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SUMMARY
Glucose biokinetics were d simult ly in the 1 ewe and
its fetus by a primed constant infusion of 2-*n glucose and U- *¢ glucose.

Late in gestation fetal glucose turnover was 27.3 t 3.7 mg/min; expressed in
terms of fetal weight this is 6 to 10 mg/kg/min. 1In the fed state the results
indicated that all of the fetal glucose turnover was derived from the mother
via placental transfer and there was no evidence that the fetus was capable of
glucose production. Maternal glucose turnover was 145.6 t 9.3 mg/min

(2.8 mg/kg/min). There was a significant amount of glucose (16.3 * 2.3 mg/min)
transferred from the fetus to the mother. This feto-maternal transfer of glu-
cose accounted for 1ll% of the maternal glucose turnover and approximately 50%
of the total glucose coming to the fetus from the mother. This study provides
the first in vivo simultaneous quantification of the bidirectional glucose
transfer across the placenta.

SPECULATION

In the fed state all the fetal glucose is derived from the mother, and
the fetus does not produce glucose. A large portion of the glucose coming from
the mother to the fetus is returned to the mother, despite glucose concentra=-
tions that are threefold higher in the mother than fetus. Thus, the transpla-
cental passage of glucose is bidirectional; this bidirectionality may be re-
sponsible for maintaining the concentration gradient that always keeps fetal
glucose concentration at a lower level than that of the mother, and thereby
facilitates fetal glucose supply.

INTRODUCTION

Glucose is regarded as the primary fuel for the mammalian fetus. In all
species examined the glucose concentration in the fetal plasma is considerably
lower than that of the mother (13,14,23,27), and there is a close relationship
between maternal and fetal glucose concentrations. Therefore, it has been pro-
posed that fetal glucose is obtained principally by placental transfer from the
mother (8). The transport mechanism is a rapid, stereospecific facilitated
diffusion process; this process is carrier mediated, yet depends upon the ex-
istence of a positive concentration gradient between maternal and fetal plasmas
(11,28,33).

Placental transfer of metabolites including glucose has been measured
using the Fick principle. Measurement of net fetal uptake of glucose by this
method has the drawback that it requires measurement of umbilical blood flow
and umbilical arteriovenous difference of glucose concentration (10,18). The
interpretation of the measurement of the arteriovenous difference on the mater-
nal side is complicated by the effect of glucose utilization by nonplacental
maternal uterine tissues and by the problem of non-h ity of 1
uterine drainage sampled by a single catheter at a single site. Thus, only net
unidirectional changes can be discerned and there are practical limitations to
the use of arteriovenous differences of metabolites across the umbilical cir-
culation as a general tool in measuring the bidirectional flux of metabolites
in and out of the fetal body (23).

Glucose transport across the placenta, both in the maternal to fetal and
fetal to maternal direction, has not been directly measured in vivo. Further-
more, the glucose kinetics in the fetus in utero have not been quantified (16)
and previous studies have failed to establish conclusively the contribution of
fetal gluconeogenesis to its glucose supply (8).

The present studies were designed to quantify transfer of glucose across
the ovine placenta in both directions. The model used was the fetal sheep
preparation with chronically indwelling vascular catheters. This preparation
permits the infusion of isotopically labeled glucose into the unstressed ewe
and fetus several days after surgery. These studies also provided data on
simultaneous measurement of glucose turnover in both mother and fetus and
demonstrated that there was no endogenous production of glucose in the fetus
of a fed mother.

METHODS
Animals

Twenty date-bred ewes of Rambouillet-Columbia strain with gestational
ages between 111-120 days were starved for 24 hours before surgery. The

surgical procedure for implantation of chronic indwelling catheters, both in
the fetal and maternal blood vessels, has been described previously (24). The
fetal catheters were inserted into the pedal artery and pedal vein. In some
cases the fetal carotid artery also was catheterized. The maternal catheters
were placed in the femoral artery and femoral vein. The animals recovered
promptly from surgery; ewes were standing in their pens eating and drinking
within 6 hours after surgery. The maternal catheters were flushed daily with
a heparinized saline solution (10 heparin units/ml of physiological saline).
The fetal catheters were infused with the heparinized saline solution at

1 ml/hr. Fetal pH, pOz and pCO; were monitored daily using a blood gas analyz-
er (Radiometer ABL2) and fell within normal range for all animals. The mean %
standard error of the mean values were pH 7.35 £ 0.06, pOz 23.5 * 0.93, and
pCO2 40.6 = 1.09. A minimum of 5 days was allowed for recovery from operative
stress before the animals were used for experimental studies. The blood gases
and pH were normal on the day of the experiment and the day after. The body
weight of the pregnant ewes was 52.0 * 3 kg and estimated weight of their
fetuses 3.9 £ 0.5 kg (mean t SEM]).

