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Summary

Post-hepatic insulin secretion was measured in six chronically
catheterized fetal lambs (fetal weight 2.8 + 0.3 kg, mean + S,E.M.)
and the results were compared with those obtained in nine pre-
maturely delivered newborn lambs (birth weight 3.1 = 0.3 kg and
postnatal age 1.3 + 0.2 days). The fetal and neomatal lambs
received either a 0.45% saline or a gincese infusion respectively,
which resulted in a 2-fold increase in the plasma glucese concen-
tration. [*'I}insulin was infused for 110 min to determine the rate
of insulin secretion during a steady state of plasms glucose con-
centration. Post-hepatic insulin secretion and the metabolic clear-
ance rate were calculated. With the 2-fold rise in plasma giucose
concentration, the post-hepatic insulin secretion rate increased
significantly in the newborn lamb and in three out of four fetuses.
The plasma insulin concentration increased significantly in the
fetus (11 + 4.0 to 35 = 8 pU/ml, P < 0.05) during glucose
stimulation as a result of decreased metabolic clearance rate of
insulin (10.6 = 1.9 to 6.3 + 1.8 ml-kg '+min~") and an increase
in post-hepatic insulin secretion rate. In spite of an increase in
post-hepatic insulin secretion rate, the increase in piasma insulin
concentration in the newborn lamb was not significant because of
large variation in the values obtained. The data suggest that
pancreatic beta-cells in the newborn and in the fetal lamb are
equally responsive to a 2-fold increase in plasma glucose concen-
tration.

Incremental changes in glucose concentration influence the
pancreatic beta cell secretory responses in the adult (7). Using a

[*'Ilinsulin turnover technique, we showed previously that the
insulin secretion rate was similar between term and preterm lambs
in the first week of life and that the response of the neonatal lamb
to glucose stimulation was similar to that of adult sheep (6).

The relationship between glucose homeostasis and the rate of
insulin production is also of importance in the fetus. Insulin can
be demonstrated in fetal sheep pancreatic islet cells and plasma
from 42 days of gestation onward. (1) Previously, inferences
regarding the state of pancreatic beta-cell nsiveness to a
glucose loading were based on observed changes in fetal plasma
insulin levels in response to a glucose challenge. To date and to
our knowledge there is no data on insulin kinetics during the fetal

riod.
pc’I‘ln: purpose of this study was to evaluate the rate of net insulin
secretion under basal- and glucose-stimulated conditions in the
preterm fetus. The data were compared with those obtained in the
neonatal period from lambs of similar gestational age.

MATERIALS AND METHODS

Fetuses from six mixed breed pregnant ewes were the subjects
for our fetal studies. The mean fetal weight was 2.8 + 0.3 kg with
an estimated gestational age of 130 days. Under general halothane
anesthesia, indwelling polyvinyl catheters were placed in the fetal
femoral artery and vein and tunneled subcutaneously to the ewe’s
flank. Fetal weight was estimated at the time of catheterization
for calculating the dosage of [**'I}insulin and glucose. The animals
were allowed to recover at least 48 h before the turnover study, at
which time their arterial blood gas values were as follows: pH >
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7.24, and O, saturation 295%. During the recovery period, the
catheters were flushed daily with 1-2 ml of heparin (5000 U/ml)
solution. All ewes were fed ad libitum and physically appeared
healthy during the study.

