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Summary The administration of glucocorticosteroids to infant mice and 

Enterokinase activity is flrst detected in the s m d  intestine of 
the rat at the 20th day of gestation, whereas sucrase activity first 
appears in the 14th day of postaatal life. Inhaperitoneal injec- 
tion of hydrocortisone to pregnant rats before the normal ap- 
pearance of enterobase in fetuses causes the premature a p  
p r a n c e  of enterokinase (58 * 8 units), but not of sucrase 
activity. Tbe addition of actinomycin D in the pregnant rat 
results in supennsximal stimulation of enterokinase activity (229 

25 units). Sacrare activity is stimulated by hydrocortisone 
when given in the Brst 3 days of life (118 * 0.4 units). The 
maximal induction occurs 2 days before the nonnal appearance 
of the enzyme in untreated animals (7.3 * 12 units). The 
addition of actinomycin D diminished the effect of hydrocorti- 
sone on sucrase activity in the neonatal rat (1.4 f 2 units versus 
1.8 * 0.4 units in 3-day-old rats). Thus, enterokinase and 
sucrose of the small intestine of the fetal and infant rat respond 
differently to combined hydrocortisone and actinomycin D. The 
response to hydrocortisone is age dependent and the maximal 
induction occurs before the time of the natural appearance of the 
enzymes. No effect is elicited after the normal appearance of 
enterokinase or sucrase. 

rats before these maturational changes causes a premature elon- 
gation of the microvilli (23) and increases in the activities of 
alkaline phosphatase (20), a-glucosidases (5, 17, 25), and leu- 
cylnaphthylamidase (21). In contrast, there is no effect of glucc- 
corticosteroids on the small intestine of adult rats (4). The 
activities of the brush border-bound enzymes, sucrase and isc- 
maltase, are undetected during the early suckling period (5, 17, 
25). Sucrase and isomaltase appear by the 15th to 21st postnatal 
day and attain adult values by the 30th postnatal day (5,17,25). 
We studied the developmental pattern of enterokinase activity in 
the rat from fetal life to maturity and found that it is detected in 
the 20th day of gestation and achieves adult levels of activity 
around the time of birth. 

In the present investigation we tried to elaborate the possibil- 
ity of induction of the small intestinal enzymes in utero by 
iijecting pregnant rats with glucocorticoids and actinomycin D. 
We used the determination of sucrase and enterokinase activities 
in the small intestine because of the different time of their 
appearance in the developing rat. 

MATERIALS AND METHODS 

In order to establish the normal appearance of enterokinase in 
utero in the small intestine. fetuses were removed from pregnant 
Riverside rats under ethe; anesthesia by cesarean section-from 

G1ucocortic0id8 an ealy 'pprrPnce small intea- the 14th day of gestation until birth. In addition, 143 infant rats 
enzymes the the Mtu* from birth to 25 days of age and 20 adult rats were killed at 

burst of In both, sucrase and enterold- different ages to establish the normal values of the enzymes (Fig. 
nase* ducocorticoids no effect after the enzymes are my 1). The small intestine of the fetuses from the pylorus to the 

New in during the late cecum was removed and homogenized in 100 volumes distilled 
f e d ,  neonatal, and late sucking periods. The effect ofglucocor- ice-cold water. A second group of pregnant rats at 15-18 days of 
timidsonthe"m~~tion"ofthesmallintes~eisUmited to the gestation was injected daily for 3 days with hydrocortisone 50 
induction of one phase only; i-e.9 only before the late pg/g, actinomycin D 0.25 pg/g, and cyclohexamide 7 pg/g, 

is the ~recocious appearance of enterokinase possible* singly and in various combinations. The drugs were given in 
The induction of enterobase activity can serve as an indicator pharmacologic dosages. After 3 days of treatment, the fetuses 
for the early phrse Whereas were removed as cited previously. No pregnant rat survived 3 
suerase activity Can a marker hte phse maturn- days of treatment with cyclohexamide and actinomycin D alone, 
tion of the small intestine in the rat. or cyclohexamide together with hydrocortisone. Eleven of 12 

