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Abstract 

The adaptation of newborn mammals to extrauterine life is conditioned, 

to a large extent, by the maturity that their biochemical functions 

have attained during prenatal tissue differentiation. We concentrated 

on studying the development of enzyme systems in rat liver during late 

fetal and neonatal life; this was combined with the morphometry of cell 

types and of subcellular organelles. A cluster of enzymes which emerge 

during late fetal life and attain their adult concentrations at term 

has been distinguished'from another cluster which makes its appearance 

immediately after birth. Different hormones (£•£•> thyroxine, glucagon 

and glucocorticoids), the secretion of which is the natural stimulus 

for the expression of specific groups of 'genes, have been identified. 

With the administration of these hormones to fetuses it is possible 

to evoke the synthesis of chosen enzymes before the scheduled time and 

to produce newborns (delivered at term or prematurely) -with precociously 

mature enzyme profiles. The potential medical application of the numer

ous experimental means by which we can now manipulate the course of 

enzynic differentiation remains to be evaluated. 
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A significant portion of serious perinatal medical problems may be 

due to a short delay in the onset of essential physiological functions. 

Understanding of the mechanisms which regulate the sequential appearance 

of enzymes in developing organs is thus of considerable importance. This 

paper will illustrate, with a few examples, the ways in which we can 

experimentally enhance or delay the norcTal course of biochemical differ

entiation in the most extensively studied mammalian organ, rat liver. 

These experiments helped to elucidate the mechanisms underlying the 

normal process of enzymic differentiation and point to possible methods 

for correcting gestational abnormalities or retarded maturation. 

Kormal and experimentally altered biochemical differentiation 

in rat liver 

Biochemical differentiation of mammalian liver around the time of 

birth can be divided into two distinct phases, the late fetal and the 

neonatal, each associated with the simultaneous emergence of a cluster 
k of 10 to 12 enzymes. It appears that the potentiality for some hepatic 

functions, such as urea synthesis, must be ready at birth while others, 

such as the gluconeogenic capacity, can develop during the ensuing day. 

Fig. 1 illustrates the rate of formation of typical enzymes of the late 

fetal and neonatal clusters. As shown by the solid lines, in whole liver 

and therefore in preparations used for determining enzyme concentrations, 

the mass attributable to hepatocytes increases during development about 

l.^-fold (from 60$ to the adult value of 87^0). The much more precipitous 

rise in enzyme concentrations can obviously not be attributed to enrich

ment with hepatic cells at the expense of hematopoietic elements but 
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must represent intracellular differentiation of the hepatocytes them-
Q 

selves. However, as will be seen later, the elimination of hematopoi

etic cells may be relevant to another aspect of biochemical differentia

tion, the loss of enzymes associated with growth per se rather than with 

hepato-specific functions. 

Since thyroid and pituitary-adrenocortical" activity Degrns in fetal 
12 rats around the l8th day of gestation, it is very likely that the 

corresponding hormones trigger the synthesis of enzymes of the late fetal 

cluster. If this is so, then the administration of these hormones prior 

to the time at which their natural secretion is high should initiate 

enzyme synthesis. Indeed, thyroxine can cause the upsurge of several. 
3 in 6..' enzymes to occur prematurely. ' y'One of these is illustrated in Fig. 2. 

In some experiments the fetuses were not sacrificed after thyroxine 

administration but were allowed to be delivered at,the normal time. 

These were born with higher than normal levels of NADPH-cytochrome £ 

reductase (EC 1.6.99-2) and glucose-6-phosphatase (EC 3.1.3.9) as 

high as those attained by their untreated littermates 2k hours later 

(see Fig. 2). Since NADPH-cytochrome c_ reductase is a component o*f the 

microsomal drug metabolism system it is conceivable that these newborns, 

with a precociously mature enzymic equipment, have an enhanced detoxify

ing potential. 

Thyroxine also enhances the prenatal accumulation of both isozymes 

of hepatic aspartate aninotransferase (EC 2.6.1.1) (GOT) (Fig. 3), though 

it does not increase their levels in adult liver. This is one of the 

many examples showing that the stimulus which triggers the developmental 

formation of an enzyme does not necessarily regulate the synthesis of 
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the same enzyme in the adult organ. The soluble (but not the particu

late) variant of aspartate aminotransferase exhibits another frequently 

obscured phenomenon: in the course of maturation enzymes become respon

sive to new regulators, ' in this case to Cortisol. The normal accumu

lation of the particulate form of aspartate aminotransferase in fetal 

liver can be inhibited by arr injection cf estradiol (T?i.g-: 3)- Estradiol 

did not have such an effect on other enzymes of the- late fetal cluster, 

including the soluble isozyme of aspartate aminotransferase (see Fig. 3)-

Glucocorticoids are responsible for initiating the formation of 

those enzymes of the neonatal cluster (e.g., glycogen synthetase, see 

Fig. l) which are required for glycogen deposition. -? As would be ex

pected, Cortisol administration to fetal rats enhances the accumulation 
12 7 of glycogen in fetal liver. ' Of the hormones that have been used in 

fetal enzyme induction experiments (thyroxine, glucagon, epinephrine, 

Cortisol, estrogen) only Cortisol caused microscopically visible cyto-

logical changes: it enhanced the elimination of hematopoietic cells. 