Eight hours before the study the ewes were fasted. The studies
were performed while the ewes were maintained in a sheep carrier
and unrestrained. As outlined in the schematic of the protocol
(Fig. 1), 0.45% saline was infused via the femoral vein 30 min after
the ewe was placed in the carrier and continued for 170 min.
Blood was obtained from the fetal femoral artery for plasma
glucose and insulin at 15, 30, 45, and 60 min after saline infusion.
The plasma glucose was determined within 5 min of sampling.
When the plasma glucose values attained a steady state (+10%
variation), the insulin turnover rate (secretion) was determined
using the prime-constant infusion technique with a 2.5 uCi/kg
estimated fetal weight of [''IJinsulin given as a bolus followed by
2.5 uCi/kg as constant infusion over the next 110 min. The insulin
had been iodinated by the method of Freychet (8). Plasma samples
were obtained at 60, 70, 80, 90, 100, and 110 min after the bolus
injection of iodinated insulin to determine concentrations of glu-
cose, insulin, and ["*'I}insulin radioactivity. In four of the six fetal
preparations, glucose infusion was begun 2 h after the completion
of the first kinetic analysis to approximately double the fetal blood
glucose concentration. In all cases, a glucose steady state was
achieved within 180 min. Subsequently, a second insulin kinetic
study was performed using the same protocol described above.
The feasibility of performing two insulin kinetic studies in the
same animal was confirmed when it was demonstrated in one
animal that [**'I}insulin levels before beginning the second kinetic
period had declined to less than 1% of steady state levels of the
first turnover period. The fluid infusion rate in all studies was 0.06
ml.kg™'.min~". Arterial blood pH and O; saturation, determined
at designated intervals, showed that the fetus was in good acid
base balance and state of oxygenation.

For the neonatal lamb study, premature delivery was achieved
by fetal injection of glucocorticoid (10), which resulted in the
delivery of nine well premature lambs weighing 3.1 + 0.3 kg at an
estimated gestational age of approximately 130 days. They were
studied at 1.3 £ 0.2 days. The protocol for the insulin kinetic study
was similar to that of the fetal study except that the saline infusion
(n = 5) and glucose infusion (n = 4) studies were done on separate
groups of lambs. The plasma glucose concentration was also
doubled during glucose infusion to simulate the degree of glucose
stimulation for insulin secretion as was done in the fetus. The
details of the study protocol for the neonatal studies have been
reported previously (6), and data from six of the nine studies were
included in that report.

Plasma glucose was determined by the glucose oxidase method
on a glucose analyzer (Model 23A Glucose Analyzer, Yellow
Springs Instrument Company, Yellow Springs, OH), and insulin
by the radioimmunoassay method of Hales and Randle (9). The
mean [*'[Jinsulin specific activity was measured using immuno-
precipitable insulin activity on a Packard Modumatic II Auto
Gamma Scintillation Counter model 5320 (Packard Instrument

SALINE 0.45 %
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Corp., Downers Grove, IL). Post-hepatic insulin secretion was
calculated during the steady state by the method of Steele (22).
Metabolic clearance rate was calculated by dividing the insulin
secretion rate by the plasma insulin concentration. Statistical
analysis was by paired ¢ test for comparison of studies performed
in the same animal and unpaired ¢ tests for animals of heteroge-

nous grouping.

RESULTS

Figure 2 shows the plasma glucose and insulin concentrations
during the course of the study in the fetal lambs. During the saline
infusion period, the plasma glucose and insulin concentrations
were unchanged. During the glucose infusion period, the plasma
glucose value rose 2-fold from the baseline of 18 + 2 mg/dl to 34
+ 4 mg/dl during the turnover study period (P < 0.05). The mean
plasma insulin concentration also rose significantly from the base-
line of 11 + 4 pU/ml to 35 + 8 uU/ml during the turnover period.

In the newborn lambs, as shown in Figure 3, the plasma glucose
values during the baseline period were similar between the saline-
and the glucose-infused groups. The plasma glucose concentration
remained unchanged throughout the study period in the saline-
infused group whereas in the glucose-infused group the plasma
glucose concentration rose significantly to twice the baseline value
during glucose infusion (81 x 20 to 205 + 23 mg/dl, P < 0.05).
The plasma insulin concentrations in the saline-infused newborn
lambs were unchanged during the baseline and the infusion
periods. In the glucose infused group, the plasma insulin values
showed large variability during the glucose infusion and no sig-
nificant differences were observed between mean values when
compared with the baseline period.

Data on post-hepatic insulin secretion rate in the study subjects
are presented in Figure 4. Glucose infusion in the fetuses, in which
a paired study was carried out, resulted in an increase in post-
hepatic insulin secretion in three out of four fetuses, but the mean
post-hepatic insulin secretion rates with saline or glucose infusion
were not different. The glucose-infused neonates evidenced a
significantly higher post-hepatic insulin secretion rate in compar-
ison to the saline-infused controls (P < 0.05).