The slWdnduction ofenterokinase, but sucrase pregnant rats that received cortisone alone survived; 8 of 35 
iQ, by the addition of actinomycin to dumcorticoids might be pregnant rats that received hydrocortisone and actinomycin D 
rehted to the different stab flit^ of the mRNA's of these en- survived. Sixty-five infant rats were injected daily for 3 days at 
zymes. different ages with hydrocortisone 50 pg/g and actinomycin D 

0.25 pg/g, and only 22 survived the treatment. Thirty-nine 
The effects of hormones on specific enzymes in various sys- infant rats received hydrocortisone alone and 34 survived the 

tems, including intact animals, tissue explants, and cells in con- treatment. In all animals enterokinase (14, 15), sucrase (2), and 
tinuous culture have been studied extensively (9, 12, 26). protein (19) were determined in the mucosa of the small intes- 

During the third week of postnatal life in rats and mice tine. 
structural (23), functional ( l l ) ,  and enzymatic (20) changes in Enterokinase has a very high specificity for trypsinogen and 
the brush border surface of the small intestine occur, and the this physiologic substrate is, in fact, the only one known for the 
intestine approaches adult appearance and function. enzyme. This means that the determination of enterokinase 
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drolyzes 1 pmol benzoyl-DL-arginine p-nitroaniline-HC1 in 1 
min. One unit of enterokinase is the activity that activates 1 
unit trypsin in 1 min. 

RESULTS 

Enterokinase activity first appeared in the untreated small 
intestine of the fetal rat at the 20th day of gestation (Fig. 1) and 

~mDlocanuonlo nn 
. * r o u n l N  0 0~~ 

within 24-48 hr approximated adult levels. In contrast, the 
activity of sucrase appeared on the 14th day of postnatal life and 
attained adult levels 6-9 days later (Fig. 2). Pregnant rats in- 
jected with hydrocortisone on the 15th day for 3 days showed 
enterokinase activity in the fetuses on the 18th day of gestation. 
When hydrocrotisone was given on the 16th day an even greater 
response occurred. Sucrase activity, however, is not stimulated 
in the fetus by hydrocortisone injection in the pregnant mother. 

Fig. 1. The effect of hydrocortisone and actinomycin D on intestinal The addition of actinom~cin D to h~drocortisone for 3 days 
enterokinase activity in intrauterine, perinatal, weaning, and adult rats. produced a synergistic effect evidenced by an in 
For the control animals each point represents the mean value of enter* the Premature activity of enterokinase. Rats similarly treated 
kinase activity that was determined from 6-20 animals. Hydrocofiisone starting 1 day later showed levels of activity that are found in 
and actinomycin D were given for 3 days before the day of determination adults (Fig. 1). The closer the time to the normal appearance of 
and each bar represents the mean 2 SD of 8-23 rats. Enterokinase enterokinase activity, the greater Was the induction of enzyme. 
activity is expressed as micromoles of b e n z o y l - ~ l ~ ~ ~ i ~ i ~ ~  pnitroani- NO effect of hydrocortisone or hydrocortisone PIUS actinomy~in 
lide-HCI hydrolyzed/g proteinlmin at 25". D was noted after the regular appearance of enterokinase activ- 

ity (Fig. 1). 
The administration of hvdrocortisone to infant rats in the first 

acitvity has to be performed in two steps as originally described 
by Kunitz (14). Trypsinogen was first incubated with the entero- 
kinase-containing solution and then samples were removed from 
the activation mixture at suitable time intervals and analyzed for 
the amount of trypsin activity produced. In this method, Kunitz 
took into account the complications due to the action of trypsin 
formed, i . e . ,  chiefly autocatalytic activation of trypsinogen itself 
by trypsin. This autocatalytic process is much reduced by using 
an extremely low trypsinogen concentration, and the transfor- 
mation of inert protein is further suppressed by activation of pH 
6.0. 

