
pharmacological, not physiological, an- 
tagonism of endogenous pain-attentuat- 
ing processes. Thus during pregnancy 
thete is activation of an endorphin sys- 
tem that is apparently quiescent in non- 
pregnant female rats treated the same 
way. Endorphins therefore appear to be 
an important component of intrinsic 
mechanisms that modulate responsive- 
ness to aversive stimuli during preg- 
nancy. 
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The decarboxylation of ornithine by 
ornithine decarboxylase (ODC) (E.C. 
4.1.1.17) leads to the formation of pu- 
trescine, and this reaction is the initial 
and rate-limiting step in the biosynthesis 
of polyamines (1, 2). Marked increases in 
ODC activity and rapid accumulation of 
the tissue polyamines putrescine, sper- 
midine, and spermine are characteristi- 
cally associated with rapid growth (2, 3). 
Attempts to document in vivo an essen- 
tial role for this increased polyamine bio- 
synthesis in cell growth and differen- 
tiation has proved difficult because many 
of the available ODC inhibitors are com- 
petitive, and hence reversible (4). 

Recently, a potent, enzyme-activated, 
irreversible ODC inhibitor, DL-a-difluo- 
romethyl ornithine (DFMO; RMI 71782), 
has been developed at the Merrell Re- 
search Center (5). Other than the selec- 
tive inhibition of ODC, DFMO has no 
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acute pharmacologic activity, and is es- 
sentially nontoxic in normal mice and 
rats (6, 7). DFMO suppresses induced 
formation of putrescine and arrests the 
growth of mouse L1210 leukemia cells 
and rat hepatoma cells in culture (6), and 
completely suppresses the sharp rise in 
uterine ODC activity accompanying mu- 
rine embryogenesis, with resultant com- 
plete arrest of embryonic development 
(7). DFMO may thus be used to manipu- 
late selectively the polyamine biosyn- 
thetic pathway and to delineate the func- 
tional role of ODC and the polyamines in 
tissue growth. 

The rapidly proliferating and maturing 
epithelium of the small intestine offers a 
model for the study of cell growth and 
differentiation where polyamine biosyn- 
thesis may play a critical role. In the first 
3 weeks after birth in the rat, the muco- 
sal crypts elongate, cell proliferation in- 
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creases, the villi lengthen, and mature 
mucosal cells bearing disaccharidases in- 
crease in number, with the most rapid in- 
creases in enzyme activity occurirng 
during week 3 after birth (8). The in- 
testinal mucosa of the adult rat also un- 
dergoes constant cell regeneration; the 
process from cell division through matu- 
ration and loss into the lumen is com- 
pleted in 2 to 3 days. This cell growth 
pattern is altered by injury to the mucosa 
(8). Treatment with arabinosylcytosine 
(ara-C), a chemotherapy agent that acts 
specifically against cells in the prolifera- 
tive phase, or S (synthesis) phase of the 
cell cycle, is followed by a loss of mature 
mucosal cells and an increased prolifera- 
tion of the uninjured crypt cells. During 
the next 2 to 3 days, new mucosal cells 
bearing the disaccharidases appear and 
increase in number, and histologic and 
biochemical recovery is complete in 1 
week (9). Our laboratory has previously 
shown that ODC and diamine oxidase 
(DAO) (E.C. 1.4.3.6), an enzyme which 
deaminates the polyamine putrescine, 
are found in increasing amounts during 
cell maturation in the intestinal mucosa 
(10). The ontogenic developmental pat- 
tern of DAO in the newborn rat is similar 
to that of the disaccharidases and can be 
used to monitor the maturity and integri- 
ty of the intestinal mucosa (11). We 
therefore studied the dynamics of poly- 
amine biosynthesis and metabolism in 
the rat small intestine mucosal epithe- 
lium during maturation in the newborn 
and recovery from injury in the adult, 