Measurement of Glucose Kinetics

Glucose kinetics were measured simultaneously in the mother and fetus by
a primed constant infusion of radioisotopic tracer (29). Glucose labeled with
tritium at position 2 (2-’H-glucose) and uniformly labeled with Carbon-14
(u-*c glucose) were used. The labeled glucose was administered intravenously
via the indwelling polyvinyl catheters, (pedal vein in the fetus and femoral
vein in the mother). An initial priming dose, approximately 60 times the in-
fusion rate (nCi/min) of the isotope, was followed immediately by a constant
infusion lasting for 3-5 hours. 1In approximately half the experiments the ewe
and the fetus were simultaneously infused with tritiated glucose and ‘-
glucose, respectively. In the other half of the experiments, the situation was
reversed. The infusion rates of isotopes in each animal are shown in Table 1.

At 30 minute intervals during the course of the experiment approximately
7 ml of blood were drawn from the maternal arterial catheter and 2 ml from the
fetal arterial catheter. The blood was collected in chilled tubes containing
EDTA as anticoagulant and fluoride as inhibitor of glycolysis. The blood
samples were immediately centrifuged to separate the plasma, which was frozen
and stored at -20°C until ready for laboratory analysis. All analyses were
performed within one week of the experiment.

Analytic Techniques

The plasma glucose concentration was measured by a glucose oxidase method.
Low glucose concentrations in fetal plasma made it necessary to modify the
method described by Krebs et al (22). The glucose oxidase reagent was prepared
by mixing 12.5 mg of glucose oxidase and 4.0 mg peroxidase per 100 ml of Tris
(0.1mM) phosphate (0.3mM) buffer to which 0.1 ml of 1% aqueous solution of
o-dianisidine HCl was slowly added. 0.1 ml of fetal plasma was deproteinized
with 0.9 ml of Hycel tungstic acid reagent. 0.5 ml of protein free filtrate
was mixed with 3.0 ml of glucose oxidase reagent and incubated in a water bath
at 37°C for 1 hour. The optical density was determined at 420 mi. A water
blank and a set of standards were run with each series of samples. This method
was sensitive enough to determine glucose concentration as low as 1 to 2 mg per
100 m1.

Glucose was isolated from both maternal and fetal plasma by preparing
glucose penta-acetate (19). The specific activity was determined by using a
Searle Mark II Scintillation Counter and the channel ratio method was employed
for the calculation of efficiency of the counting system. In plasma samples
with tritium only, the specific activity of glucose was also determined by
evaporating 200 pl of protein free filtrate to dryness at 60°C, redissolving it
in 200 yl of distilled water and adding it to 10 ml of scintillation fluid. No
significant difference was observed in the results obtained from these two
methods.

Calculations

The glucose turnover rate was calculated from the rate of tracer infusion
and the steady state specific activity of glucose in plasma (29,30) as follows.

(1) isotope infusion
rate (nCi/min)
Glucose Turnover =
(mg/min)

steady state specific
activity of plasma glucose
(nCi/mg)

The placental transfer of glucose between mother and fetus was calculated
as follows.

(2) steady state
specific activity
of fetal glucose

(nCi/mg)

*Transfer of glucose fetal glucose
from mother to fetus = x turnover
(mg/min) steady state (mg/min)

specific activity
of maternal glucose
{nCi/mg)
*Mother was infused with labeled glucose.
(3) - steady state
specific activity
of maternal glucose
{nCi/mg) maternal
**Transfer of glucose glucose
from fetus to - x turnover
wmother (mg/min) (mg/min)

steady state
specific activity
of fetal glucose
(nCi/mg)

**Fetus was infused with labeled glucose.

These calculations are based on established procedures as described by
other investigators (5,6).

STATISTICS

All results are expressed as statistical mean t standard error of mean.
The difference between means was tested by Student's t test. The linear re-
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gression lines and correlation coefficients were calculated using the program-
mable calculator T158 (Texas Instruments) by the method of least squares.

