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Summary. Continuous glucose infusion was used to 
induce mild hyperglycaemia in unrestrained preg- 
nant rats during the last three days of pregnancy. Con- 
trol pregnant rats were infused with distilled water. 
Fetuses were studied after normal or prolonged preg- 
nancy. Fetuses from glucose-infused rats, compared 
with controls, showed higher plasma glucose levels, 
increased plasma insulin and lower plasma glucagon 
concentrations. Pregnancy prolonged until day 23.5 
resulted in a rise in the glucagon/insulin ratio from 
6.5 to 67 in fetuses from control rats and from 1.3 to 13 
in fetuses from glucose-infused rats. Concurrently in 
fetuses from control rats, liver phosphoenolpyruvate 
carboxykinase activity increased markedly and liver 
glycogen stores decreased sharply. In fetuses from 
glucose-infused rats, liver phosphoenolpyruvate car- 
boxykinase activity rose and glycogen content de- 
creased, but to a lesser extent. These results show that 
both the A and B cells of the rat fetal pancreas are sen- 
sitive to chronic glucose stimulation. 

Key words: Glucose infusion, pregnant rats, pro- 
longed pregnancy, fetus, plasma insulin, plasma glu- 
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The effects of maternal hyperglycaemia on fetal 
growth and fetal insulin secretion are still a matter of 
controversy. Two types of approach have been widely 
used. Diabetes has been induced in rats by injecting 
alloxan or streptozotocin before [13, 23, 27] or during 
pregnancy [2, 9]. Hyperglycaemia caused by alloxan 
or streptozotocin is usually severe and difficult to con- 
trol. Moreover, mild or severe diabetes induced by 

streptozotocin produces quite different effects on fe- 
tal growth and fetal insulin secretion [2, 13, 31]. Hy- 
perglycaemia has also been induced by injecting or 
infusing glucose for a short time into pregnant rats in 
order to study the effects of hyperglycaemia on fetal 
insulin secretion [12]. However, these experiments do 
not take into consideration the consequences for the 
fetus of long-term exposure to high plasma glucose 
levels. 

We have used a technique [18] that allows continu- 
ous infusion of glucose in chronically catheterized 
conscious and unrestrained pregnant rats with care- 
fully controlled hyperglycaemia for several days in 
rats living in conditions as close to normal as possible. 
This technique also avoids the use of diabetogenic 
drugs which could have some side effects on the fetus 
and on the placenta [1, 27]. 

The present study was undertaken in fetuses at 
term to evaluate the consequences of a long lasting 
hyperglycaemia, on insulin and glucagon secretion, 
and glucose metabolism in the liver. The effect of hy- 
perglycaemia on post-mature fetuses was also investi- 
gated, since it has been reported that, in the rat fetus, 
prolonged pregnancy induces a rise in the plasma 
glucagon/insulin ratio [25] associated with a fall in 
liver glycogen content and a rise in the activity of a key 
regulatory enzyme of gluconeogenesis: phosphoenol- 
pyruvate carboxykinase (PEPCK) (E.C.4.1.1.32) [26]. 

Materials and Methods 

Animals 

Albino rats of the Sherman strain, bred in the laboratory, were fed 
ad libitum with pelleted chow (UAR B-03). Females were caged 
with a male for one night (17.00-09.00 h) and pregnancy was de- 
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Table 1. Plasma glucose, IRI and IRG levels, liver PEPCK activity and glycogen stores in control and glucose-infused pregnant rats 

Day of gestation Plasma glucose Plasma IRI Plasma IRG Liver PEPCK activity Liver glycogen 
(mmol/1) (mU/1) (pg/ml) (nmol h -1 mg protein -1 (mg/g of liver) 

Control rats 

21.5 5.78 + 0.67 49 + 7 245 + 40 166 + 32 22.3 + 0.4 
(6) (6) (6) (5) (6) 

22.5 5.17 _+ 0.50 45 + 7 300 + 37 190 + 40 27.1 _+ 0.6 
(7) (5) (5) (5) (5) 

23.5 5.23 _+ 0.39 33 ___ 5 312 _+ 29 184 + 30 20.1 _+ 0.5 
(5) (5) (5) (5) (5) 