In newborn rats the most rapid in- 
creases in the activities of maltase and 
DAO, enzymes of the mature mucosa, 
occurred during week 3 after birth, when 
there was also a rapid increase in poly- 
amine biosynthesis and mUcosal ODC 
activity increased 15-fold from its low 
basal level (Fig. 1A). The ODC "spike" 
was accompanied by an increased ac- 
tivity of the second critical enzyme 
in the polyamine biosynthetic pathway, 
S-adenosylmethionine decarboxylase 
(SDC) (E.C. 4.1.1.50). SDC catalyzes 
the decarboxylation of S-adenosyl me- 
thionine, thus providing propylamino 
groups for the subsequent biosynthesis 
of spermidine and spermine. The in- 
creases in the polyamine biosynthetic 
enzyme activities were accompanied by 
increases in polyamiie content (Fig. 
IA). These enzyme activities and poly- 
amine concentrations returned to their 
basal levels by day 24, when the mucosa 
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panied mucosal regeneration and matu- 
ration during the first week of recovery 

had achieved its mature status. 
A rapid increase in ODC activity and 

polyamine biosynthesis also accom- 
panied mucosal regeneration and matu- 
ration during the first week of recovery 

0036-8075/80/1010-0105$00.75/0 Copyright ? 1980 AAAS 0036-8075/80/1010-0105$00.75/0 Copyright ? 1980 AAAS 

Ornithine Decarboxylase Is Important in Intestinal Mucosal 

Maturation and Recovery from Injury in Rats 

Abstract. A transient increase in ornithine decarboxylase activity and polyamine 
biosynthesis occurs in the intestinal mucosa of the newborn rat in the third week after 
birth. During this period, there is a rapid conversion of the mucosa from a fetal to a 
mature adult status. A similar increase in ornithine decarboxylase activity also ac- 
companies the rapid recovery of the mucosa 1 week after an injury is induced by 
chemotherapy in adult rats. In vivo, a-difluoromethyl ornithine, a highly selective, 
enzyme-activated, irreversible inhibitor, suppresses these increases in mucosal orni- 
thine decarboxylase and delays both intestinal mucosal maturation and recovery 
from injury. Thus increased ornithine decarboxylase activity, with the resultant in- 
crease in polyamine content, may play an essential role in intestinal mucosal matu- 
ration and regeneration in the rat. 
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from mucosal injury in the adult rat. Af- 
ter injury is induced by ara-C there is a 
marked decrease in the activities of the 
enzymes of the mature mucosa, maltase 
and DAO. We found that these enzyme 
activities reached a nadir on day 4, and 
recovered by day 9. During the period of 
rapid recovery, the mucosal ODC activi- 
ty increased 16-fold from its low basal 
levels; this increase was accompanied by 
increases in SDC and the polyamines 
(Fig. 1B). The enzyme activities and 
polyamine concentrations then returned 
to normal by day 9, when the mucosa 
had recovered. 

To evaluate the importance of the 
changes in polyamine biosynthesis for 
maturation of the intestine in the new- 
born and recovery from injury in the 
adult, we conducted simultaneous exper- 
iments in rats given the ODC inhibitor 
DFMO as a 2 percent solution in their 

drinking water (7). We also used new- 
born rat pups that received by way of 
their mothers' milk the DFMO that was 
given to the mother in drinking water. 
We found that DFMO in vitro did not in- 
hibit SDC, DAO, or the disaccharidases, 
and that DFMO given to normal adult 
rats for 2 weeks caused no histologic 
changes in the intestinal mucosa al- 
though basal ODC activity was sup- 
pressed by 60 percent. 

