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Summary 

In this study we investigated the effects of streptozotocin-in- 
duced maternal diabetes on fetal body weight and alterations in 
the plasma concentrations of glucose, insulin, glucagon and cate- 
cholamines, and in the concentrations of pancreatic insulin and 
glucagon and of hepatic glycogen and cAMP in newborn rats 
during the first 6 h of life. Hyperglycemia was regulated in one 
group of diabetic pregnant rats by administration of insulin twice 
a day from day 18 of gestation. On day 22 of gestation the body 
weight of newborns of the insulin-treated diabetic rats was signifi- 
cantly higher than that of normal rats, whereas untreated maternal 
diabetes caused a reduction in the body weight of the newborns. 
The newborns of insulin-treated diabetic rats maintained lower 
concentrations of plasma glucose for a longer period compared to 
the age-matched neonates of normal rats. 

At birth and during the first 6 postnatal h of life, plasma insulin 
was significantly higher in the neonates of both treated and 
untreated diabetic rats than the age-matched pups of normal rats. 
There was an increase in the concentration of plasma pancreatic 
glucagon in the newborns of normal rats within 30 min after birth, 
in contrast, a gradual reduction or no change in the concentrations 
of plasma glucagon was observed in the neonates of both groups 
of diabetic rats during the 6 h postnatal period. The concentrations 
of plasma epinephrine and norepinephrine were very high at birth 
in the three groups of newborns, and declined rapidly during the 
first postnatal h. Significant secondary increases in the concentra- 
tions of these two hormones occurred in the three groups of 
neonates after the plasma glucose concentration had declined to 
below 2 mM. Changes in the insulin:glucagon molar ratio was 
associated with a delay in the postnatal increase in hepatic cAMP 
concentrations and also in the initiation of hepatic glycogenolysis 
in the neonates of both groups of diabetic rats compared to normal 
animals. The findings of macrosomia, postnatal hyperinsulinemia, 
prolonged lowered plasma glucose and attenuated plasma gluca- 
gon observed in the newborns of the insulin-treated diabetic rats 
are similar to the findings reported in the newborn infants of 
insulin-dependent diabetic women. 

Speculation 

Diabetes during pregnancy in the rats described in this study is 
reproducible and can be regulated with insulin administration. 
This experimental model should prove useful in quantifying alter- 
ations in hepatic glycogen metabolism and gluconeogenesis, and 
the mechanism(s) responsible for the attenuated glucagon secre- 
tory response in newborns of diabetic mothers. 

Hormonal and metabolic adaptations in the normal newborn 
rat in the immediate postnatal period have been studied exten- 
sively and reviewed frequently (2, 12, 18). Similar studies in the 
newborn of diabetic mothers in this species are few in number 
and limited in intent. Studies reported so far have been concerned 
primarily with the effects of maternal diabetes on fetal growth (14, 

15, 22, 28, 29) or its influence on fetal plasma and pancreatic 
insulin concentrations (15. 19, 21). Studies on the infants of 
diabetic mothers have contributed to our understanding of meta- 
bolic adaptations in the postnatal period, but are limited to 
measuring the concentrations of hormones and substrates in the 
plasma (1, 24). Our interest in metabolic adaptations during the 
immediate postnatal period in the newborn rat has led us to 
examine possible alterations in these adaptations in the newborns 
of mildly and severely hyperglycemic rats. The goals of this study 
were to characterize changes in the concentrations of plasma 
insulin, glucagon, catecholamines and glucose in the newborns of 
normal and diabetic rats during the first 6 h of postnatal life, and 
to compare them with changes in the concentrations of insulin 
and glucagon in the pancreases and of cAMP and glycogen in the 
livers. 