Thus, the standard assay procedure for the determination of 
enterokinase activity described below is a micromodification of 
the method used by Hadorn et al. ( lo) ,  which in turn was based 
on the method of Kunitz (14). The activation mixture (20 p10.1 
M sodium maleate buffer (pH 6.0), 20 p1 enterokinase-contain- 
ing solution, and 240 p1 distilled water) was prepared and 
warmed to 25", the incubation temperature. Incubation was 
started by the addition of 20 pI trypsinogen solution (2 mg 
trypsinogen/ml 0.005 N HCl). After a 30-min activation the 
determination of the amount of trvvsin formed was immediatelv 
started by the addition of an aliq;dt of the activation mixture tb 
a tube with the reagents for the assay of trypsin activity (see 
above). 

Different dilutions of each sample were analyzed to check the 
proportionality and to obtain an optimal reading value. A blank 
tube was run (with omission of trypsinogen). This tube also 
revealed any trypsin accidentally present in the enzyme sample 
and accounted for autocatalysis by trypsin. In separate tubes, it 
was determined that the trypsinogen itself was free of trypsin and 
that no autoactivation of the trypsinogen occurred during the 
experimental procedure. Analysis of samples from an enteroki- 
nase stock solution (a pooled homogenate stored at -20°) was 
further used to check the reliability of the assay system. For the 
trypsin determination the substrate used was benzoyl-DL-argi- 
nine p-nitroanilide-HCI dissolved in a small volume of dimethyl- 
sulfoxide and then diluted with 0.05 M Tris buffer (pH 8.2) 
containing 0.02 M CaCI, to give a substrate concentration of 
0.001 M. Incubation at 25' was started by the addition of 300 
pI activation mixture (see above) to 1.5 ml substrate buffer solu- 
tion and stopped after 30 min by the addition of 300 p1 30% 
(v/v) acetic acid. The color was read in a Beckman DU spec- 
trophotometer at 409 nm. A standard curve with different 
amounts of p-nitroaniline was made for the calculation of the 
enterokinase activity. A unit of trypsin is the activity that hy- 

day of life for 3 days caused premature appearance of sucrase 
activity on the third day (Fig. 2). The closer the suckling rat is to 
14 or 15 days of age (the time of normal appearance of sucrase 
activity), the higher the levels of the premature activity of su- 
crase (Fig. 2). Injection of hydrocortisone on the 12th day of life 
for 3 days caused the highest possible induction of sucrase 
activity, 7.3 & 1.2 units on the 15th day (Fig. 2). The adrninis- 
tration of hydrocortisone and actinomycin D to infant rats 
caused a diminished induction of sucrase activity as compared 
with hydrocortisone alone (Fig. 2). Hydrocortisone adminis- 
tered from the third day of postnatal life for 3 days caused an 
induction of sucrase activity which peaked at the seventh day and 
declined thereafter. Induction produced by injection of hydro- 
cortisone from the 10th day to 13th day caused a lasting peak of 
sucrase activity from the 14th day, equivalent to full adult 
activity. Thus, only after the 10th day will the administration of 
hydrocortisone produce a permanent induction which a p  
proaches the full scale of adult sucrase activity. The addition of 
actinomycin D to hydrocortisone diminished the effect on the 
premature activity of sucrase, although it caused a synergistic 
effect on the premature appearance of enterokinase activity. 

- W T I E A l E O  CONTROLS 
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Fig. 2. The effect of hydrocortisone and actinomycin D on intestinal 
sucrase activity in intrauterine, perinatal, weaning, and adult rats. For 
the control animals each point represents the mean value of 6-20 
animals. Hydrocortisone and actinomycin D were given for 3 days before 
the day of determination and each bar represents'the mean + SD of 5-9 
rats. Sucrase activity is expressed as micromoles of sucrose hydrolyzedlg 
proteinlmin at 37". 