The mean metabolic clearance rates after glucose infusion were
not different in either the fetus or the neonate (Fig. 5). There was,
however, a significant decline (by paired ¢ test) in the metabolic
clearance rate in the four fetuses after glucose infusion (P < 0.05);
nevertheless, these clearance rates are still in the range of those
found during saline infusion.

DISCUSSION

The purpose of this study was to compare the post-hepatic
insulin secretion rate in the fetal and neonatal lambs at a compa-
rable gestational age. We elected to study the fetus at about 130
days of gestation because chronic fetal catheterization for meta-
bolic study is mroe likely to be successful at this age with less
attrition rate than later in the fetal period. But this approach
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Fig. 3. Plasma glucose and insulin concentrations in the newborn
lambs.

presents the difficulty of matching the neonatal lamb at compa-
rable levels of development because delivery of newborn sheep at
130 days of gestation would invariably result in the animal having
respiratory distress and poor survival. To circumvent this problem
we resorted to the use of fetal glucocorticoid administration, which
resulted in premature delivery of the fetus 36-38 h after admin-
istration as previously shown by Liggins (10). The lung maturity
in these lambs was accelerated; thus, they did not have respiratory
distress and generally would survive during the neonatal period.
Whether the glucocorticoid administration would affect insulin
secretion rate or not is unknown and this factor has to be consid-
ered in the interpretation of the current data. Because our goal
was to evaluate the effect of the birth process on insulin kinetics,
and a surge in corticosteroid level is one of the factors associated
with onset of labor and birth (10), the use of this hormone to
stabilize the premature lamb model would probably allow us to
achieve the aim of our study.
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Fig. 4. Post-hepatic insulin secretion rates of the fetal and neonatal
animals.

The prime and constant infusion technqiue previously reported
by Steele ez al. (12) has been used because interpretation of tracer
kinetics is simplified during metabolic steady states in contrast to
when disequilibrium states are analyzed. In addition, the use of
this tracer is simplified if one assumed that the specific activity
included only immunoprecipitable insulin activity. The use of
isotopic tracers to derive the metabolic clearance rate requires the
assumption that the removal of iodinated insulin from the plasma
pool is not subject to an isotope effect. Although we cannot totally
exclude the possibility that native unlabeled and iodinated insulin
are degraded at different rates, we consider it unlikely. The
iodination method used in this study results in the production of
monoiodoinsulin with bioactivity identical to that of native insulin
(8). This would imply that the removal of monoiodoinsulin from
the plasma pool proceeds via the same mechanism and rate as
native unlabeled insulin.



POST-HEPATIC INSULIN SECRETION

INSULIN
METABOLIC CLEARANCE RATE
(ml - kg" min")
12 12
=19
104 ¢ +i0
o
84 ° + 8
o]
1 8
6 . - 46
a4 " la
0
24 42
SALINE GLUCOSE SALINE GLUCOSE
% } } —
FETAL NEONATAL

Fig. 5. Metabolic clearance rates of the fetal and neonatal animals.

The term post-hepatic insulin secretory rate has been used to
reflect our inability to measure absolute insulin secretion from the
pancreas. This term describes the “net insulin secretion,” which
reflects hepatic extraction of insulin from the portal circulation.
The peripheral plasma insulin concentration used in the calcula-
tion reflected total pancreatic insulin secretion minus the com-
bined degradation of insulin by liver, muscle, and kidney.

Our study design was constructed in such a way that both in
the fetal and neonatal subjects, the increment in plasma glucose
concentration after the glucose infusion was approximately twice
the concentration of the baseline values. The similarity in the
increment in glucose concentration allowed for the interpretation
of the insulin secretion rate between the fetal and neonatal ani-
mals.