RESULTS

Figure 1 represents typical experiments showing the specific activity of
glucose in the plasma of ewe and fetus following a primed infusion of 2-"H-
glucose to the mother. A steady state specific activity was achieved within
90 minutes in both the mother and fetus in all animals. Figure 2 shows the
specific activity of maternal and fetal plasma glucose when the ewe was in-
fused with u-1* C-glucose. For both isotopes, the specific activity for each
experiment is shown in Table 2. This ratio, ranged from 0.72 to 1.23, but
was near 1.0 in the majority of the animals, The mean ratio of specific
activity of glucose in fetal to maternal plasma was 0.99 * 0.04 when tri-
tiated glucose was infused to the ewe and 0.99 % 0.07 when "‘C-glucose was
infused. These statistical ratios of near unity indicate that the glucose in
the mother and fetus behaves as a single pool and that in these experiments
all of the fetal glucose was derived from the mother.

Figure 3 shows data from a typical experiment of specific activity of
plasma glucose of mother and fetus after primed infusion of 2—3H-g1ucose to
the fetus. In this case again, a steady state specific activity was achieved
in the last three hours of the experiment both in the fetus as well as in the
mother. It has been demonstrated that when the tritiated glucose is infused
in the fetus it is metabolized, the predominant end product being labeled
water, which rapidly equilibrates with the large pool of body water (18), so
that the reincorporation of tritium into glucose is insignificant. Therefore,
the appearance of tritium in the maternal plasma glucose when the fetus was
infused with the labeled glucose indicates that there was a transfer of glu-
cose from the fetus to the mother. The ratio of maternal glucose specific
activity to fetal glucose specific activity for each experiment is shown in
Table 3. This ratio is an estimation of the fraction of the maternal glucose
pool derived from the transfer of glucose from the fetus to the mother. The
ratio of 0.11  0.03 (Table 3) indicates that 11 * 3% of the glucose turnover
in the mother is due to placental transfer of glucose from fetus back to
mother. when '“C-labeled glucose was infused into the fetus, a significant
amount of labeled glucose again appeared in the maternal circulation, and the
ratio of maternal glucose specific activity to fetal glucose specific activity
was 0.14 * 0.03 (Table 3). A slight overestimation of this ratio with 1o
glucose is expected since the "C-glucose, unlike the tritiated glucose, is
broken down to labeled metabolites, such as lactate, which might be trans=-
ferred from the fetus to mother and then reincorporated into glucose. However,
this recyclmg of the label has only a minimal effect since the ratio obtained
with Y- glucose is not significantly different from the ratio obtained with
’H-glucose.

Table 4 lists the rate of glucose (mg/min) transferred from the fetus to
mother in each animal. The average amount of glucose transferred back to the
mother from the fetus was 16.3 t 2.3 mg/min (n=10). This amount represents
11% of the maternal glucose turnover and 57% of the fetal glucose turnover.
Thus, it is evident that approximately half of the glucose coming from the
mother to the fetus returns from the fetus to the mother. Since the maternal
glucose concentration in the sheep is 3.5 times the glucose concentration in
the fetus, this amount of glucose is transported against an apparent concen-
tration gradient. This fetus to mother transfer of glucose is positively
correlated with the fetal glucose concentration (r = 0.89, p < 0.001)

{Figure 4).

Figure 5 demonstrates the negative correlation (r = -0.93, p < 0.001)
between the fetus to mother transfer of glucose and the maternmo-fetal glucose
concentration difference. Tables 5 and 6 list the rate of glucose turnover
(mg/min) in the mother and fetus, respectively. glucose turnover was
determined independently by using 2-3H-glucose or U-l C-glucose. The value of
glucose turnover in the mother was 143.4 % 10 2 mg/min (n=8) with 34 as a
tracer and 107.6 % 11.7 mg/min (n=8) with *c- glucose as a tracer. The value
of glucose turnover obtalned using u-"‘c—glucose was significantly lower than
that obtained with 2~ H—glucose. The lower value obtained with ! C-glucose in
the mother is most likely due to the recycling of this label as clearly shown
in other studies (20,21). The C-glucose is catabolized to labeled lactate
which is reconverted to glucose and similarly “CO; produced from “C-glucose
is returned to the glucose pocl. Such recycling is likely to cause an under-
estimation of the glucose turnover, because of a higher specific activity.
The maternal glucose turnover was significantly correlated with glucose con=-
centration ( y = 3.05x = 71.5; r = 0.916; p < 0.01). Whereas some of the dis-
cre?ancy in results obtained usin? 2-’H and '*C can be explained by recycling