DISCUSSION 

The maior finding of these experiments reveals that intraperi- 
toneal injection ofhydrocortis&e to pregnant rats before the 
normal appearance of enterokinase precipitates in utero a pre- 
mature i i iv i ty  of enterokinase. In ihe developing rat new-en- 
zymes appear in clusters during the late fetal, neonatal, and late 
suckling periods. There is ample evidence that enzymes of late 
suckling period rise in response to adrenocortical stimulation (5, 
9, 11, 12, 17, 20, 21, 23, 25, 26). To our knowledge, the 
stimulation of rat intestinal enzymes in the late fetal period has 
not been studied previously. However, data is available on the 
induction of pulmonary maturation in the late fetal period (1 ,7 ,  
131. 

h e  administration of glucocorticosteroids to rabbit fetuses 
showed evidence of increased pulmonary maturation, as shown 
by surface tension properties of lung extracts (13). In the fetal 
lung corticosteroids induced lecithin synthesis and increased the 
activity of choline phosphotransferase (7). These results are 
consistent with the proposal that corticosteroids lead to earlier 
development of alveolar surface active phospholipid. Buck- 
ingham et al. (1) suggested that the lung, as a derivative of the 
same embryonic tissue as the intestine, might have the same 
response to glucocorticoids. Enterokinase appears in the late 
fetal period, whereas sucrase activity in the late suckling period 
of the rat. It is conceivable from our data that glucocorticoids 
given in the late gestational period can not induce the appear- 
ance of an enzyme, such as sucrase, that appears in the late 
suckling period. Both enterokinase and sucrase are located in 
the small intestine but there is a difference in their cellular 
localization (3, 16). It is well established that sucrase is a brush 
border membrane-bound enzyme (3) localized in the mature 
epithelial cell of the small intestine. As to the topographic and 
cellular localization of enterokinase, conflicting data exist. One 
group proposed that the duodenum and Brunner's glands are 
involved in the formation of enterokinase (6). Another group 
have demonstrated that enterokinase is present along the entire 
small intestine and exclusively in the villous epithelial cells (22). 
On the subcellular level, the enzyme appears to be bound to the 
brush border membrane of these cells (22). Another group has 
shown that enterokinase in the pig is synthetized exclusively by 
the duodenal mucosa (18) and in addition, that high levels of the 
free enzyme are encountered in ileal content (18). Still a fourth 
group, using a fluorescent antibody technique, revealed that 
porcine enterokinase is concentrated in the goblet cell and is 
localized diffusely on the surface of the intestinal epithelium 
(27). Recently, we found that enterokinase in the rat intestine is 
mainlv in a free form. localized in the soluble and much fraction 
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elongation is rate limitinn. When some unstable mRNA1s are 

(16). ?he different localizations of enterokinase and sucrase in 
the small intestine can explain the appearance of enterokinase in 
late fetal life, in contrasi to sucrase activity that appears in the 
late suckling period. It is possible that glucocorticoids are induc- 
ing enterokinase and the maturity of the mucin fraction before 
thi  late fetal period. The high mortality rate observed in the 
pregnant rats and the fetuses receiving actinomycin D and cyclo- 
hexamide may be due to an altered response to these pharmaco- 
logic doses of these drugs during pregnancy. 

The phenomenon whereby the inclusion of actinomycin D 
after corticosteroid treatment causes an exaggerated accumula- 
tion of enzyme has been called superinduction (8). One group 
(24) explains that the decrease in rate of degradation of the 
enzyme is greater than the decrease in rate of synthesis, hence an 
accumulation of enzyme. Another group (28) suggests that the 
mRNA is synthesized continually and that it can interact with 
ribosomes to direct the synthesis of enzyme or it can interact 
reversibly with a repressor. The repressor is postulated to have a 
rapid turnover. Therefore, an inhibition of its synthesis by acti- 
nomycin D will result in a decreased concentration of the repres- 
sor and lead to more mRNA available for translation. Still 
another group (18) postulates that the increase in absolute rate 
of protein synthesis results from the fact that peptide chain 

lost,-the remaining (stable) mRNA1s are read more rapidly. 
A similar superinduction by corticosteroids and actinomycin D 