In the newborn rats, DFMO produced 
a 65 percent inhibition of the ODC 
"spike" that normally occurs during 
week 3 after birth and abolished the in- 
creases in putrescine and spermidine 
concentrations. In contrast, both SDC 
activity and spermine content increased. 
These biochemical changes were accom- 
panied by a delay in maturation of the in- 
testinal mucosa. On day 24, mucosal 
maltase and DAO activities in the un- 
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treated animals reached normal adult 
levels (Fig. 1A); in contrast, neither en- 
zyme activity reached normal adult lev- 
els until day 32 in rats treated with 
DFMO. This 8-day delay in biochemical 
maturation is accompanied by a 3-day 
delay in histologic maturation (Fig. 2, A 
and B). When the rats received DFMO 
continuously until day 40 (via the 
mother's milk from days 14 to 28) the 
mucosal enzyme activities did not reach 
normal adult levels until day 46, 22 days 
after the controls (data not shown). 

In the adult rats given ara-C to induce 
mucosal injury, DFMO completely abol- 
ished the ODC spike and the increases in 
putrescine and spermidine concentra- 
tions normally seen during the first week 
of mucosal recovery from injury (Fig. 
lB). Again, increases in SDC activity 
and spermine content occurred during 
treatment with DFMO. Compared to the 
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Fig. 1. Effects of DFMO on changes in polyamine biosynthetic enzyme activities, polyamine concentrations, and mature mucosal enzyme 
activities in rat intestinal mucosa during (A) mucosal maturation and (B) recovery from ara-C. (A) Newborn rats were killed at intervals of 1 to 3 
days from day 0 to day 40 after birth and intestinal mucosa was removed for enzyme and polyamine measurements and histologic studies as 
described (11). Ornithine decarboxylase (ODC) and S-adenosylmethionine decarboxylase (SDC) activities were measured in mucosal homoge- 
nates by the measurements of 14C02 liberated from the respective substrates (10, 11). Putrescine (Pu), spermidine (Sd), and spermine (Sp) were 
measured fluorometrically in acid extracts of mucosal homogenates (12). Disaccharidases were assayed by the method of Dahlqvist (13). Diamine 
oxidase (DAO) was assayed by a modification of the method of Beaven and Jacobsen (14) and protein determination was done by the phenol 
method of Lowry (15). Symbols: *, untreated control animals; 0, animals whose mothers were given DFMO as a 2 percent solution in drinking 
water during days 14 to 24 after birth (mean daily drug intake of the mothers, 2.6 g/kg). (B) Adult female Lewis rat littermates (each about 200 g) 
were given ara-C (300 mg/kg per dose) subcutaneously every 8 hours for six doses, and killed at daily intervals from days 1 to 20. Intestinal mucosa 
was removed for enzyme and polyamine measurements and histologic studies. Symbols: 0, controls that did not receive DFMO; 0, animals 
receiving DFMO as a 2 percent solution in the drinking water during days 4 to 9 after ara-C treatment (mean daily intake, 2.2 g/kg). Values shown 
in both (A) and (B) are means of 10 to 15 determinations at each point for ODC, SDC, maltase, and DAO and three to five determinations for 
the polyamines. The differences in the enzyme activities and polyamine content between the controls and the DFMO-treated animals, when 
shown by separate symbols, are statistically significant (P < .05 to P < .01 by Student's unpaired t-test). 
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newborn rats receiving DFMO in their 
mother's milk, the adult rats given 
DFMO in their drinking water showed a 
greater inhibition of ODC and a higher 
increase in SDC, a result compatible 
with the different routes of DFMO ad- 
ministration. 

The DFMO suppression of the in- 
creases in ODC activity and putrescine 
and spermidine content is accompanied 
by a marked delay in mucosal recovery, 
as measured by the delayed return of the 
disaccharidase and DAO activities to 
normal preinjury levels (Fig. lB). On day 
9 after ara-C injury, when the mucosal 
disaccharidase and DAO activities of the 
non-DFMO treated control animals had 
returned to preinjury levels, disacchari- 
dase and DAO activities were only 25 
percent of control. Both the disacchari- 
dase and DAO activities eventually re- 
turned to normal by day 14, a full 6 days 
after the controls, and 4 days after the 

DFMO was stopped. This marked de- 
lay in biochemical recovery of the mu- 
cosa was also accompanied by a 3-day 
delay in histologic recovery (Fig. 2, 
C and D). When DFMO was given con- 
tinuously until day 16, the mucosal en- 
zyme activities did not recover until 
day 20, 12 days after the controls (data 
not shown). 

