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Abstract- We have studied by autoradiography the effects of 1,3-diaminopropane 
(DAP) upon cellular proliferation in a number of tissues in vivo in the rat. DAP is a 
structural analogue of the naturally occurring polyamine putrescine, and is 
believed to block cellular polyamine synthesis by supressing the induction of 
ornithine decarboxylase (the rate-limiting enzyme for polyamine biosynthesis). 
The continuous infusion of DAP into rats that had been partially hepatectomised 
prevented the subsequent waves of spermidine and DNA synthesis from taking 
place in the regenerating liver. The inhibition of DNA synthesis is accounted for 
primarily by a block in the entry of hepatocytes into S phase and not by a reduction 
in the rate of DNA synthesis itself. In contrast to the regenerating liver, DAP exerted 
minimal effects upon the proliferation of the gut epithelium and bone marrow 
elements. The proliferation of stem cells of these latter tissues, which are normally 
in a state of rapid and continuous proliferation unlike the liver, is thus much more 
resistant to perturbations in polyamine biosynthesis and function. DAP is 
consequently unable to arrest and so protect normal rapidly proliferating tissues 
from damage caused by anti-cancer drugs (e.g. hydroxyurea) that kill only 
proliferating cells. DAP cannot therefore be employed to selectively protect normal 
cells but not tumour cells from cytotoxic damage according to a principle we have 
previously established in tissue culture. 

INTRODUCTION 
GROWTH stimulation of a variety of cell types 
both in viva and in tissue culture is accompanied 
by increased activity of enzymes for polyamine 
biosynthesis and subsequent increases in the 
intracellular content of polyamines (reviewed in 
[l]). Polyamines appear to play a role in actually 
regulating the progression of cells through the 
cell cycle. Tissue culture studies demonstrate that 
normal fibroblasts from a number of species 
require polyamines for progression through Gr, 
i.e. the pre-DNA replicative phase of the cell cycle 
[Z-4]. In contrast, bovine lymphocytes and 
hamster ovary cells exhibit a polyamine require- 
ment for traverse of S phase, i.e. the DNA 
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replicative phase itself, but not for progression 
through the preceding G, phase [5,6]. Previous 
studies have demonstrated that inhibition of 
polyamine synthesis in uiuo results in the 
subsequent inhibition of DNA synthesis in 
salivary gland [7] and liver [8] that accompanies 
growth stimulation of these tissues. However, an 
inhibition of DNA synthesis can be attributed to 
either a reduction in the proportion of cells in S 
phase (due to a block in the progression of cells 
through G,) or a reduction in the rate of 
progression through S phase itself. Our studies 
define which of these two fundamentally different 
and operationally distinct mechanisms operates 
in viva. 

Our previous studies demonstrated that normal 
fibroblasts in tissue culture could be arrested in G, 
by treatment with an inhibitor of polyamine 
synthesis, while, in contrast, the tumorigenic 
counterpart of these cells continued to proliferate 
under the same conditions. Subsequent treatment 
of such cultures with an anti-cancer drug which is 
cytotoxic only to proliferating cells (e.g. hydroxy- 
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urea) therefore resulted in the selective killing of 
the tumour cell population [9]. The use of this 
class of anti-cancer drugs is often accompanied by 
dose-limiting toxicity to normal rapidly pro- 
liferating tissues (e.g. bone marrow and gut 
epithelium) in the patient. Consequently we 
wished to determine whether this principle that 
we had established in tissue culture could be 
employed in uiuo to selectively protect normal 
tissues but not tumours from anti-cancer drug 
toxicity. 