was observed with choline incorporation and induction of cho- 
line phosphotransferase in the fetal lung (7). It was postulated 
that steroids can be useful in the treatment of respiratory distress 
syndrome in premature human infants (13). The ability of the rat 
fetal small intestinal enterokinase activity to respond in utero to 
administration of hydrocortisone to pregnant rats illustrates the 
possible role of steroids in causing earlier development of rat 
gut. It is dangerous to extrapolate to the role of steroids on the 
maturation of human fetal gut. However, with increasing success 
in treatment of pulmonary complications in the premature in- 
fant, the question of nutrition becomes a more important issue in 
survival. The possible early maturation of rat small intestine by 
corticosteroids makes it prudent to further investigate these 
results as a new modality for treatment, especially in relation to 
induction of the intestinal function that appears in late fetal life. 

CONCLUSION 

Enterokinase activity appeared on the 20th day of gestation of 
fetal rats and, within 24-48 hr, achieved adult levels. Pregnant 
rats injected with hydrocortisone on the 15th day for 3 days 
showed enterokinase activity in the fetuses on the 18th day of 
gestation. The addition of actinomycin D to hydrocortisone for 3 
days produced a synergistic effect by amplification in the prema- 
ture activity of enterokinase. Injection of hydrocortisone on the 
12th day of life for 3 days caused the highest possible induction 
of sucrase activity. The addition of actinomycin D to hydrocorti- 
sone diminished the induction of sucrase activity as compared 
with hydrocortisone alone. Sucrase activity is not stimulated in 
the fetus by hydrocortisone injection in the pregnant mother. No 
effect of hydrocortisone occurred after the regular appearance of 
the enzymes. 
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Summary with controls when assessed by the lysis of glutathione-treated 
erythrocytes. 

Thirty-one patients, 10 months to 20 years of age, were 
studied. A complement abnormality was not identi5ed in sera 
from patients with sickle cell disease (SCD) by the methods S~eculation 
employed in the present study. Concentrations of C3, factor B, 
total hemolytic activity (CHSO), properdin, and C3b inactivator 
were similar in sera from patients and control subjects (Table 1 
and Fig. 2). Although concentrations of C3b inactivator protein 
were below normal in a few patients, there was no evidence that 
these levels were low enough to alter the functions mediated by 
this protein. 

Initiation of the complement sequence via the alternative 
pathway by reaction with inulin was equal in patient and control 
sera when assessed by the activation of factor B, cleavage of C3, 
and the consumption of hemolytic complement components (Ta- 
ble 1). Lysis of erythrocytes treated with reduced glutathione 
was similar in patient and control sera during alternative path- 
way activation (Fig. 3), indicating comparable formation of lytic 
complexes via this pathway. 

An abnormality of the alternative pathway was not detected 
when the serum from patients with sickle cell disease was reacted 
with inulin. Thus, this polysaccharide, although commonly em- 
ployed to assess alternative pathway function, is not satisfactory 
for studying serum from these patients. In addition, activation of 
the alternative pathway by cobra venom factor was comparable 

Defective function of the alternative pathway of complement 
activation has been described in the serum of patients with sickle 
cell anemia. The precise abnormality may be revealed by a 
quantitative and functional assessment of the components of this 
pathway. 

Fulminant bacterial infections, particularly with Streptococcus 
pneumoniae,  occur with increased frequency in children with 
SCD (1, 20), and several abnormalities of the body defense 
mechanisms have been reported to account for the propensity to 
infections in this disorder (7). Defects related to the opsoniza- 
tion, phagocytosis, and killing of bacteria are most important 
because these defenses are required to control pyogenic infec- 
tions. An abnormality of pneumococcal opsonization in serum 
from patients with SCD has been attributed to the heat-labile 
opsonin system (23). The precise serum defect is as yet unidenti- 
fied, but evidence suggests that it involves the alternative path- 
way of complement (8). In this report a quantitative and func- 
tional assessment was made of this pathway and related proteins 
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