MATERIALS A N D  M E T H O D S  

Animals. Timed pregnant Sprague-Dawley rats (overnight mat- 
ing) (38) weighing 200 g were fed Purina Laboratory Chow and 
water ad libitum. Diabetes was induced by injecting streptozotocin 
(45 mg/kg of body weight) in 50 mM sodium citrate buffer, pH 
4.5, into the tail vein of pregnant rats on day 5 of gestation (14). 
Controls were injected with buffer alone. Diabetes was confirmed 
48 h after streptozotocin administration by measuring tail vein 
blood glucose (4). An animal was designated as severely diabetic 
when its mean blood glucose concentration was 15 mM (270 mg/ 
dl) or higher from days 7 to 22 of gestation, in accordance with a 
previous report (19). Measurements of blood glucose were made 
at 0900 h at intervals of 3-4 days during the entire period of 
gestation. A group of diabetic pregnant rats with severe hypergly- 
cemia were treated by two daily subcutaneous injections of NPH- 
insulin (39) from day 18 of gestation until delivery. Insulin treat- 
ment was initiated on day 18 of gestation because the development 
of the fetal pancreas and fetal plasma insulin concentrations were 
found to increase markedly from day 18 until birth in the rat (13, 
3 I). Diabetic rats were injected with 1-2 units of insulin at 0900 
h ( 1 unit per every 100 mg of glucose above the first 100 mg/ 100 
ml of blood) and 2-4 units at 1700 h (2 units per every 100 mg of 
glucose above the first 100 mg/100 ml of blood). To  determine 
the dose, tail vein blood glucose was measured twice daily in the 
insulin-treated animals immediately before the injection of insulin. 
This regimen of insulin administration reduced the blood glucose 
concentration from severely hyperglycemic (270 mg/dl or higher) 
to mildly hyperglycemic values (from 80-200 mg/dl) in treated 
rats. This treatment was not designed to completely normalize 
blood glucose concentrations in diabetic rats during the entire 
treatment. In one study when glucose concentrations were mea- 
sured every 2 h after insulin administration at 1700 h, we observed 
that treatment lowered the blood glucose concentration to the 
normal range within 1-2 h, followed by a gradual increase in the 
concentration of blood glucose after about 6 h. In another group 
of treated rats the mean blood glucose was 12.3 t 1.2 mM 
immediately before and 5.7 t 0.9 mM 4 h after insulin adminis- 
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tration at 0900 h. The degree of hyperglycemia observed in the 
untreated diabetic rats and the insulin treatment described above 
were well tolerated and no mortality occurred in the two groups 
of rats. 

Posrnaral srudies. Term fetuses were delivered with intact pla- 
centas by rapid hysterectomy of cervically dislocated mothers on 
22 days of gestation at 1000 h. Pregnant rats in our colony, if 
allowed, delivered pups about 8 h later. Newborns were quickly 
detached after tying the umbilical cords and maintained at 37°C 
in a humidicrib with a water saturated atmosphere and without 
feeding (8). At birth (0 h) the plasma and livers of the first two 
fetuse; still attached to the mother were removed within 30 sec 
after killing her. Fetuses or newborn rats were killed by decapi- 
tation and 100 y1 of blood from each pup was collected and 
quickly mixed with 100 p1 of ice cold normal saline solution 
containing 1000 units of Trasylol (40) and 0.24 mg of EDTA. 
Plasma was separated by centrifugation in the cold and the 
samples stored at -70°C until assayed for insulin (16) and glu- 
cagon (10,41,42) by radioimmunoassay techniques. The concen- 
trations of insulin and glucagon were calculated using rat insulin 
(43) and porcine glucagon as standards. Plasma glucose was 
assayed with a Beckman Glucose Analyzer. The pancreases were 
removed from fetuses and newborns, and extracted with an acid 
alcohol solution for hormone determination (30). For catechol- 
amines, 100 yl of blood were mixed with an equal volume of ice 
cold saline containing 5 mM EGTA and 4 mM glutathione. After 
centrifugation the plasma was stored at -70°C until assayed for 
catecholamines using a radioenzymatic method with catechol-0- 
methyl transferase and ["HI-CH:~-S-aden~s~lmethionine (26, 44). 
For CAMP extraction and measurement (6, 45) the livers of the 
fetuses and newborn rats were freeze-clamped before decapitation 
of the pups. Glycogen content in livers and placentas was mea- 
sured by the method of' Van Handel (36). Statistical analysis was 
performed by the Student's t test for non-paired samples, and 
comparison was made with the control group. P values of 0.05 or 
less were taken as significant, and the results are expressed as the 
mean + S.E. 

