (rat anti-BrdUrd; Sera 
Lab., Crawley, UK) at a 1 : 20 dilution overnight at 4 ~ C. Visualiza- 
tion of labelled cells was achieved by a standard peroxidase/DAB 
method (peroxidase conjugated rabbit anti-rat immunoglobulins, 
Dako, High Wycombe, U K ;  diaminobenzidine, Sigma). The label- 
ling index (%) for each tumour was calculated from the number 
of stained cells in 2000 consecutively observed tumour cells. Tu- 
mour cell proliferation was further assessed by enumerating the 
rRNA gene clusters. Nucleolar organizer regions (NORs), as they 
are called, are located on the short arms of the appropriate pair 
of acrocentric chromosomes in the diploid cell (Wolfe 1981). NORs 
can be demonstrated by means of the argyrophilia of their associat- 
ed proteins, using a simple silver-staining technique (Ploton et al. 
1986), the so-called AgNOR technique which was applied to forma- 
lin-fixed, paraffin-embedded tissue sections. Two hundred nuclei 
from each tumour were assessed for AgNOR number. 

Polyamine determination. Analysis was as described by Seller 
(1984). Tumour specimens were snap frozen in liquid nitrogen and 
stored until analysis. Samples were homogenized in 0.1 M sodium 
phosphate buffer, and an equal volume of 0.4 M perchloric acid 
was then added. Following sonication, samples were centrifuged 
at 4000 g for 15 min and the supernatant after centrifugation was 
stored at - 2 0  ~ C until analysis using a high-pressure liquid chro- 
matograph (Model 352, ACS, Macclesfield, UK). Polyamines were 
derivatized using o-phthalaldehyde and quantified using 1,7-dia- 
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Fig. 1. Growth curves for control and c~-difluoromethylornithine (DFMO)-treated sarcoma F (SaF) (a) and carcinoma NT (CANT) 
(b) tumours 
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Fig. 2. Potential doubling times for 
control and DFMO-treated SaF (a) 
and CaNT tumours (b) estimated 
from rates of entry into mitosis after 
vincristine injection 
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Fig. 3. Bromodeoxyuridine (BrdUrd) labelling indices in control and DFMO-treated SaF (a) and CaNT tumours (b) 

Fig. 4. Silver-stained nucleolar organizer region (AgNOR) numbers in control and DFMO-treated SaF (a) and CaNT turnouts (b); 
*P<0.05, **P<0.01 

minoheptane (final concentration 10 nmol/ml) as an internal stan- 
dard; the buffer flow rate was 90 ml/h. Protein content was deter- 
mined by the Biuret assay (Plummer 1978), and polyamine concen- 
trations were expressed as nmol/mg of protein�9 

Electron microscopy. Tumour samples, not exceeding l mm 3 in vol- 
ume, were fixed in 2% glutaraldehyde for 2 h. After washing in 

phosphate buffer, tissues were osmicated and dehydrated in acidi- 
fied DMP before routine embedding in Taab resin. Sections were 
cut (1 pm thick) and stained with toluidine blue for observation 
at light microscope level, followed by ultrathin sections of approxi- 
mately 100 nm, collected on nickel grids and stained with uranyl 
acetate and lead citrate, for observation on a Philips CM-10 elec- 
tron microscope. 
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Fig. 5. a BrdUrd labelling in the 
CaNT tumour; the S-phase cells 
(S) are located near the blood 
vessel (BV). (b) AgNOR staining 
in the same tumour, the cells 
with the largest silver deposits are 
also close to the blood vessel 
(BY) 

R e s u l t s  

D F M O  resulted in a dramatic impairment in growth 
of  both SaF (Fig. 1 a) and CaNT (Fig. 1 b) and both 
treated tumours were only one-third the volume of  their 
respective controls at the end of  the study. All tumours 
grew logarithmically over the period of  observation and 
D F M O  increased the doubling time (td) of  SaF from 
1.9 to 2.6 days, and likewise lengthened the td of  CaNT 
from 4.3 to 5.6 days. 