“c, the animals infused with “C-glucose had somewhat lower glucose con-
centrations as compared to those infused with tritiated glucose and therefore,
these animals would be expected to have lower glucose turnover. Table 6 lists
the fetal glucose turnover (mg/min) and metabolic clearance {(ml/min}. The
average value of glucose turnover in the fetus was 27.3 # 3.7 mg/min using
tritiated glucose and 29.3 t 4.8 mg/min using s C-qlucose, respectively,
These independently obtained values were not significantly different. Thus,
the statistically same value of glucose turnover in the fetus obtained by
either of the two isotopes demonstrates that there was no recycling of C-14
within the fetal compartment. This is a further evidence that there was no
gluconeogenesis in the fetus. As shown in Figure 6, the fetal glucose turn-
over is highly correlated with fetal glucose concentration (r = 0.91;

p < 0.001).

DISCUSSION

The present study provides the first quantification of glucose turnover
measured simultaneously in the fetus and the mother. Using tritiated glucose
the fetal glucose turnover was 27.3 % 3.7 mg/min, which is approximately 8.0
mg/kg/min. The glucose uptake by the fetus has been estimated by previous
workers by the application of Fick's principle (10,18). Boyd et al reported
(10) that in fetal sheep of fed mothers the glucose uptake was 7 18.0 + 1.4
mg/min which corresponded to 4.8 mg/kg/min in their animals. However, these
investigators encountered wide variations in day-to-day glucose uptake
measurements and attributed them partly to the difficulty of measuring
accurately small arteriovenous differences of glucose (10). Using the same
principle, James et al (18) measured glucose uptake in fetal sheep and re-
ported 1.0 to 6.0 mg/kg/min. More recently, Hodgson and Mellor (16) used
labeled glucose either as a constant infusion or single injection to the fetal
sheep and reported that the net placental transfer of glucose from mother to
fetus was 36 or 55 g/24 hour in one of the two animals studied (16). When
expressed as mg/min, these values correspond to 25 mg/min or 38 mg/min and
compare favorably with the results obtained from our studies. Glucose turn-
over has not been measured in utero in the fetus of other animal species.
However, the rate of glucose production has recently been assessed in pre-
mature human infants and term neonates (9). Glucose turnover in premature
infants was 5.5 t 0.3 mg/kg/min and in term neonates it averages 6.1 % 0.5
mg/kg/min. In this regard, the newborn human infant is similar to the im-
mature rhesus monkey, dog, and sheep, which produce glucose at rates of 4 to
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8 mg/kg/min (9), values that are remarkably similar to the fetal values in our
present studies.

The maternal glucose turnover averages 145.6 * 9.3 mg/min using tri-
tiated glucose and 107.6 * 11,7 mg/min using °'C-glucose. These values cor-
respond to 2.8 and 2.1 mg/kg/min respectively. The glucose turnover measured
with tritiated glucose provides a better estimate of "true" glucose production
rate since the recycling of this label into glucose is negligible (20,21).

The glucose turnover in the pregnant sheep has been measured by previous
workers (5,6,7). Bergman et al (7) reported that glucose turnover in preg-
nant sheep averaged 138.0 mg/min, a value which is similar to that obtained
in the present study.

The specific mechanism for the transfer of glucose across the placenta
has not been conclusively identified (1). On the basis of data obtained by
Huggett et al (17), Widdas postulated facilitated diffusion (33). 1In this
mechanism a carrier of high specificity ensures a faster rate of transfer
than would be achieved by simple diffusion. Chinard et al (12) have demon-
strated that the placental transfer of fructose is slower than glucose. How-
ever, there is no transfer of glucose against a concentration gradient from
mother to fetus (4). This implies that the fetus must maintain a lower glu-
cose concentration than the mother if it is to depend on the supply of glucose
from the mother. 1In all species examined, fetal glucose concentration is in-
deed lower than that of the mother; in the fetal sheep, the glucose
concentration is only one-third to one-fourth that of the mother. The mechan-
ism by which the fetus is able to maintain a lower glucose concentration than
that of the mother remains unknown. That glucose transport across the placenta
is stereospecific has also been demonstrated by Carstensen et al (11) and Stacy
et al (28).