Hisrologic and immunoc~yrochemical studies (46). Fragments of 
pancreas from all three experimental groups were fixed in Bouin's 
fluid overnight. Following repeated washings in 70% ethanol the 
tissue was embedded in paraffin and multiple serial sections, 6 ym 
in thickness were obtained. One section was stained with hema- 
toxylin and eosin whereas four adjacent sections were used for the 
immunocytochemical localization of insulin, glucagon, pancreatic 
polypeptide and somatostatin, respectively. The peroxidase-anti- 
peroxidase (PAP) procedure using rabbit antisera to glucagon 
(42), pancreatic polypeptide (47) and somatostatin (48) as primary 
antibody. goat anti-rabbit IgG (49) as a link antibody and rabbit 
PAP (49) was applied as described by Sternberger (34). For the 
localization of insulin, guinea pig anti-insulin serum (49) was 
linked to rabbit PAP by means of staphylococcal protein A 
according to previously reported procedures (7,23). The specificity 
of the immunostaining was verified by replacing the primary 

antiserum with normal rabbit serum or normal guinea pig serum. 
For control purposes, pancreases of normal adult female rats, 
identically fixed and processed were immunostained applying the 
same antisera and identical procedures. 

RESULTS 

Experimenral animals. The effects of mild or severe maternal 
hyperglycemia on maternal weight gain during pregnancy, new- 
born weight, hepatic glycogen content, and placental weight and 
glycogen content are shown in Table 1. In the untreated diabetic 
mothers severe hyperglycemia had no effect on weight gain during 
gestation. Maternal weight gain of the insulin-treated diabetic rats 
was significantly increased compared to normal pregnant rats. 
The body weight of the newborn pups of untreated diabetic 
mothers was significantly reduced whereas the body weight of the 
newborns of the insulin-treated diabetic rats was heavier than that 
of normal rats. Liver glycogen content was significantly increased 
in the newborn pups of the untreated diabetic mothers compared 
to normals (Table 1); however. hepatic glycogen content of the 
newborns of the insulin-treated diabetic mothers was not signifi- 
cantly different from that observed in the newborns of normal 
animals. There was a significant increase in placental weights and 
the glycogen concentration of the placentas from both groups of 
diabetic rats compared to normal animals (Table I). 

Changes in plasma glucose concentrarions. Figure 1 illustrates 
the changes in the concentration of plasma glucose over the first 
6 h of life in the pups of the normal and diabetic rats. The plasma 
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Fig. I .  Plasma glucose concentrations in newborns of normal (0). 
untreated diabetic (O), and insulin treated diabetic (A) rats during the first 
6 postnatal h. The results are the means + S.E. for ten to twelve neonates 
from five to six mothers. 

Table I. Effect of marernal diabetes mellirus on fetal growth and glycogen concenrration of fetal liver and placentas on day 22 of 
gestation 

Mothers Newborns Placentas 

Blood glucose Weight gain Weight Liver glycogen Weight Glycogen 
Status (mM) (g) (g) (~mole/g) (mg) (~mole/g) 

Normal 4.9 + 0.1 (15) 124 +-4  5.50 + 0.06 522 + 21 551 rt 12 9 &  1 
Untreated diabetic 18.6 rt 0.6 (13)' 12Ok 5 5.25 k 0.1 I' 663 t 29' 604 + 15" 36 + 2' 
Insulin treated diabetic 7.1 + 0.2 (24)" 139 C 7' 5.84 rt 0.06' 573 + 33 644 + 154 24 + I "  

The weight gain of pregnant rats was measured from day 5 to day 22 of gestation. Glycogen concentration expressed as htmole/g represents pmoles 
of'glucosyl residues per g wet weight of the tissue. The results are the means + S.E. of the number of mothers shown in parentheses. 

' P < 0.05 compared with normal. 
' P < 0.01 compared with normal. 
' P < 0.005 compared with normal. 
' P < 0.001 compared with normal. 
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glucose concentration in the newborns of normal rats decreased to 
1.4 f 0. l mM at 1 h after birth, and increased to 3.8 k 0.2 mM at 
the third h of life. Plasma glucose was higher during the subse- 
quent 3 .h of postnatal life. In the newborns of untreated diabetic 
rats plasma glucose was 17.4 + 0.6 mM at birth and declined 
rapidly, reaching a level of 1.4 + 0. I mM at 3 h of age. Plasma 
glucose increased gradually over the next 3 h of life reaching a 
level of 5.1 + 0.5 mM at the sixth postnatal h. In the pups of 
insulin-treated diabetic animals plasma glucose remained lower 
(approximately I mM) for a longer period of time compared to 
the age-matched normal pups. 