Glucose-infused 
rats 

21.5 10.50 + 1.67 a 340 --I- 18 a 96 + 16 a 48 + 10 a 96.1 + 1.5 b 
(11) (11) (8) (5) (5) 

22.5 11.11 + 1.56 a 268 • 12 a 100 __+ 17 a 48 ___ 7 ~ 93.0 + 1.5 b 
(6) (6) (6) (5) (5) 

23.5 11.56 _+ 0.67 a 367 _ 24 a 94 + 16 a 56 + 9 a 93.2 + 1.6 b 
(6) (5) (5) (5) (5) 

Values are expressed as mean + SEM with number of determinations in parentheses. Significant differences from controls are indicated by: 
ap < 0.001 ; bp < 0.01 

tected by abdominal palpation 14 days later. In our colony, birth 
occurred 22 days after mating. 

In pregnant rats sacrificed on days 22.5 and 23.5 post-coitum, 
parturition was prevented by injecting progesterone 2.5 mg daily 
(Lutogyl Roussel, France). The treatment was started on day 20.5. 
No progesterone was injected into rats sacrificed on day 21.5 post- 
coitum. 

The flexible technique for long-term infusions in unrestrained 
rats developed by Nicolaidis et al. [18] was used for glucose infu- 
sions. Under Ketamine anaesthesia (Imalgrne, Mrrieux, France; 
125 mg/kg IP), each pregnant rat was fitted with an indwelling ju- 
gular vein catheter of silicone rubber (Silastic, Dow Coming, USA), 
connected to a terminal Tygon tubing fixture maintained on the top 
of the skull with dental cement ("Pennwalt SS White", Philadel- 
phia, Penn., USA). Rats were housed individually in cylindrical 
Plexiglas cages and were permanently connected to a peristaltic 
pump (Miniputs 2, Gilson, France) via polyethylene tubing and a 
watertight swivel [18]. The system had minimal inertia and re- 
sponded to everY movement of the rats. In all cases, pregnant rats 
were continuously infused. The infusion period began day 1 after 
surgery, and lasted for 3 days until the removal of the fetuses. Hy- 
pertonic (30%) sterile glucose (Chaix et Dumarais, France) was in- 
fused at the rate of 39 ml/day. Controls were infused with sterile 
distilled water (Chaix et Dumarais, France). Distilled water was 
chosen rather than isotonic saline to avoid sodium overload in con- 
trols. Since the infusion rate was very low compared with the blood 
flow rate in the superior vena cava, haemolytic disorders were the- 
oretically ruled out and indeed never observed. For each group, 
5-1 t animals were used. 

Samples 

Plasma glucose of infused rats was measured daily on blood sam- 
ples collected from the tail vein. After maternal anaesthesia (Imal- 
g6ne 125 mg/kg IP), the fetuses were successively exteriorized from 
the uterus, leaving placenta and umbilical cord in situ in order to 
maintain normal feto-maternal exchanges. Blood was collected 
from the axillary vessels and the livers were rapidly removed, 
weighed and, either frozen in liquid nitrogen for glycogen determi- 
nation, or homogeneized in 0.5 mol/1 maleate buffer (pH 6.5) for 
PEPCK determination. Fetuses were then removed and weighed, 
the total weight value taking into account the weight of blood and 
liver samples. In some cases, plasma or organs from several fetuses 
of the same litter had to be pooled, especially for hormone determi- 

nation. Mothers were infused throughout the period of removal of 
the fetuses. 

Plasma glucose was determined by the glucose oxidase tech- 
nique on 10 ~tl samples using a glucose analyzer (Beckman, Palo 
Alto, USA). 

Plasma immunoreactive insulin (IRI) was estimated using puri- 
fied rat insulin as standard antibody (R 171, Novo, Copenhagen, 
Denmark) to human insulin [30], and porcine mono-iodinated I25I- 
insulin [8]. Silicate was used to separate free from bound hormone 
[29]. The method allowed the determination of 6 mU/1 (0.25 ng /  
ml) with a coefficient of variation within and between assays of 
10%. 

Plasma immunoreactive glucagon (IRG) was measured on un- 
extracted samples using the glucagon antibody 30 K, porcine 
mono-iodinated ~25I-glucagon as tracer [19] and porcine glucagon 
as standard (B 66 K 1070, Dr. J. Schlichtkrull, Novo, Copenhagen, 
Denmark) and a charcoal-dextran separation technique [8]. The co- 
efficient of variation within and between assays was 10%. 