It is evident from the results presented here that a significant amount
of glucose is also transported from fetus to mother despite the threefold
higher glucose concentrations in the mother compared to her fetus. In our
studies, approximately 16mg of glucose/min was returned back from fetus to
mother; this represents nearly 57% of the fetal glucose turnmover and accounts
for 11% of the total maternal glucose turnover. There has been no previous
study reporting the in utero estimate of glucose transport on the feto-maternal
side. The mechanism by which glucose is transported across the placenta from
fetus to mother is not clear from these studies., However, the amount of
glucose transferred back to the mother was positively correlated with the fetal
glucose concentration. And fetus to mother glucose transfer continued even at
the lower range of fetal glucose concentration. The correlation suggested that
the fetal plasma glucose concentration would have to be below 5mg per 100ml be-
fore this fetus to mother transfer of glucose would cease. Thus, it would be
of interest to determine whether the fetus has a mechanism to protect itself
against hypoglycemia. Furthermore, this feto-maternal transfer of glucose is
negatively related to the glucose concentration difference between the mother
and her fetus (Figure 5); the lower the concentration gradient, the higher
is the transfer rate. This indicates that although the transport of glucose
from fetus to mother is against a "concentration gradient,"” the net rate of
glucose transfer depends upon the concentration difference between mother and
fetus.

When labeled glucose was infused into the mother, a statistically identi-
cal specific activity was obtained in both the mother and her fetus., The ratio
of specific activity in fetal to maternal plasma glucose was 0.99 indicating
that virtually all of the fetal glucose was derived from the mother. If the
fetus were producing glucose either t gl g is or gly lysis,
the specific activity of labeled glucose coming from the mother would be di-
luted. Since there was no significant decrease in the specific activity of
fetal plasma glucose (Figures 1 and 2), and it remained indistinguishable from
that of maternal plasma glucose, there was no endogenous production of glucose
in the fetus under our experimental conditions. Recently, Girard et al (15)
showed in rats that the infusion of 2-3H-glucose to constant specific activity
in the mother resulted in a ratio of maternal to fetal glucose specific
activity of 1.0 in fed animals and 1.56 in fasted animals. Thus, they also
concluded that glucose measured in the fetus of fed mothers was entirely of
maternal origin. In the fetus of the fed mother, the metabolic state may be
considered as one of maximal anabolism (14), so that protein synthesis is
active, glycogen synthesis proceeds maximally, and hepatic gluconeogenesis and
ketogenesis are curtailed, normally appearing only after birth in the rat (15).
Our results show that with respect to glucose, the sheep fetus of the fed
mother behaves in a similar fashion and displays no evidence of endogenous
glucose production. Warnes et al (32) demonstrated that there was no
gluconeogenesis from lactate in fetal lambs, although active glucose formation
from lactate was demonstrable within a few minutes of birth. Similarly,
gluconeogenesis from alanine, lactate, or propionate did not occur in the per-
fused fetal sheep liver unless glucagon was added in pharmacological amounts
to the perfusion medium (26). And gluconeogenesis in the fetus of other ani-
mal species has also been shown to be negligible (3,34). A recent study pur-
ported to show gluconeogenesis from labeled alanine infused directly into the
ovine fetus (25). However, these authors failed to consider the possibility
that the labeled alanine or its metabolite, labeled lactate, which accounted
for 22% of total fetal lactate production (25), were transferred to the
mother. Upon transfer to the mother either substrate could be converted to
glucose and transferred back to the fetus. Thus, in those studies, the
appearance of labeled glucose in the fetus does not conclusively prove that
the glucose was actually produced from alanine by the fetus itself. 1In fact,
the potential pathways for the appearance of labeled glucose in the fetus via
gluconeogenesis from substrates transferred to the mother could explain the
apparent low rate (2.3%) of glucose production from alanine reported in that
study (25).

Our studies demonstrate that the entire fetal glucose supply is provided
by placental transfer from the maternal circulation under normal conditions of
fetal life. These data again support the concept that glucose transport across
the placenta involves facilitated transport, which implies bidirectional
transfer. Our data provide a measure of the relative transport constants and
imply that under physiological conditions, fetal glucose concentration is
maintained lower than maternal, thereby facilitating net glucose transfer to
the fetus. It remains to be determined whether the fetus can initiate glu-
cose production during maternal starvation or hypoglycemia.

REFERENCES

1. Adam, P. J.: Control of glucose metabolism in the human fetus and newborn
infant. Advan. Metab. Disorders, 5:183 (1975).

2. Anand, R. S., Ganguli, S., Sperling, M.A., and Nathanielsz, P. W.:
Glucose turnover in utero: Demonstration of fetal to maternal transfer.
Clin. Res., 27:410A (1978).

3. Ballard, F. J., and Philipides, H.: The development of gluconeogenic



10.

11.

12,

13.

14.

1s.

16.

17.

18.

19,

20.

21,

22.

23,

24

2s.

26.