Changes in plasma insulin and glucagon concentrations. Figure 2 
illustrates the plasma insulin concentrations of the newborn pups 
of normal, untreated and insulin-treated diabetic rats. At the time 
of delivery by cesarean section, the plasma insulin concentration 
was significantly higher in the two groups of newborns of diabetic 
rats than in the normal pups at birth. It took one-half h longer for 
the plasma insulin concentration to decline in the newborns of the 
insulin-treated diabetic rats compared to the two other groups of 
newborns. The insert in Figure 2 illustrates that plasma insulin 
concentrations in the newborns of both groups of diabetic mothers 
remained significantly higher than in the aged-matched normal 
pups during the last 4 h of the study. 

At birth the concentration of plasma glucagon was higher in 
the newborns of untreated diabetic mothers compared to normals 
(P  < 0.005) (Fig. 3). A significant increase in plasma glucagon 
was observed in the neonates of normal rats 30 min after birth (P 
< 0.001) and this elevation was maintained during the 6 postnatal 
h of life. There was a significant gradual reduction of the plasma 
glucagon concentration in the neonates of untreated diabetic rats 
during the first 3 h of life. The neonates of untreated diabetic 
mothers experienced a decline in their plasma glucagon during 
the first h of life and maintained this low concentration of the 
hormone for the subseauent 5 h of life. It is noteworthv that at the 
third h of life, the mean plasma glucagon concentration in the 
pups of normal rats was approximately twice the concentrations 
measured in the age-matched pups of the two groups of diabetic 
animals. The change in the insulin/glucagon molar ratio for each 
group of neonates was similar to the change in the plasma insulin 
concentrations observed in the corresponding group of pups (re- 
sults not shown). The newborns of both groups of diabetic rats 
maintained higher insulin/glucagon molar ratios than those of the 
neonates of the normal rats (results not shown). 

Changes in pancreatic insulin and glucagon concentrations. The 
histologic and immunocytochemical study of the fetal pancreases 
did not reveal significant differences in islet morphology, cell type 
composition or distribution among the three experimental groups. 
No adverse effect on the morphology of insulin-positive cells was 
observed in the pancreases o f  fetuses whose mothers were treated 
with ~ t re~ tozo tdc in  during pregnancy. At birth the pancreatic 
insulin content in the newborns of normal rats was significantly 

HOURS AFTER BIRTH 

Fig. 2. Plasma insulin concentrations in the newborns of normal (0). 
untreated diabetic (0). and insulin treated diabetic (A) rats during the first 
6 postnatal h. Insert shows, on an expanded scale, the concentrations of 
plasma insulin in the neonates from 2-6 postnatal h. The results are the 
means +- S.E. for eight to twelve neonates from four to six mothers. 

HOURS AFTER BIRTH 

Fig. 3. Plasma pancreatic glucagon concentrations in the newborns of 
normal (0). untreated diabetic (O), and insulin treated diabetic (A) rats 
during the first 6 postnatal h. The results are the means + S.E. for eight to 
twelve neonates from four to six mothers. 

HOURS AFTER BIRTH 

Fig. 4. Insulin and glucagon concentrations in the pancreases of new- 
borns of normal (0). untreated diabetic (.), and insulin treated diabetic 
(A) rats. The results are the means & S.E. for eight to twelve neonates 
from four to six mothers. 

higher than that observed in the newborns of both mildly and 
severely hyperglycemic rats, and these differences were main- 
tained during the first 6 h of postnatal life (Fig. 4). In the first 6 
postnatal h of life. a small but significant increase in pancreatic 
insulin content was observed in all three groups of neonates 
compared to their insulin concentrations at birth (Fig. 4). At birth 
pancreatic glucagon content was similar in the newborns of the 
three groups of rats (Fig. 4). and all three groups of neonates 
maintained a similar concentration of glucagon in the pancreas 
during the 6 h postnatal period. 