Glycogen concentration in the liver was determined by the 
amylo-glucosidase technique of Roehring and Allred [28] and was 
expressed as mg/g of liver. 

Soluble PEPCK was measured according to the method of Bal- 
lard and Hanson [4] on the 100,000 g supematant of the homoge- 
hates and activity was measured by the conversion of NaHI4CO3 
(Radiochemical Centre, Amersham, UK) to malate expressed in 
nmol h -~ mg protein -~. Proteins were determined by the method of 
Lowry et al. [16]. 

Results are expressed as mean ___ SEM. Significance of differ- 
ences between means were evaluated by Student's unpaired t-test. 
Statistical correlations were performed by the classical least 
squares procedure. 

Results  

Effect of Hyperglycaemia on Pancreatic Hormones 
and Liver Metabolism During the Last 3 Days 
of Gestation 

M i l d  h y p e r g l y c a e m i a  ( a p p r o x i m a t e l y  12 n m o l / 1 )  was  
m a i n t a i n e d  in  p r e g n a n t  ra ts  t h r o u g h o u t  the  p e r i o d  o f  
i n f u s i o n  w i t h  g l u c o s e  a n d  a h i g h l y  s i g n i f i c a n t  d i f fer -  
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Fig. 1. Plasma IRI and IRG in term and post-mature fetuses. Vertical lines = mean +_+_ SEM with number of  determinations in parentheses. 
** * p < 0.001 ; * * p < 0.01 ; * p < 0.05. (significant difference between controls and glucose-infused), o - - o  = Fetuses from control rats; 
~ - - -o  = Fetuses from glucose-infused rats 

Fig. 2. Evolution during prolonged pregnancy of  the fetal glucagon insulin ratio (A- - -  A : fetuses from control rats; � 9  �9 : fetuses from glu- 
cose-infused rats) and of  the fetal liver PEPCK activity ( o - - o :  fetuses from control rats; ~ :  fetuses from glucose-infused rats). Each data 
point is the mean of  10-30 observations. 
*** p < 0.001 (significant difference between controls and glucose-infused rats) 

_ . a  

ence in plasma glucose level existed between glucose- 
infused rats and control rats (p < 0.001 ; Table 1). 

In term, as well as in post-mature pregnant rats, 
the differences in plasma glucose level between con- 
troI and glucose-infused rats were associated with 
hormonal and metabolic changes. In glucose-infused 
rats, compared with controls, plasma IRI levels were 
increased and plasma IRG levels were decreased; 
concurrently, liver PEPCK activity was decreased 
and glycogen concentration was increased (Table 1). 
Food intake was much reduced in glucose-infused 
rats (15.6 + 0.2 kcal/day, n = 22) compared with 
control rats (67.3 + I kcal/day, n = 17). 

Effect of Hyperglycaemia on Pancreatic Hormones 
and Liver Metabolism in the Fetuses 
During the Last 3 Days of Gestation 

Maternal hyperglycaemia induced by glucose infu- 
sion was reflected in both term and post-mature fe- 
tuses. Plasma glucose levels on days 21.5, 22.5 and 
23.5 of  pregnancy were respectively: 4.44 + 0.17 (n = 
90), 4.39 + 0.60 (n = 34) and 3.11 + 0 .18mmol/ l  
(n = 31) in fetuses from control rats, and 9.78 _.+ 0.39 
(n = 40), 9.22 + 0.39 (n =40)and9 .00  + 0.56 nmol/ l  
(n = 22) in fetuses from glucose-infused rats. Regard- 
less of  gestational age, the difference between fetuses 
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from glucose-infused rats and control rats was highly 
significant (p < 0.001). 

The level of IRI in the plasma of 21.5 day-old fe- 
tuses from glucose-infused rats was much higher than 
in 21.5 day-old fetuses from control rats 6v < 0.001). 
This difference persisted in 22.5 and 23.5 day-old 
post-mature fetuses but, in both groups, a decrease in 
the plasma IRI level was observed with advancing 
post-maturity (Fig. 1). The level of  plasma IRG was 
lower in fetuses from glucose-infused rats than in 
fetuses from control rats. However it increased in 
fetuses of both groups with the prolongation of preg- 
nancy (Fig. 1). 