MATERIALS AND METHODS 

Partial hepatectomy and infusion procedures 
Male Fisher rats weighing 240 g were partially 

hepatectomised under light ether anaesthesia and 
subsequently infused via a catheter, prepared 
from polyethylene tubing (Clay Adams PE50), 
inserted into the femoral vein. The catheter was 
connected to a syringe pump (Model 355, Sage 
Instruments) and the rats maintained in restrain- 
ing cages for the duration of the experiment. 
Infusion solutions were pumped at a rate of 15 ml 
per rat per day starting 15-20 min after partial 
hepatectomy. The basic infusion mixture was a 
solution of glucose, electrolytes and amino acids 
[lo]. Rats were either infused with this basic 
mixture alone or with the basic mixture 
supplemented with DAP (83 pmol DAP per rat 
per hr) for various times after partial hepatectomy 
performed at 0 hr. For reversal experiments rats 
were infused for 24 hr after partial hepatectomy 
with the DAP-supplemented mixture and then 
switched to the basic mixture lacking DAP 
infused for various times. 

Measurement of polyamine content of tissue 
sump les 

The liver contents of putrescine, spermidine 
and spermine were determined by an amino acid 
analyser technique [ll]. 

Autoradiography of tissues 
Rats were injected i.p. with [‘HI-thymidine 

(125 PC1 per rat; 40 Ci/mmol) and killed by heavy 
ether anaesthesia 1 hr later. Tissues were fixed in 
Carnoy’s Fluid and autoradiograms prepared 
from histological sections (6 pm thickness) cut 
from wax-embedded tissue. Sections were coated 
with Kodak NTB3 Nuclear Track Emulsion, 
exposed for 1 month, developed and stained with 
haematoxylin and eosin. 

RESULTS 

Effects of DAP on the regenerating rat liver 
The synchrony of cellular proliferation in the 

regenerating rat liver makes this an ideal system 
for in uivo cell cycle studies. A sub-total (approx. 

66%) hepatectomy is followed by the initiation of 
DNA synthesis in the liver remnant after a 
preparative lag period has been completed [12]. 
This lag phase is associated with increased RNA 
synthesis and the early induction of ornithine 
decarboxylase (ODC), the rate-limiting enzyme 
for polyamine biosynthesis, which results in 
increases in liver polyamine content [12,13]. The 
changes in liver polyamine and DNA synthesis 
during regeneration are illustrated in Fig. la. 
Putrescine levels increase rapidly and subsequent- 
ly decline as the putrescine is channelled into 
spermidine, while spermine levels remain re- 
latively unchanged. The initiation of DNA 
synthesis occurs after a lag period of some 16 hr, as 
demonstrated by the synchronous entry of hepato- 
cytes into S phase determined by autoradiography. 
These changes are in agreement with previous 
studies on polyamine metabolism [ 131 and kinetics 
of cellular proliferation [14-161 in the regenerating 
rat liver. 

The administration of DAP by continuous 
infusion for 24 hr commencing immediately after 
partial hepatectomy effectively prevents the eleva- 
tion of tissue spermidine normally observed in 
regenerating liver at this time (compare Fig. lb, 
24 hr and Fig. la, 24 hr). Because of the high 
dosage of DAP required to observe these effects 
and the similarity in physical properties of the 
inhibitor with the natural diamine putrescine, we 
were unable to satisfactorily quantitate these 
diamines individually. Although other metho- 
dologies enable the separation of putrescine and 
DAP [8], the polyamine whose content correlates 
with proliferative activity in this situation is 
spermidine [17]. In partially hepatectomised 
animals infused with DAP for 24 hr, the labelling 
index (0.7 f 0.2%) is greatly reduced compared to 
that observed in control animals (12.5 +3.1%) but 
nevertheless significantly elevated over the 
labelling index in livers of unoperated animals 
(0.15 f 0.05%). Since the intensity of [3H]- 
thymidine labelling of nuclei is similar in control 
and DAP-treated animals, we conclude that the 
inhibition of DNA synthesis resulting from DAP 
treatment in regenerating liver [8] is accounted for 
primarily by a block in the entry of hepatocytes 
into S phase and not by a reduction in the rate of 
DNA synthesis or rate of traverse of S phase itself. 