Changes in plasma catecholamines. The concentrations of both 
epinephrine and norepinephrine in plasma were very high at the 
time of delivery in the three groups of newborns and declined 
rapidly during the first postnatal h. The rate of decline was more 
rapid in the newborns of normal and untreated diabetic rats 
compared to insulin-treated diabetic rats (Fig. 5). During the 
second postnatal h, a secondary increase in the concentrations of 
plasma epinephrine and norepinephrine was observed in the 
newborns of normal rats (P < 0.05) but not in the other two 
groups. The concentration of plasma norepinephrine but not 
epinephrine, increased significantly (P < 0.005) in the neonates of 
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HOURS AFTER BIRTH 

Fig. 5 .  Plasma concentrations of epinephrine. norepinephrine and total 
catecholamines (epinephrine plus norepinephrine) in the newborns of 
normal (0), untreated diabetic (0) .  and insulin treated diabetic (A) rats 
during the first 6 postnatal h. The results are the means of S.E. for eight 
to twelve neonates from four to six mothers. 

insulin-treated diabetic rats between the second and third post- 
natal h (Fig. 5). A significant increase in the concentrations of 
both hormones was observed in neonates of untreated diabetic 
rats at 4.5 h after birth. The secondary increases in plasma 
catecholamines in each group followed the nadir of plasma glucose 
and were associated with an increase in plasma glucose. 

Changes in rhe concentrarions of glycogen and cA M P  in the liver. 
Figure 6 illustrates liver glycogen concentration in the three groups 
of neonates. At birth hepatic glycogen concentration was signifi- 
cantly increased in the pups of untreated diabetic rats compared 
to the offspring of normal and insulin-treated diabetic rats. A 
significant reduction (P < 0.05) in the liver glycogen concentration 
of the neonates of normal rats was initially observed at the second 
postnatal h, and declined steadily over the next 4 h of life. A 
significant decline in hepatic glycogen concentration of the neo- 
nates of insulin-treated diabetic rats was first observed during the 
third postnatal h. In the neonates of untreated diabetic rats. the 
reduction of hepatic glycogen concentration did not occur until at 
the fourth postnatal h of life. In each group the time of decline of 
hepatic glycogen concentration coincided with the time of increase 
of plasma glucose. 

At birth the hepatic concentration of CAMP in newborns of 
untreated diabetic rats was significantly lower than that observed 
in the newborns of normal animals (Fig. 7). An initial decline in 
hepatic CAMP in the neonates of normal rats occurred at 30 min 
of life and was followed by a significant increase over the next h 
and a half of postnatal life. In contrast, the concentration of cAMP 
in the neonates of the untreated diabetic rats declined significantly 
(P  < 0.005) during the second postnatal h. A marked increase in 
the hepatic concentration of cAMP was observed in this group of 

pups at the third postnatal h (Fig. 7). The concentration of cAMP 
in the livers of neonates of insulin-treated diabetic rats did not 
change during the first two postnatal h; however, a significant 
increase in the hepatic cAMP concentration in this group of 
neonates was observed at the third postnatal h. There was no 
significant difference in hepatic cAMP concentration among the 
neonates of normal, untreated and insulin-treated diabetic rats at 
either the third or the sixth postnatal h of life (Fig. 7). 

DISCUSSION 

Fetal hyperinsulinemia secondary to maternal hyperglycemia is 
generally accepted as the mechanism responsible for the higher 
birth weight and the increased total body fat, glycogen, and 
nitrogen in the newborn infants of diabetic mothers (17, 25). In 
the rat, the effect of diabetic pregnancy on the body weight of the 
offspring remains controversial. Conflicting reports have varied 
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Fig. 6. Liver glycogen concentrations in newborns of normal (0). un- 
treated diabetic (0). and insulin treated diabetic (A) rats during the first 
6 postnatal h. The results are the mealis & S.E. for eight to twelve neonates 
from four to SIX mothers. 
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Fig. 7. Liver cAMP concentrations in newborns of normal (0),  un- 
treated diabetic (a), and insulin treated diabetic (A) rats during the first 
6 postnatal h. The results are the means k S.E. from eight to fourteen 
neonates from four to seven mothers. 
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from no change in weight compared to the neonates of normal 
animals (29), to a decrease (14, 29), or to an increase in weight 
(20.28, 35). Our finding of decreased weight in the newborns (22- 
day-old term fetuses) of untreated diabetic animals agrees with 
the similar finding reported by Kervran et al. (19). Our finding of 
increased neonatal weight in the pups of insulin-treated diabetic 
rats also agrees with others who found increased weight in the 
newborns (22-day-old fetuses) from mildly diabetic pregnant rats 
(28, 35). Kim et al. (20) have recently observed an increase in the 
mean gestational period of the severely diabetic animals thus 
explaining the increase in the body weights of their newborns by 
natural delivery. 