The glucagon/insulin ratio always increased dur- 
ing post-maturity but was much lower in fetuses from 
glucose-infused rats than in fetuses from control rats 
(Fig. 2). 

Fetal liver PEPCK activity was very low in 21.5 
day-old fetuses in both groups; it increased in 22.5 
day-old fetuses from control rats and rose markedly 
on day 23.5 post-coitum. In fetuses from glucose-in- 
fused rats, liver PEPCK activity remained unchanged 
on day 22.5 post-coitum and increased only twofold 
on day 23.5 (Fig. 2). When liver PEPCK activity was 
plotted against the glucagon/insulin ratio in fetuses 
from both control and glucose-infused rats, a linear 
correlation was found between the two parameters 
(y = 5.4x + 36;n = 100; r = 0.9;p < 0.001). 

From day 21.5 to day 23.5 of pregnancy, liver gly- 
cogen concentrations were respectively: 1 l0 _+ 2 (n = 
15), 85 ___ 2 (n = 35) and 22 + 1 mg/g liver (n = 35) in 
fetuses from control rats and 116 + 3 (n = 20), 91 _+ 4 
(n = 20) and 60 _+ 1 mg/g liver (n --= 22) in fetuses 
from glucose-infused rats. The difference between the 
two groups was highly significant on day 23.5 post- 
coitum (p < 0.001). 

Body weight on days 21.5, 22.5 and 23.5 of preg- 
nancy was respectively: 4.37 _+ 0.06 (n = 90), 4.95 _+ 
0.08 (n = 66) and 5.70 + 0.09 g (n = 57) in fetuses 
from control rats and 4.23 + 0.06 (n = 97), 5.02 + 
0.09 (n = 57) and 6.03 + 0.12 g (n = 31) in fetuses 
from glucose-infused rats. The difference between the 
two groups was not significant, except on day 23.5 
post-coitum (p < 0.05). 

Discussion 

One day after surgery, the pregnant rats recovered 
normal food intake. The concentration of glucose in 
plasma of control rats, during the last 3 days of preg- 
nancy were very similar to the values previously re- 
ported [7]. When pregnant rats were infused with glu- 
cose, their glycaemia was about twice that found in 
control rats. Increased plasma insulin levels, de- 
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creased plasma glucagon levels, reduced liver 
PEPCK activity and enhanced liver glycogen stores in 
glucose-infused rats were consistent with hypergly- 
caemia. Since in both control and glucose infused 
rats, the above plasma and hepatic parameters did not 
change significantly with post-maturity, it can be as- 
sumed that the progesterone treatment was without 
effect in these parameters. The dramatic drop in oral 
food intake in glucose-infused rats is in agreement 
with the 'glucostatic' theory developed by Mayer [17]. 
However, if calories supplied by the parenteral nutri- 
tion are taken into consideration, the total intake of 
calories was not significantly different between con- 
trol and glucose-infused rats. 

In agreement with previous reports [7, 22], plasma 
glucose concentrations in term and post-mature fe- 
tuses in both groups were lower in the fetuses than in 
their mother at every gestational age. Maternal hyper- 
glycaemia, induced by glucose infusion, enhanced 
the plasma glucose level in fetuses. Hence sustained 
hyperglycaemia of pregnant rats and the steady hy- 
perglycaemia in their fetuses, regardless of fetal age, 
appears to be a useful system to study the response to 
glucose of fetal pancreas in vivo as an alternative to 
the induction of experimental diabetes in the mo- 
thers. 

The plasma insulin levels found in fetuses at term 
from control rats are in accordance with previous 
studies showing high levels of plasma insulin in rat fe- 
tuses at term [7]. The higher levels of plasma insulin in 
fetuses from hyperglycaemic mothers confirm that fe- 
tal B cells are able to respond to glucose stimulation. 
Similar conclusions were obtained by Kervran and 
Girard [12], using short-term glucose infusions in 
pregnant rats. In contrast, other reports showed that 
acute glucose loads failed to increase fetal plasma in- 
sulin levels [3, 6]. 