The metaphase arrest experiments allowed the tpd of  
the various tumours to be calculated, i.e. the time in 

which the tumours would be expected to double in cell 
number if no cells were lost. In SaF (Fig. 2a), no differ- 
ence in tpd was  detected at day 12 after implantation, 
but at day 16 tpd in the DFMO-trea ted  SaF tumours 
was almost twice as long as that in controls. In CaNT 
(Fig. 2b), D F M O  had lengthened tpd at both times of  
observation. In terms of  the size of  the S-phase fraction 
(the BrdUrd labelling index), D F M O  had no statistically 
significant effect on either tumour at the times studied 
(Fig. 3). In SaF (Fig. 3a), similar labelling at day 12 but 
a trend towards reduced activity in the DFMO-trea ted  
turnouts on day 16 was in accord with the metaphase 



arrest data (Fig. 2a). In CANT, however (Fig. 3b), 
DFMO-induced increases in tpa were not reflected in 
reduced BrdUrd labelling indices. 

The study of AgNORs per tumour cell nucleus did 
reveal differences between DFMO-treated and control 
tumours (Fig. 4). In both tumours DFMO treatment re- 
sulted in statistically significant, albeit small, reductions 
in AgNOR number per tumour nucleus. The notion that 
the quantity of AgNOR proteins increases with prolifer- 
ative activity and/or transcriptional activity in general 
was strongly supported by the finding of much larger 
silver deposits in areas of intense proliferative activity. 
CaNT has a definite corded structure of proliferative 
cells adjacent to blood vessels (Fig. 5a), separated from 
each other by concentric zones of hypoxic and necrotic 
cells more distant from the afferent blood supply. This 
zonation was mimicked by larger silver deposits in the 
proliferative areas (Fig. 5 b), in which many of the cells 
would be in the process of duplication of the NOR- 
bearing chromosomes; the larger deposits probably re- 
flecting coalescence of the more numerous NORs. 

In the untreated tumours, the relative abundance of 
the normally synthesized polyamines was as expected 
with spermidine being present at the highest concentra- 
ton (Fig. 6a, b), with lesser amounts of spermine, and 
putrescine present in only minor quantities. Cadaverine, 
a bacterial polyamine produced through the action of 
the enzyme lysine decarboxylase, occurred in measurable 
quantities in all samples analysed. DFMO treatment had 
the same effect on both tumours (Fig. 6a, b), depleting 
tissue levels of putrescine and spermidine to immeasur- 
able amounts, while at the same time the levels of sper- 
mine were actually increased. 

Extensive ultrastructural studies failed to reveal any 
consistent differences between control and DFMO-treat- 
ed tumours, although in some treated samples of both 
SaF and CaNT there was a suspicion of distension of 
the rough endoplasmic reticulum. SaF (Fig. 7a) is a 
round cell tumour; electron microscopy revealed infiltra- 
tion with host macrophages with little or no intercellular 
stromal material present. Cell nuclei were large and ir- 
regular in shape with a high euchromatin/heterochroma- 
tin ratio; nucleoli were prominent and often marginated 
in common with a proportion of heterochromatin. Al- 
though demonstrating a full complement of organelles, 
the cells of SaF were not rich in either rough or smooth 
endoplasmic reticulum; no desmosomes, and no other 
junctional complexes were present, but the cells were 
generally closely apposed, sometimes with pinocytotic 
activity on adjacent plasma membranes. CANT, on the 
other hand, was more pleomorphic with the plasma 
membranes typically thrown into folds which interdigi- 
tated with those of neighbouring cells. Frequently the 
cells appeared to lie in nests bounded by small amounts 
of connective tissue. Once more, nuclei were large with 
prominent nucleoli and a proportion of marginated het- 
erochromatin. Typical for highly proliferative cells or- 
ganelles were sparse though fully represented, rough and 
smooth endoplasmic reticulum were present, compara- 
ble with SaF, but in addition cells of CaNT were joined 
by the occasional desmosome. 
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Discussion 

A number of studies have been devoted to the effects 
of DFMO on tumour growth, but these have largely 
confined themselves to observations of overall tumour 
growth rate. As such the data are undoubtedly impres- 
sive, with reports ranging from a 100% or more increase 
in the tumour doubling time (Marx et al. 1987; Tutton 
and Barkla 1986; Upp et al. 1988) to an almost cessation 
of tumour growth (Manni et al. 1989; Zhang et al. 1988). 
The present study was undertaken to explore the under- 
lying kinetic mechanisms through which DFMO re- 
tarded tumour growth, examining DNA synthesis, mi- 
totic activity and AgNORs in two tumours, one a mam- 
mary carcinoma and the other a round cell sarcoma. 