An interesting observation with respect to offspring weight was 
that the administration of insulin twice daily during the last 5 days 
of gestation to diabetic rats was associated with macrosomic 
offspring compared to those of normal animals (Table I). The 
effects of mild hyperglycemia on various parameters studied in 
the newborns in this report have not been previously examined in 
the rat. 

In the present study, hyperinsulinemia was noted at term in the 
newborns of mildly hyperglycemic (insulin-treated) and severely 
hyperglycemic (untreated) diabetic rats compared to the values 
found in the offspring of normal rats; however, at birth, the 
concentration of plasma insulin in the newborns of insulin-treated 
diabetic animals was significantly higher than that observed in the 
newborns of untreated diabetic animals (Fig. 2). Available reports 
concerning plasma insulin concentration in the newborns of dia- 
betic rats are restricted to the values measured at birth (15, 19); no 
previous study has measured concentrations of plasma insulin 
serially during the first 6 postnatal h of life. For example, Kervran 
and colleagues (19) reported hyperinsulinemia in the term fetuses 
of mildly hyperglycemic diabetic rats at birth, but found normal 
plasma insulin concentrations in the term fetuses of severely 
hyperglycemic diabetic rats. Pitkin and Van Orden (29) found an 
increase in plasma insulin concentration at birth of term fetuses 
from mothers with mild and severe hyperglycemia, defined by 
blood glucose concentrations of 150 and 218 mg/dl, respectively; 
however, according to the distinctions made by Kervran et al. (19) 
and in the present study, the maternal glucose concentrations of 
both groups of rats studied by Pitkin and Van Orden (29) represent 
mild hyperglycemia. We cannot explain the differences observed 
by Kervran and colleagues (19) and ourselves with certainty; 
however, we found that the newborns of severely hyperglycemic 
mothers had hyperinsulinemia not only at birth but also during 
hourly measurements made during the first 6 h of life. It was of 
interest that our insulin-treated diabetic rats (who were intermit- 
tently mildly hyperglycemic) gave birth to offspring who main- 
tained hyperinsulinemia during the first 6 h of life. Because the 
newborns (22-day-old fetuses) of the two groups of diabetic rats 
had plasma hyperinsulinemia compared to the newborns of nor- 
mal rats (Fig. 3), the results suggest that the 22-day-old fetuses of 
the diabetic rats continuously secreted their newly synthesized 
pancreatic insulin in response to fetal hyperglycemia. and hence 
had lower concentrations of insulin in their pancreas (Fig. 4). In 
contrast, Kervran et al. (19) found higher concentrations of insulin 
in the pancreas of the fetuses of mildly diabetic rats compared to 
normal animals. Although the reason for this discrepancy is not 
clear. the degree of maternal hyperglycemia during several h 
before killing may have been a contributing factor in these two 
studies. 

Other interesting observations made in this study included the 
changes in plasma glucagon concentration at birth and during the 
first 6 h of life in the newborns of normal and diabetic rats. A 
significant increase in the plasma concentration of glucagon was 
observed only in the neonates of the normal rats during the early 
postnatal period. The concentrations of plasma glucagon in the 
newborns of mildly and severely hyperglycemic rats remained 
either unchanged or declined significantly compared to the age- 
matched pups of normal animals during the first 6 postnatal h 
(Fig. 3). These observations were in agreement with the clinical 
findings that the concentration of plasma glucagon in the 2-hour- 

old infants of insulin-dependent diabetic mothers was lower than 
that in normal infants and failed to increase in response to 
hypoglycemia (5, 37). Relatively higher concentrations of insulin 
and lower values of plasma glucagon and hence higher insulin/ 
glucagon molar ratios in the neonates of insulin-treated diabetic 
rats compared to the ratios in the newborns of normal animals 
probably contributed to the delay in the initiation of glycogen 
degradation (Fig. 6) and the prolonged postnatal hypoglycemia 
observed in this group of newborns (Fig. I). 