When partially hepatectomised rats infused for 
24 hr with DAP are switched to the control 
infusion mixture lacking DAP, the labelling 
index rises rapidly after an initial lag period of 
5-9 hr (Fig. lb), further illustrating the arrest of 
hepatocytes in the G, phase of the cell cycle as a 
result of DAP treatment. The labelling index, 
however, does not reach the levels observed in 
control animals (Fig. la), indicating that DAP 
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1. The effects of DAP upon the labelling index (0) and 
potyamine levels, putrescine(O), spermidine(o)andspermine 
(A), of regenerating rat liver. Following partial hepatectomy 
performed at 0 hr, rats were infused with either (a) the basic 
infusion mixture alone lacking DAP for various ttmes or (b) 
the infusion mixture supplemented with DAP for 24 hr and 
then switched to the basic mixture without DAP for various 
times. Labelling index determinations were restrtcted to the 
large polygonal cells constituting hepatocyte population [16]. 
Each value depicted is the mean derived from data obtained 
from a mlnimum of 3 rats; S.E.M. within 25% of mean for 
polyamine determznations and S.E.M. withtn 35% of mean for 

labelling index measurements. 

treatment has some irreversible character, at least 
over the time period studied here. The shortened 
lag phase (Fig. lb) before cells enter S phase 
following release from DAP treatment compared 
to control animals (Fig. la) suggests that DAP 
may arrest hepatocytes at some point rather late in 
the G, phase of the cell cycle. The entry of cells 
into S phase correlates with a rapid elevation in 

liver spermidine levels following release from 
DAP treatment (Fig. lb). 

The effects of DAP upon the gut epithelium 
and bone marrow 

The gut epithelium lining the small intestine 
consists of a continuously and rapidly dividing 
cell population localised in a proliferative zone in 
the crypt at the base of each villus that replaces 
mature and maturing cells found in the upper 
portions of the villi (reviewed in [IS]). The 
continuous infusion of DAP for 24 hr elicited 
only marginal effects upon the proportion of stem 
cells in the intestinal crypts that incorporated 
r3H]-thymidine into DNA (labelling index) and 
the extent of incorporation of [3H]-thymidine 
into DNA (intensity of labelling) (compare Figs 
2a and 2b). The bone marrow represents another 
continuously and rapidly dividing tissue and 
generates the various blood cell types that appear 
in the systemic circulation (reviewed in [19]). 
Again, DAP exerted only minimal effects upon 
the incorporation of [3H]-thymidine into DNA, 
irrespective of whether the cells were precursors in 
the white or red blood cell lineages (compare Figs 
2c and 2d). The effects of DAP upon the 
proliferation of gut epithelium and bone marrow 
were similar in both partially hepatectomised and 
unoperated animals (unpublished observations). 
While there was a tendency towards a reduction in 
both the labelling index and intensity of labelling 
of cells in the gut epithelium and bone marrow as 
a result of DAP treatment, these effects were 
clearly minimal and in marked contrast to the 
effects of DAP upon hepatocyte proliferation in 
the regenerating liver (compare Figs 2e and 2f). 

DISCUSSION 

The present studies clearly demonstrate that 
inhibition of spermidine synthesis in the re- 
generating rat liver by DAP is associated with a 
marked inhibition of the entry of hepatocytes into 
S phase. Subsequent removal of DAP suggests 
that polyamines may be required at some point 
late in G, in order for hepatocytes to progress 
further through the cell cycle and enter S phase. 
While the inhibition of entry of hepatocytes into S 
phase correlates with an inhibition of spermidine 
synthesis, the effects of DAP probably cannot be 
attributed entirely to its role as an inhibitor of 
polyamine synthesis. DAP is classically con- 
sidered to inhibit polyamine synthesis by 
mimicking the effects of high levels of natural 
polyamines in suppressing the induction of ODC, 
an effect attributed to the close structural 
similarity of DAP to the natural polyamines 
[20,21]. Consequently, DAP may also interfere 
with some normal functions performed by the 
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polyamines present in the cell, irrespective of 
whether or not the polyamine content of the cell is 
changing, by virtue of its being a structural but 
not necessarily a functional analogue of the 
natural polyamines. Thus, in addition to its role 
as an inhibitor of polyamine synthesis, a further 
role for DAP should be considered, for example, 
as an inhibitor of protein synthesis [22,23]. 