Since these cells are much smaller than are the hepatocytes, tneir loss 

had little effect on tne number of hepatocytes per gram. The decrease 

in total cell nuclei per gram mainly reflects the elimination of the 

hematopoietic cells. As seen in Fig. h, such a change became apparent 

^8 hours after the Cortisol injection. In the same experiments we also 

determined the level of one of those nontissue-specific ensymes which 

decrease in amount prior to term, i.e_., during the same tine when the 

late fetal cluster of enzymes emerges (cf. Fig. 1 and Fig. k). The 
<(EC 2.7.1.21) 

enzyme, thymidine kinase/ is necessary for DNA synthesis and must be 
present in both cell types. Its concentration may be higher in hematopoietic 

fo* 
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than in parenchymal tissue. As seen in Fig. k, Cortisol decreased the 

thymidine kinase level (units per gran liver); however, tnis decrease 

was maximal at 2k hours, i.e., before there was any sign of hematopoietic 

involution. The two processes may thus be either independent or the de

crease in the enzyme may be one of the causes of the subsequent disappear

ance of the hematopoietic cells. The latcer"explanation is plausible 

since the cortisol-induced involution of thymus and neonatal spleen is 
q also associated with the loss of thymidine kinase. 

Glucagon is a hormone which plays an important role in the adapta-
3 5 tion of the neonate to extrauterine conditions. ' J This hormone, secreted 

in response to hypoglycemia (seen shortly after cutting the cord) has 

two distinct roles: 1, it activates liver phosphorylase and permits 

immediate glycogenolysis and 2, it stimulates the synthesis of enzymes 

of the neonatal cluster. As seen in Table I, the administration of 

glucagon in utero can cause both of these events to occur prenatally. 

Fnosphopyruvate carboxylase, a key enzyme in gluconeogenesis, and serine 

dehydratase (EC k.2.1.13) sxe other enzymes of the neonatal cluster 

<^EC 2.6.1.5) 

which, like the tyrosine aminotransferase^shown in Table I, can be pre

maturely evoked by glue agon. -(>-> The activation of phosphorylase (role 1 

of glucagon) does not require de novo protein synthesis, whereas its 

evocation of new enzymes (role 2) depends on both protein and RNA syn

thesis. Thus, as shown in Table I, actinonycin D does not interfere with 

the glycogenolytic action of the hormone but prevents the glucagon indue-

tion of tyrosine aminotransferase. The latter effect of actinomycin/is, 

of course, nonspecific; this inhibitor of R?TA synthesis prevents the 

normal or induced developmental formation of several enzymes. 

^ 



Conclusions 

The de ta i l ed descr ipt ion of the process of enzymic d i f f e r en t i a t i on 

in normal r a t l i v e r , which now provides a bas i s for s tudies of mechanisms 

and for the detect ion of pa thologica l devia t ions , i s a r e s u l t of work by 

many l a b o r a t o r i e s . The cumulative value of these individual s tudies de-

13 

pended on the use of adul t r a t l iver- as- the standard t i s s u e r " ' onxy by-

reference t o the "adult concentrat ion" i s i t poss ib le t o judge the develop

mental age a t which an enzyme has or has not yet a t t a i ned a l eve l of 

poss ib le phys io logica l s igni f icance . - There i s an urgent need for more 

information about the process of biochemical d i f f e ren t i a t ion in human 

l i v e r . But r epor t s of "presence" or "absence" of various enzymes at a 

p a r t i c u l a r embryonic age may give e n t i r e l y erroneous impressions about 

the f e t a l age a t which these functions do in fact develop. The detect ion 

of one enzyme as opposed t o another may depend e n t i r e l y on the d i f ferent 

s e n s i t i v i t y of assay methods t ha t happen t o be ava i l ab le . Even ca re fu l ly 

quant i f ied enzyme a c t i v i t i e s are of l i t t l e meaning without reference t o 

those in the fu l ly d i f f e ren t i a t ed t i s s u e . The few r epo r t s which do in 

clude mature values ' ' ind ica te tha t in human and monkey l i v e r s 

enzymic d i f f e r en t i a t i on during l a t e f e t a l and neonatal l i f e i s not unl ike 

t h a t in r a t l i v e r . 