In spite of the lack of the postnatal glucagon secretory response, 
a significant increase in the concentrations of hepatic cAMP in 
the neonates of diabetic rats was observed during the third post- 
natal h (Fig. 7), and this increment was comparable to a similar 
response during the first 2 h in the newborns of normal rats. 
Although the administration of exogenous epinephrine is shown 
to cause a marked increase in the concentration of hepatic cAMP 
in 2-day-old normal rats (9), very little is known about the 
alterations in the concentrations in plasma catecholamines in the 
newborns of rats during the first 24 h period (3). Until now it was, 
however, not possible to study independently the effect of gluca- 
gon or catecholamines on hepatic cAMP concentrations in the 
newborn rat. In the present study, the newborns of untreated and 
insulin-treated diabetic rats provided a unique opportunity to 
investigate the effect of plasma catecholamines on the concentra- 
tions of hepatic cAMP (in the absence of a postnatal increase in 
the concentration of plasma pancreatic glucagon). The increase in 
the concentration of hepatic cAMP in the neonates of insulin- 
treated diabetic rats (Fig. 5) paralleled the increase in plasma 
norepinephrine in these pups during the third postnatal h (Fig. 7); 
however, hepatic cAMP increased before the secondary increase 
of plasma catecholamines in the neonates of untreated diabetic 
rats. A secondary increase in plasma catecholamines was observed 
in all three groups of neonates after the plasma glucose concentra- 
tion declined to minimum levels (less than 2 mM), and the 
secondary rise in catecholamines was associated with an increase 
of plasma glucose and decrease of hepatic glycogen. This is 
consistent with a recent report (27) showing that insulin-induced 
hypoglycemia in term rats causes an increase in the 
concentrations of plasma catecholamines in both term fetuses and 
pregnant rats. Our findings suggest that the endogenous catechol- 
amines could contribute to the regulation of plasma glucose in 
newborn rats; however, additional signals (other than glucagon or 
catecholamine) also appear to influence cAMP concentrations in 
the liver. 

The data presented in this study concerning the postnatal 
changes in plasma glucose, hepatic glycogen, and liver cAMP 
concentrations in the neonates of normal rats are similar to 
previous reports (9, 1 I). The higher concentrations of hepatic 
glycogen in the 22-day-old fetuses of severely hyperglycemic rats 
were due to their hyperinsulinemia and severe hyperglycemia. 
High concentrations of insulin and glucose are known to increase 
glycogen synthetase I activity and to decrease hepatic phosphor- 
ylase a activity in perfused fetal monkey liver (33) and in the 
newborns of diabetic rats (32). The delay in the initiation of 
hepatic glycogenolysis in the neonates of the diabetic rats was 
probably due to their hyperinsulinemia, which persisted during 
the early postnatal h. Although the concentrations of plasma 
glucagon in the neonates of untreated and insulin-treated diabetic 
rats declined significantly during the first 3 postnatal h, a signifi- 
cant increase in the concentrations of hepatic cAMP was observed 
in these two groups of pups during the third postnatal h. The 
increase in hepatic cAMP concentrations in the newborns of 
untreated and insulin-treated diabetic rats preceded the initiation 
of hepatic glycogenolysis. 

The data presented in this study are the first documentation of 
sequential changes in the concentrations of insulin, glucagon and 
catecholamines in the plasma and of cAMP and glycogen in the 
livers of the newborns of mildly and severely hyperglycemic 
animals in the immediate postnatal period. The postnatal changes 
in the plasma concentrations of glucose. insulin, and glucagon in 
the newborns of insulin-treated diabetic rats in this study closely 
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parallel those observed by others in the newborn infants of insulin- 
dependent human diabetic mothers. 
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