A most significant observation of this study is 
the minimal perturbation induced in the 
proliferation of the gut epithelium and bone 
marrow by DAP under conditions where liver 
proliferation was nevertheless almost completely 
inhibited by the polyamine analogue. It appears 
to be much more difficult to manipulate the rate 
of proliferation of continuously and rapidly 
dividing tissues as compared to quiescent tissues 
that must be stimulated in order to induce 
proliferation of the normal resting or non- 
dividing cell population. The studies of Luk and 
co-workers employing another inhibitor of 
polyamine synthesis, DL-cx-difluoromethyl- 
ornithine (DFMO), appear to corroborate our 
observations. DFMO, a potent direct inhibitor of 
ODC, was found to suppress the polyamine 
accumulation and histological regeneration that 
accompany the recovery process following injury 
to the intestinal mucosa of adult rats [24]. In 
contrast, DFMO suppressed basal ODC activity in 
the intestinal mucosa of normal adult rats, but no 
histological changes resulted in this tissue as a 
consequence of the inhibition of polyamine 
synthesis [24]. Although the ineffectiveness of 
DAP in the gut epithelium may be attributable to 
the high diamine oxidase activity in this tissue 
[25], this enzyme is associated much more with the 
maturing rather than the proliferating cells of the 
intestinal epithelium [26]. Polyamine synthesis 
appears, in fact, to be associated primarily with 
maturing rather than proliferating cells in the 
intestine [26]. Thus our studies with DAP and 
those of Luk et al. [24] with DFMO would 
indicate that regenerative as opposed to basal 
proliferation rates are more closely regulated by 
tissue polyamine levels. 

The gut epithelium and bone marrow do not 

therefore appear to behave in a manner analogous 
to hepatocytes in uiuo or normal fibroblasts in 
culture following treatment with inhibitors of 
polyamine synthesis [3,4]. Such agents can 
selectively arrest the proliferation of normal but 
not tumour cells in tissue culture studies and so 
selectively protect the normal cells from sub- 
sequent treatment with an anti-cancer drug 
specifically cytotoxic for proliferating cells [9]. 
However, since DAP does not arrest the 
proliferation of the normal rapidly dividing 
tissues that are most susceptible to such cytotoxic 
damage in viva, DAP cannot be employed as an 
agent to protect these tissues according to the 
principle that we had established in tissue culture. 

While our attempts to modulate the prolifera- 
tion of continuously dividing tissues in viuo with 
DAP were discouraging, a more aggressive or 
prolonged interference with polyamine meta- 
bolism may prove to be effective. We considered 
DAP to be inappropriate for such studies because 
of its severe toxicity when employed over a 4%hr 
period (unpublished observations). Also, DAP 
would appear not to be the most effective agent 
available in view of the recent finding that DAP 
can, in fact, partly take over the role played by the 
polyamines whose synthesis it is inhibiting [27]. 
This drawback probably applies also to the action 
of other diamines since 1,5-diaminopentane and 
1,6_diaminohexane, both more potent inhibitors 
of ODC induction than DAP [20,28], had 
minimal effects upon the proliferation of bone 
marrow and gut epithelium when infused over a 
24-hr period (unpublished observations). Al- 
though our study does not represent a definitive 
determination of whether polyamines can 
modulate the proliferation of the gut epithelium 
and bone marrow, it does contrast the ease with 
which liver proliferation can be modulated with 
the refractoriness of continuously dividing 
tissues. 
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