In the newborn lamb, the rise in plasma glucose resulted in the
significant increase in the post-hepatic insulin secretion rate
whereas the metabolic clearance rate for insulin was unchanged,
which would be expected to result in a significant increase in the
plasma insulin concentration. Our data did show an increase in
plasma insulin concentration. Unfortunately, the large variation
and small number of observations resulted in the differences not
being statistically significant.

In the fetus, under comparable glucose stimulation (2-fold
increase), insulin secretion rate was also increased in three out of
four experiments. The metabolic clearance rate of insulin in the
fetus was reduced significantly after glucose stimulation. The
increase in the plasma insulin levels in the fetus is probably due
to its increased secretion and reduced clearance. In the intrauterine
state, the placenta plays an important role in the degradation of
insulin. Whether glucose stimulates placental degradation and,
hence, insulin clearance is not known and deserves further inves-
tigation.

Previous investigations by others on the effect of glucose infu-
sion and insulin metabolism in the perinatal period have shown
a marked variability in results (2, 5, 11, 14). This is probably due
to the differences in methodology. For instance, Willes ez al. (14)
studied the response to fetal intravenous glucose challenge in the
chronic ovine fetus from 100-146 days gestation. They demon-
strated no elevation in plasma insulin concentration after bolus
injection of either an 0.5 g or 1.0 g glucose/kg fetal body weight.
These data are in contrast to our results in newborn lambs and
adult sheep, probably because of the difference in the method of
glucose administration ie., bolus versus continuous infusion, the
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latter achieving a steady state. Alexander et al. (2) employed a
similar fetal preparation to study insulin response to bolus glucose
injection. The authors, using a slightly higher glucose load (0.8-
1.4 g glucose/kg fetal body weight) in three animals (118, 122,
and 138 days gestation) found insulin elevations in response to
glucose loading in seven out of eight injections. Whether the
difference in the finding of Willes ez al. and those of Alexander et
al. is due to dose differences is unclear. Continuous maternal
glucose infusion sufficient to raise the fetal plasma glucose con-
centration from 19.4 mg/dl to 160 mg/dl in 60 min was found by
Bassett and Thorburn (4) to be associated with a significant rise
in fetal plasma insulin concentrations from 8.8 pU/ml to 35 pU/
ml. This response was seen in all six of the fetuses studied, which
ranged from 104 to 136 days gestation. Subsequently, Bassett and
Madill (3) showed that greatly prolonged glucose infusion of both
40 and 60 mg of glucose/min into fetal lambs close to term
resulted in significant increases in fetal plasma glucose and insulin
concentrations, which were observed within 1 h and sustained
over the 5-day period. These plasma insulin responses to glucose
in fetal sheep are similar to ours. More recently, Phillips and
coworkers (11) confirmed these observations in fetal sheep. In
addition, using fetal rats, he confirmed the report by Blazquez et
al. (5), which demonstrated a diminished early response to glucose
stimulation, but a significant late response of fetal insulin secretion
to a glucose stimulus. Also, Blazquez et al. have observed that
insulin-response curves of fetal lambs are similar to maternal
insulin-response curves, suggesting a similar sensitivity to glucose
stimulus between fetal and maternal sheep. We have observed
large variation in post-hepatic insulin secretion rates in the fetal
and neonatal lambs. The source of this variability is difficult to
identify; however, this variability is not restricted to the fetal or
neonatal lamb. In adult man Stern et al. (13) have found irrevers-
ible loss rates of insulin from plasma in fasting man to range from
1200-10,455 pU/min. In adults receiving glucose infusions that
resulted in plasma glucose concentrations approximately twice
fasting levels the rates of insulin secretion ranged from 6278-
37,818 uU/min. They concluded that widely different amounts of
insulin are released by different subjects in order to maintain
similar steady-state plasma glucose concentrations.