The finding of high plasma glucagon levels in fe- 
tuses at term from control rats is also in agreement 
with previous reports [25]. The level of plasma gluca- 
gon in fetuses at term from glucose-infused rats was 
significantly lower than in fetuses from control rats. It 
has been previously shown that acute increase in plas- 
ma glucose concentration, induced by short-term glu- 
cose infusion in the mother, failed to decrease fetal 
plasma glucagon level [ 10]. From these experiments, it 
was concluded that the A cells of the fetal pancreas 
were insensitive to short-term hyperglycaemia. Our 
study shows that the fetal A cell is indeed glucose- 
responsive, provided that glucose stimulation is of 
sufficient duration. 

Decrease of plasma insulin levels and increase of 
plasma glucagon levels in fetuses from control rats 
with advancing post-maturity are in agreement with 
previous data [25]. In post-mature fetuses from glu- 
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cose-infused rats, although the same hormonal 
changes occurred, plasma insulin levels remained 
higher and plasma glucagon levels were lower than in 
fetuses from control rats. The hormonal modifica- 
tions during post-maturity might possibly be ex- 
plained by adrenergic activation correlating with fetal 
stress during post-maturity. Accordingly, it has been 
shown previously that the increase of insulin secre- 
tion induced by glucose can be prevented by adrena- 
line [5]. 

These hormonal changes were reflected strikingly 
in the fetal liver PEPCK activity (Fig. 2) and our re- 
sults suggest that a fall in the plasma glucagon/insu- 
lin ratio can partially prevent PEPCK induction. The 
fact that fetuses with similar glucose levels exhibited 
very different PEPCK activities and that, regardless 
of plasma glucose concentration, a close relationship 
was found between PEPCK activity and the gluca- 
gon/insulin ratio, indicates that the fetal liver PEPCK 
induction is mediated by hormonal changes rather 
than directly related to hyperglycaemia. Accordingly, 
previous reports demonstrated that sugars, such as 
galactose or mannose, able to block PEPCK activity 
were also able to stimulate insulin secretion [141, 
whereas sugars that did not stimulate insulin secre- 
tion (ribose, 2-deoxy-glucose) had no effect on 
PEPCK activity. Whatever the primary cause of 
PEPCK activation, its metabolic effect on the fetus 
seems rather limited since it was concluded from 
experiments in vivo, carried out both in term and 
post-mature fetuses, that PEPCK induction did not 
result in activation of gluconeogenesis [15]. 

In 21.5 day-old fetuses from glucose-infused rats, 
compared with fetuses from control rats, hypergly- 
caemia and a low glucagon/insulin ratio did not re- 
sult in a significant increase of liver glycogen stores. It 
is well known that important glycogen storage occurs 
during the last days of pregnancy in the rat fetus [11]. 
Possibly, the already high level of liver glycogen con- 
tent in the normal term rat fetus cannot be further en- 
hanced. Nevertheless, the decreased concentration of 
fetal liver glycogen from day 21.5 to day 23.5 of preg- 
nancy seems to be well related to plasma glucose and 
hormonal changes, since the fall in glycogen concen- 
tration in 23.5 day-old fetuses from control rats corre- 
lates with a dramatic rise in the glucagon/insulin ratio 
and a decreased glycaemia, whereas, in fetuses from 
glucose-infused rats of the same age, showing higher 
plasma glucose levels and a much lower glucagon/in- 
sulin ratio, the decrease in liver glycogen concentra- 
tion occurs to a much lesser extent. 

The hormonal and metabolic changes reported in 
the post-mature fetuses are unlikely to be due to the 
progesterone injected into the mothers, as it has been 
previously shown in fetuses at term, that progesterone 

injected into the pregnant rat during the last 3 days of 
pregnancy had no effect on plasma glucose, IRI, 
IRG, liver PEPCK and glycogen [24]. Fetal hyperin- 
sulinism and hyperglycaemia did not induce a signifi- 
cant increase in fetal body weight until day 23.5 post- 
coitum. Conflicting results have been published con- 
cerning the effects of maternal diabetes in the rat on 
the body weight of the fetuses [2, 23, 31]. This is in con- 
trast with the situation in the offspring of women with 
mild untreated diabetes where there is usually an in- 
crease of body weight, mainly related to excessive fat 
deposition [20]. The poor adipose development in rat 
fetuses at term might be a possible explanation for 
this discrepancy. 
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