The SaF sarcoma was the faster-growing tumour, ta 
was 1.9 days, achieving 5.26 doublings in the 10-day pe- 
riod of observation, enlarging from around 20 mm 3 to 
over 800 mm 3. The presence of a 3% concentration of 
DFMO in the drinking water lengthened the t o to 
2.6 days; growth remained exponential, but only 4.0 
doublings in the 10-day period resulted in the tumours 
averaging a volume of just under 300 mm 3. Largely simi- 
lar results were obtained over a 22-day period of study 
of the slower-growing CANT, with the DFMO-treated 
tumours achieving only 3.9 doublings against 5.1 dou- 
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Fig. 7. Electron micrographs of control SaF (a) and control CaNT turnouts (b). Note phagocytosed cell debris (D), probably apoptotic 
bodies, in turnout cells and macrophages in the CaNT tumour, x 2400 (reduced to 75%) 

blings in the control tumours. D F M O  had broadly simi- 
lar effects on the tissue levels of  polyamines in the two 
tumours. D F M O  effectively depleted the tumours of  pu- 
trescine and spermidine, but had no effect on spermine. 
In fact the tumour concentrations of  spermine were al- 

most doubled in the DFMO-trea ted  mice; a reduced 
rate of  spermine breakdown could be responsible, or 
alternatively the uptake of  preformed polyamines from 
the plasma could have been stimulated by ODC inhibi- 
tion. Indeed, Ehrlich ascites cells cultured for 2 days in 
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the presence of DFMO show a strikingly enhanced up- 
take of polyamines from the medium (Alhonen-Hong- 
isto et al. 1980). In many studies, DFMO has been 
remarkably ineffective in reducing tumour levels of sper- 
mine with levels actually rising in a DFMO dose-depen- 
dent fashion in a transplantable fibrosarcoma (Grossie 
et al. 1987), or remaining unaltered in a chemically in- 
duced breast cancer (Manni et al. 1989) and in human 
gastric cancer xenografts (Upp et al. 1988). Clearly, in 
the present study the absence of putrescine and spermi- 
dine slows down the growth rate of two very rapidly 
growing tumours, but it can not be emphasized too 
strongly that even the DFMO-treated tumours are still 
rapidly growing, in the context of human cell prolifera- 
tion (Steel 1977). It is also worth noting that cadaverine, 
a bacterial polyamine, was invariably present in the tu- 
mour tissues. Cadaverine is synthesized by the bacterial 
flora of the gut and its uptake, like that of the other 
polyamines, can be enhanced by polyamine deprivation 
(Sarhan et al. 1989), though in our study it was present 
in all tumours. A specific function of cadaverine has 
not been described and unfortunately most studies ig- 
nore its presence. 

Tumour cell proliferation was assessed by three inde- 
pendent techniques. Metaphase arrest experiments pro- 
duce a firm kinetic parameter, the rate of entry into 
mitosis, which is independent of the duration of the mi- 
totic phase cf. DNA labelling. DFMO caused a substan- 
tial reduction in the rat of entry into mitosis and hence 
an extension of tpd at three of the four time points stud- 
ied, the exception being SaF at day 12 post-implanta- 
tion, but this may have been due to the relatively short 
period (6 day) of exposure to DFMO compared to the 
other tumour groups. We can, of course, proceed to mea- 
sure the cell loss factor q~, which is the rate of cell loss 
to cell birth (Steel 1977) and can be calculated using 
the relationship 

(o = 1- tpa/ td  

where tpd is the potential doubling time derived from 
the metaphase arrest experiment and td is the actual dou- 
bling time derived from the growth curve. Thus, in un- 
treated CaNT at day 26, 

q~ = 1-49/103 = 0.53 

i.e. for every 100 cells born some 53 are lost from the 
population. A similar calculation makes q5 =0.41 in the 
DFMO-treated CaNT at this time. Therefore it seems 
unlikely that DFMO is accelerating the rate of cell loss 
from the tumour; in fact, the converse could be true. 
However, there are several caveats. First, as DFMO re- 
duces the cell production rate we are dealing with a 
smaller tumour, and since it is widely acknowledged that 
tumours tend to have higher cell loss rates as they en- 
large (Steel 1977), the higher cell loss factor in the un- 
treated tumours could be due simply to their larger phys- 
ical size. Perhaps more germane to the present discussion 
is the fact that estimates of t d a r e  based on growth curve 
measurements, be they tumour weights, or as in this 
case, volume estimations. It is to suspend disbelief to 
assume that such measurements truly represent the in- 