Our studies of insulin turnover show that post-hepatic insulin
secretion rates in response to glucose stimulation in the neonatal
and fetal lamb of comparable gestational age are similar. This
work extends our previous studies and suggests a similar insulin
secretion in response to glucose stimulation in fetal, preterm, term,
and adult sheep. We conclude that the fetal sheep pancreas during
the latter part of gestation is physiologically mature and capable
of responding appropriately by increasing insulin secretion to the
rapid increases of plasma glucose concentration associated with
the transition from intrauterine to extrauterine life.
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Summary

The purpose of this study was to evaluate the intrarenal distri-
bution of renin in individual glomeruli during development in the
rabbit. Superficial cortical and juxtamedullary glomeruli were
obtained from animals at 1, 2, and 4 wk of age and from adults to
determine renin concentration. In addition, kidney weight, total
renal renin content, plasma renin concentration, and plasma an-
giotensin I concentration were also measured during this time
period. Superficial cortical glomerular renin concentration at 1 wk
of age averaged 7.7 £ 1.6 (S.E.M.) pg/h whereas juxtamedullary
glomerular renin concentration was 4.5 = 1.8 pg/h. There was no
difference in concentration between the superficial and deep glo-
meruli at this age. At 2 wk of age, however, superficial glomerular
content had increased significantly to 143.8 + 2.94 pg/h whereas
the juxtamedullary concentration remained unchanged (7.9 + 1.6
pg/h). The concentration in the superficial nephrons continued to
increase with age. At 4 wk, superficial renin content was 224.6 +
27.2 whereas the deep nephrons did not change (16.0 = 7.5 pg/h).
Adult animals demonstrated a further increase to 842.7 + 15.1 pg/
h in the superficial nephrons whereas the deep nephrons continued
to remain low (15.9 £ 4.7 pg/h).

The results of this study demonstrate that after the first week
of life there was significantly more renin activity in glomeruli in
the outer cortex than in the juxtamedullary cortex. Total renal
renin concentration increased with age and showed a significant
positive correlation with the concomitant increase in kidney
weight. But renal renin content increased more than kidney weight
between 1-2 wk of age.

Abbreviations

Al, angiotensin I

GRC, glomerular renin concentration
PAI, plasma angiotensin I

PRC, plasma renin concentration
RAS, renin-angiotensin system

RRC, renal renin content

The renin-angiotensin-aldosterone axis is active at birth and
responds qualitatively though not quantitatively, to stimuli in a
manner similar to that observed at a later age (8, 12, 13, 17, 21, 24,
30). Relatively few data are available regarding the physiologic
role of the RAS in infancy and childhood. The RAS has been
implicated in the regulation of systemic and renal hemodynamics,
glomerular filtration rate, glomerulotubular balance, and sodium
homeostasis both in the adult animal and during development (6,
19, 23, 31). In the adult animal, the distribution of renin in the
renal cortex shows a characteristic pattern. The concentration of
renin is greatest in outer cortical glomeruli and far less in juxta-
medullary nephrons (3, 7). In the immediate postnatal period, the
newborn kidney undergoes rapid morphologic and functional
changes; therefore, we reason that developmental change in the
intrarenal distribution of renin, if present, may be important in
modulating adaptive changes in neonatal renal function. The
purpose of this study was to evaluate the intrarenal distribution of
renin in individual glomeruli during development in the rabbit.
In addition to measurement of glomerular renin content in single
superficial cortical and juxtamedullary glomeruli, plasma renin
concentration, plasma angiotensin I concentration, and total renin
renal renin concentration were determined during development.

MATERIALS AND METHODS

Group 1. Determination of PRC, PAI concentration and total
RRC. These riments were carried out in rabbits of the follow-
ing ages: 1 day.(n = 5), 3 days (n = 5), 1 and 2 wk (n = 4), 1
month (n = 5), and adult (n = 5). The youngest animals were
killed by decapitation; blood was collected directly into polysty-
rene tubes containing disodium ethylenediamenetetraacetic acid
(EDTA); and the right kidney was excised. In the adult animal,
blood was drawn from an ear vein while the animals were re-
strained in a sling and then nephrectomy was performed after
anesthesia was induced with intravenous pentobarbital sodium.

Group II. Determination of renin content of single glomeruli.

. These experiments were performed on suckling newborn rabbits

of both sexes and on adult male rabbits. Four animals were
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