The resistance of the mucosa to com- 
plete cessation of growth and recovery 
after ODC inhibition might be explained 
by the concomitant SDC increase seen 
with DFMO suppression of the ODC 
spike in both the newborn and adult rats. 
This SDC increase might also account 
for the small but significant increase in 
spermine concentration. This apparent 
compensatory response of the polyamine 
biosynthetic pathway to ODC inhibition 
has been observed in other instances 
where DFMO has been used (7). Despite 
the increase in SDC, the suppression of 

the ODC spike during normal mucosal 
maturation in the newborn and mucosal 
recovery in the adult rat after injury re- 
sults in marked delay of both mucosal 
maturation and recovery. Since DFMO 
has no known biological or pharmaco- 
logical effect other than the specific in- 
activation of ODC, the results suggest an 
important role for the increase in ODC, 
and the resultant increase in putrescine 
and spermidine content, in proper in- 
testinal mucosal maturation in the new- 
born rat and mucosal recovery after in- 
jury in the adult rat. 

The present results further emphasize 
the functional role of the polyamine bio- 
synthesis pathway in cell growth pro- 
cesses in general and in intestinal muco- 
sal cell growth processes in particular. 
The data also pinpoint areas where the 
precise nature of this role might be fur- 
ther investigated. Usually, increases in 
ODC activity and polyamine synthesis 

Fig. 2. Effects of DFMO on histologic changes in the rat intestinal mucosa during maturation in the newborn and recovery from injury in the adult 
(x75). Intestinal segments were obtained from rats as described in the legend to Fig. 1. The 1-cm segment closest to the ligament of Treitz was 
fixed (buffered Formalin) and embedded (paraffin) and serial sections were stained (hematoxylin-eosin). (A and B) A representative section of the 
intestinal mucosa of a normal 22-day-old rat (A) is compared to that of a 22-day-old rat whose mother was given DFMO (B). The overall thickness 
of the mucosa of the DFMO-treated animal is less, the villi shorter, and the staining of the supranuclear cytoplasm less dense than the controls 
(N = 36, P < .05 by Wilcoxon's unpaired rank sum test). After another 3 days, the histologic features of the mucosa of the DFMO-treated 
animals resembled that of the 22-day-old control animals. (C and D) The intestinal mucosa of an adult rat 6 days after ara-C-induced injury (C) is 
compared to that of a similarly injured animal given DFMO (D). The mucosa of the DFMO-treated animals shows less recovery from the mucosal 
damage and has fewer mitoses in each crypt (N = 48, P < .05 by Wilcoxon's unpaired rank sum test). After another 3 days, the recovery of the 
DFMO-treated animals approached that in the control animals. 
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are associated with initiation of rapid cell 

proliferation or cellular response to hor- 
monal stimulation (1-3). The association 
of increased polyamine biosynthesis dur- 
ing the period of enzymic maturation of 
the newborn rat intestinal mucosa is es- 
pecially intriguing in this regard. Is this 
process of mucosal maturation in the 
newborn rat accompanied by the prolif- 
eration of a new population of cells, or 
by hormonally mediated maturation and 
gene reprogramming of an existing popu- 
lation of cells? The type of manipulation 
of polyamine biosynthesis used in our 
present studies could help clarify this as- 
pect of cellular differentiation. 
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Epidermal Growth Factor Is a Major 

Growth-Promoting Agent in Human Milk 

Abstract. Human milk stimulates DNA synthesis in cell cultures in which growth 
has been arrested. The mitogenic activity of milk is neutralized by the addition of 
antibody to human epidermal growth factor. The results identify epidermal growth 
factor as a major growth-promoting agent in breast milk. 