crease in viable tumour cell number for these tumours; 
like all tumours they contain inflammatory cells, apop- 
totic cells, cystic spaces and areas of necrosis; indeed 
the discrepancy between cell loss factors estimated ac- 
cording to gross tumour weights and net tumour weights 
after the removal of necrotic material has already been 
documented (Sarraf and Browen 1986). Therefore any 
estimates of q~. must be viewed with considerable cau- 
tion. Perhaps surprisingly, DFMO had little effect on 
BrdUrd labelling in the two tumours, and broadly simi- 
lar results were reported by Zhang et al. (1988), who 
found even a small increase in the thymidine labelling 
index in DFMO-treated rat colonic tumours. However, 
the labelling index depends not only on the rate at which 
cells enter DNA synthesis but also on the duration of 
the synthetic phase. Thus, the absence of any reduction 
in labelling caused by DFMO could simply be due to 
DFMO causing a prolongation of the synthetic phase. 
Indeed, there is a good deal of evidence to support this 
hypothesis; both Ehrlich ascites tumour cells and CHO- 
A7 cells cultured under conditions of polyamine depriva- 
tion markedly increase the duration of DNA synthesis 
as judged by flow cytometric analysis (Anehus et al. 
1984; Heby et al. 1978). 

There has been considerable debate regarding the re- 
lationship of AgNOR counts to proliferative status 
(Quinn and Wright 1990). The AgNOR count depends 
on the stage of the cell cycle (Anastassova-Kristeva 
1977), the number of NOR-bearing chromosomes 
(Wolfe 1981) and even the degree of dispersal of the 
NOR-associated proteins (Underwood and Giri 1988). 
The fact that chromosomes fuse during interphase mak- 
ing individual NORs difficult to discern simply com- 
pounds the problem. Nevertheless, the slower growth 
rates caused by DFMO treatment were consistently asso- 
ciated with a lower AgNOR count. The belief that Ag- 
NORs are related in some way to cell proliferation and/ 
or transcriptional activity was unequivocally supported 
by the finding of much larger silver deposits in relatively 
oxic, highly proliferative areas of CaNT; these large de- 
posits clearly represent coalescence of AgNORs that 
cannot individually be discerned. Thus, the amount of 
silver deposited may be a better qualitative assessment 
of the amount of NOR-associated proteins than the 
number of individual silver deposits. 

That treatment with DFMO resulted in no ultrastruc- 
tural changes in either tumour type was of some interest. 
In some samples there was a suspicion of distension of 
the rough endoplasmic reticulum, but this was inconsis- 
tent and would need further study with higher doses 
and/or longer treatment time to establish whether the 
inhibition of polyamine synthesis manifested itself mor- 
phologically in these tumours. 

In conclusion, DFMO has proved to be retardant 
of growth in two rapidly growing transplantable murine 
tumours. Despite the absence of putrescine and spermi- 
dine the tumours still grew much faster than human 
neoplasms. Metaphase arrest experiments indicated that 
DFMO reduced the rates of tumour cell production and 
BrdUrd labelling studies strongly suggested that transit 
through the DNA synthetic phase was prolonged. De- 
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spite the pitfalls in comparing ta with tpd , the data did 
not suggest that DFMO promoted a greater rate of cell 
loss from the tumours. Ultrastructurally the treatment 
produced no change in the tumours under these condi- 
tions. 

References 

Alhonen-Hongisto L, Seppanen P, Janne J (1980) Intracellular pu- 
trescine and spermidine deprivation induces increased uptake 
of the natural polyamines and methylglyoxal bis(guanylhydra- 
zone). Biochem J 192:941-945 

Anastassova-Kristeva M (1977) The nucleolar cycle in man. J Cell 
Sci 25 : 103-110 

Anehus S, Pohjanpelto P, Baldetorp B, Langstrom E, Heby O 
(1984) Polyamine starvation prolongs the S and G2 phases of 
polyamine-dependent (arginase deficient) CHO cells. Mol Cell 
Biol 4:915-922 

Bachrach U (1984) Physiological aspects of ornithine decarboxy- 
lase. Cell Biochem Funct 2:915-922 

E1-Ela SHA, Prasse KW, Farrell RL, Carroll RW, Wade AE, 
Bunce OR (1989) Effects of D, L-2-difluoromethylornithine and 
indomethacin in mammary tumour promotion in rats fed high 
n-3 and/or n-6 fat diets. Cancer Res 49:1434-1440 