Rats are often used for t e s t i n g the tera togenic e f fec t s of drugs 

during ea r ly embryonic development. In l a t e f e t a l l i f e when morphological 

d i f f e r e n t i a t i o n ^.s e s s e n t i a l l y accomplished, the harmful e f fec t of drugs 

can bes t be detected by t h e i r in terference with the normal evolution of 

enzyme p a t t e r n s . Rats would be su i tab le experimental animals for study

ing such "biochemical malformations." Some four dozen r a t l i v e r enzymes 
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have now been classified into four major clusters, one present before 

the last trimester and three others which emerge during late fetal, 

neonatal and late suckling life, respectively. There is thus a wide 

scope for diagnosing deviations from normal differentiation. The rapid 

synthesis of a newly emerging enzyme in late fetal liver may be sensitive 

to antimetabolites euvl< antibiotics in concentrationy lower than*--those-

which cause malformation in the early embryo. The resulting unbalanced 

enzyme pattern, not reflected in histological tests, may interfere with 

neonatal viability. 

As illustrated here with a few examples, the process of enzymic 

differentiation is not an unresolvable succession of predestined events. 

In rat liver, individual enzymes or small groups of enzymes can be caused 

to be formed "out of step" : a few hours after the injection of an appro

priate stimulus they can attain levels normally associated with a more 

mature morphology and overall enzymic profile. There are also agents 

which can cause selective delays in enzyme synthesis. Treatments of the 

fetal rat a few days before term with hormones or other substances 

usually did not interfere with gestation and postnatal viability. This 

is due in part to the efficiency of the maternal detoxifying mechanisms 

and also to the fact that the hormones given were often the same ones 

that the normal fetus was scheduled to secrete shortly. 
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Fig. 1. Enzymic and cytological differentiation in rat liver. Broken 

lines depict the accumulation of typical enzymes of the late fetal 

cluster, glycogen synthetase (EC 2A.1.11)1 and of the neonatal cluster, 

phosphopyruvate carboxylase (EC i4-.Ll.38). The solid lines refer to 

changes in the fraction of liver volume occupied by parenchymal (o) and 
o 

hematopoietic c e l l s (.©-) determine*! morphometrioally.-, A l l vaLue-s^are 

expressed as percent of t ha t in adul t l i v e r . 

Fig. 2. The ef fec t of thyroxine on the developmental formation of 

NADPH-cytochrome £ dehydrogenase. Enzyme a c t i v i t y i s expressed in 

umoles of NADP reduced per hour per gram l i v e r . The so l id and broken 

l ine r e f e r s t o cont ro l and t r e a t e d animals, r e spec t ive ly . Thyroxine 

(0.03 P-g. ) T-vas administered t o f e t a l r a t s in u t e ro , once, on the 19th 

day of ges ta t ion (they were k i l l e d 2k hours l a t e r , see c i r c l e on day 

20) or on the 21st day of ges ta t ion ( these were born n a t u r a l l y and 

t h e i r enzyme l eve l s were determined a t the indicated pos tna t a l hour) . 

Fig. 3- Hormones and the developmental formation of aspar ta te amino

t r ans fe ra se (EC 2 .6 .1 .1 ) in r a t l i v e r . Soluble or p a r t i c u l a t e a spa r t a t e 

aminotransferase (AAT) a c t i v i t i e s per gram l i v e r are shown as percent 

of t h a t in adul t r a t s where the absolute values are k"J and. 85 umoles/min. /g. , 

r e spec t ive ly . The so l id l i n e s with crosses r e fe r to normal f e tuses . 

Fetuses were in jec ted with sal ine (—x—), 1 ug. thyroxine (&), 

or 25 ug. e s t r a d i o l benzoate (o) 2^ hours before assay. 

http://i4-.Ll.38
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?i~. .̂ The effect of coitisol en cellularity and thymidine kinase (TK) 
in fetal liver. On the l8th day of gestation, fetal rats received an 
intraperitoneal injection of 0.12 mg. of Cortisol (hydrocortisone acetate); 
some dams were killed 2*4- and others k-8 hours later to determine the thy
midine kinase activity (--A--) and cellularity (--©—) per gram fetal 
liver. The solid lines- with open" symbols refer to control fetuses'. 

i 
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Table I. The effect of glucagon on enzyme synthesis and glycogenolysis. 

Glucagon 

(i-p.) 

None 

35 ̂ g-} "to mother 

0.5 pg-> to fetus 

0.5 ug., to fetus + 

actinomycin D 

Glycogen Tyrosine aminotransferase 

(mg. ) (uni-es)-

(per gram fetal liver) 

81 ± 1*. (6) 

82 ± 7 (3) 
1*0 ± 6 (I;) 

36 (2) 

< 2 (10) 

< 2 (3) 

25 ± 3 (5) 

< 2 (2) 

Rats were killed 5 hours after injection (20 to 21st day of gesta

tion); glycogen and tyrosine aminotransferase activity were determined 
7 in pools of fetal livers as previously described. The values are means 

(- SD) with the number of litters used in parentheses. When indicated, 

actinomycin D (10 ug". ) was injected together with glucagon. 
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