Epidermal growth factor (EGF) is a 
small polypeptide mitogen (molecular 
weight - 6000) detected in many mam- 
malian species and isolated from mice (1) 
and humans (2). Although recent studies 
have focused on the mechanism by 
which EGF promotes the proliferation of 
cultured cells, the growth factor pro- 

Table 1. Influence of antibody to human EGF 
on the stimulation of DNA synthesis in human 
fibroblasts by human milk. Confluent mono- 
layers of foreskin fibroblasts, cultured in 
Eagle's minimum essential medium (Dul- 
becco's modification) containing 10 percent 
calf serum and gentamycin (10), were trans- 
ferred to fresh medium supplemented with 2 
percent calf serum and gentamycin. After 2 
days the indicated additions were made, and 
20 hours later [methyl-3H]thymidine was add- 
ed to each dish. The cells were allowed to in- 
corporate the isotope for 4 hours before the 
labeling was terminated. The amount of acid- 
insoluble radioactivity was then determined 
(10). Rabbit antibody to human EGF was pre- 
pared (2) and the gamma globulin fraction was 
purified by diethylaminoethane chronatogra- 
phy (10). The control gamma globulin, from a 
rabbit immunized with renin, was prepared in 
an identical manner. The human milk, do- 
nated 5 weeks after the mother gave birth, 
was 'centrifuged and sterilized by filtration 
through a 0.2-gm mesh filter. 

[3H]Thymidine 
Additions incorporated 

(count/min 
per dish) 

None 198 
EGF(10 ng/ml) 2132 
EGF (0 ng/ml) + antibody 225 

to EGF (37 /g/ml) 
Antibody to EGF (37 ,g/ml) 169 
Control IgG (42 /g/ml) 172 
Milk (10 percent) 4582 
Milk (5 percent) 2228 
Milk (1 percent) 528 
Milk (5 percent) + antibody 343 

to EGF (37 ,g/ml) 
Milk (5 percent) + control 2001 

lgG (42 ,g/ml) 
Calf serum (10 percent) 3023 
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duces significant biological effects in the 
intact mammal, particularly the fetus 
and newborn. These effects include en- 
hanced proliferation and differentiation 
(keratinization) of the epidermis (1, 3), 
increased growth and maturation of the 
fetal pulmonary epithelium (4), stimula- 
tion of ornithine decarboxylase activity 
and DNA synthesis in the digestive tract 
(5), and acceleration of the healing of 
wounds of the corneal epithelium (6). 
Apparently unrelated to these mitogenic 
effects is the fact that EGF inhibits hista- 
mine- or pentagastrin-induced secretion 
of gastric acid (7). 

Epidermal growth factor is present in 
many human body fluids including 
plasma, saliva, urine, amniotic fluid, and 
milk (8). Breast milk is important to the 
developing infant not only as a source of 
gross nutrients (protein, carbohydrate, 
and fat) and micronutrients (minerals 
and vitamins), but also as a source of 
molecules (immunoglobulins and hor- 
mones) that may have a more specialized 
role in ontogeny. Since human milk is 
mitogenic for cultured cells (9), we per- 
formed experiments to determine wheth- 
er the growth-promoting activity of milk 
can be attributed to the presence of 
EGF. We added specific antibodies to 
human EGF to samples of human milk 
and tested the samples for their capacity 
to stimulate DNA synthesis in diploid 
human fibroblasts in vitro by measuring 
the incorporation of [3H]thymidine into 
acid-insoluble material. 

In the presence of purified EGF [10 ng/ 
ml, a concentration above that which 
produces maximal mitogenic activity 
(10)] or milk (5 percent by volume), the 
incorporation of [3H]thymidine was in- 
creased approximately 11-fold over that 
incorporated by control (unstimulated) 
cells (Table 1). Adding antibodies to 
EGF completely blocked the mitogenic 
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