Gratzner HG (1982) Monoclonal antibody to 5-bromo and 5-iodo- 
deoxyuridine; a new reagent for detection of DNA replication. 
Science 218 : 474-475 

Grossie VB, Ota DM, Ajani JA, Nishioka K (1987) Effect of intra- 
venous e-difluoromethyl ornithine on the polyamine levels of 
normal tissue and a transplantable fibrosarcoma. Cancer Res 
47:1836-1840 

Heby O, Anderson G, Gray J (1978) Interference with S and G2 
phase progression by polyamine synthesis inhibitors. Exp Cell 
Res 111:461-464 

Luk GD (1986) Essential role of polyamine metabolism in hepatic 
regeneration. Gastroenterology 90 : 1261-1267 

Manni A, Badger B, Glikman P, Bartholemew M, Santner S, 
Demers L (1989) Individual and combined effects of e-difluoro- 
methylornithine and ovariectomy on the growth and polyamine 
milieu of experimental breast cancer in rats. Cancer Res 
49:3529-3534 

Marx M, Townsend CM, Barranco SC, Glass E J, Thompson JC 
(1987) Treatment of hamster pancreatic cancer with ~-difluoro- 
methylornithine, an inhibitor of polyamine synthesis. J Natl 
Cancer Inst 79 : 543-568 

Metcalf BW, Bey P, Danzin C, Jung M J, Casara P, Vevert JP 
(1978) Catalytic irreversible inhibition of mammalian ornithine 
decarboxylase (E.C. 4.1.1.17.) by substrate and product ana- 
logues. J Am Chem Soc 100:2551-2553 

Pegg AE (1986) Recent advances in the biochemistry of polyamines 
in eukaryotes. Biochem J 234: 24%262 

Pegg AE (1988) Polyamine metabolism and its importance in neo- 
plastic growth and as a target for chemotherapy. Cancer Res 
48 : 759-774 

Ploton D, Menager M, Jeanneson P, Himber G, Pigeon F, Adnet 
JJ (1986) Improvement in the staining and in the visualization 
of the Ag-NOR proteins (argyrophilic proteins of the nucleolar 
organizer region) at the optical level. Histochem J 18:5-14 

Plummer DT (1978) Practical biochemistry, 2nd edn. McGraw- 
Hill, London, pp 144-145 

Quinn CM, Wright NA (1990) The clinical assessment of prolifera- 
tion and growth in human tumours: evaluation of methods 
and applications as prognostic variables. J Pathol 160:93-102 

Sarhan S, Knodgen B, Seiler N (1989) The gastrointestinal tract 
as a polyamine source for tumour growth. Anticancer Res 
9:215 224 

Sarraf CE, Bowen ID (1986) Kinetic studies on a murine sarcoma 
and an analysis of apoptosis Br J Cancer 54:989-998 

Sieler N (1984) Separation of ion pairs of polyamines and related 
compounds on reversed-phases. In: Kabra PM, Marton LT 
(eds) Clinical liquid chromatography, vol II. CRC Press, Bock- 
raton Florida, pp 179-189 

Steel GG (1977) Growth kinetics of tumours. Clarendon Press, 
Oxford 

Tutton PJM, Barkla DH (1986) Comparison of the effects of an 
ornithine decarboxylase inhibitor on the intestinal epithelium 
and on intestinal tumours. Cancer Res 46:6091-6094 

Underwood JCE, Giri DD (1988) Nucleolar organiser regions as 
diagnostic discriminants for malignancy. J Pathol 155:95-96 

Upp JR, Beauchamp RD, Townsend CM, Barranco SC, Singh 
P, Rajaraman S, James E, Thompson JC (1988) Inhibition of 
human gastric adenocarcinoma xenograft growth in nude mice 
by e-difluoromethylornithine. Cancer Res 48 : 3265-3269 

Wolfe SL (1981) Biology of the cell, 2nd edn. Wadsworth, Belmont, 
Calif. 

Wright NA, Alison MR (1984) The biology of epithelial cell popu- 
lations, vol 1. Clarendon Press, Oxford 

Zhang SZ, Luk GD, Hamilton SR (1988) c~-Difluoromethylornith- 
ine-induced inhibition of growth of autochthonous experimen- 
tal colonic tumours produced by azoxymethane in male F344 
rats. Cancer Res 48:6498-6503 