27.

28.

29.

30.

31.

32.

33,

functions in the rat liver: In Regulation of Gluconeogenesis.
Soling, H. D. and Willms, B. pp 66-81 Stuttgard (1971).

(E4.)

Battaglia, F. C., Helleger, A. E., Heller, C. J., and Behrman, R.:
Glucose concentration gradients across the maternal surface, the placenta,
and the amnion of rhesus monkey. Am. J. Obstet. Gynecol. 88:32 (1964).

Quantitative aspect of glucose metabolism in bregnant
Am. J. Physiol. 204:147 (1963).

Bergman, E. N.:
and non-pregnant sheep.

Bergman, E. N. and Hogne, b. E.: Glucose turnover and oxidation rates
in lactating sheep. Am. J. Physiol. 213:1378 (1967).

Bergman, E. N., Katz, M. L., and Kaufman, D. F.: Quantitative aspect of

hepatic and portal glucose metabolism and turnover in sheep. Am. J.
Physiol. 219:785 (1970).
Bassett, J. M. and Jones, C. T.: Fetal glucose metabolism. In Fetal

Physiology and Medicine (Ed.) Beard, and Nathanielsz; P. W. Saunders
{1976) .

Bier, D. M., Leake, R. D., Haymond, M. W., Arnold, R. J., Gruenke, L. D.,
Sperling, M. A., and Kipnis, D. M.: Measurement of "true" glucose pro-
duction rates in infancy and childhood with 6,6 dideutero glucose.
Diabetes 26:1016 (1977).

Boyd, R. D. H., Morriss, F. H., Meschia, G., Makowski, E. L., and Battaglia
F. C.: Growth of glucose and oxygen uptakes by fetuses of fed and starved
ewes. Am. J. Physiol. 225:897 (1973).

Carstensen, M., Leichtweiss, H. P., Molsen, G., and Shroeder, A.: Evidence
for a specific transport of D-h the human term placenta in
vitro. Arch. Gynaekol. 222:187 (1977).

Chinard, F. P., Danisino, V., Hartmann, W. L., Huggett, A. St., G., Paul,
W., and Reynold, S. R.: On the transmission of hexoses across the pla-
centa in the human and rhesus monkey. J. Physiol. (London) 132:289 (1956).

Dawes, G. S., and Shelley, H. J.: Physiological aspects of carbohydrate
metabolism in the fetus and newborn. In Carbohydrate Metabolism and its
Disorders. (Ed.) Dickens, W. F., Randle, P. J. and Whelan, W. J., Vol. II
pp. 87-121, London, New York, Academic Press (1968).

Girard, J. R.:
(1975) .

Metabolic fuels of the fetus. Israel J. Med. Sc. 11:591

Girard, J. R., Ferre, P., Gilbert, M., Kervran, A., Assan, R., and
Marliss, E. G.: Fetal metabolic response to maternal fasting in the
rat. Am. J. Physiol. 232:E456 (1977).

Hodgson, J. E. and Mellor, D. J.:
conscious catheterized sheep.

Maternal - fetal glucose kinetiecs in
Proc. Nutr. Soc. 36:33 (1977).

Huggett, A. St. G., Warren, F. L., and Warrxen, N. V.:
blood fructose of the fetal sheep. J. Physiol.

The origin of the
(London) 113:258 (1951).

James, E. J., Raye, J. R., Gresham, E. L., Makowski, E. L., Meschia, G.,
and Battaglia, F. C.: Fetal oxygen consumption, carbon dioxide production,
and glucose uptake in a chronic sheep preparation. Pediatrics 50:361
(1972).

Jones, G. B.: Determination of the specific activity of labeled blood
glucose by liquid scintillation using glucose penta-acetate, Analyt.
Biochem. 12:249 (1964).

Katz, J. and Dunn, A.: Glucose-2-t as a tracer for glucose metabolism.
Biochemistry, 6:1 (1967).

Katz, J., Dunn, A., Chenoweth, M., and Golden, S.: Determination of
synthesis, recycling and body mass of glucose in rats and rabbits in
vivo with *H and '“C labeled glucose. Biochem. J. 142:171 (1974).

Krebs, H. A., Dierks, C., and Gascoyne, T.: Carbohydrate synthesis from
lactate in pigeon liver homogenates. Biochem. J. 93:112 (1964).

Meschia, G.: Fetal metabolism in sheep. In Fuel Metabolism in the
Fetus and Newborn. Mead Johnson Symposium on Perinatal Developmental
Medicine pp. 23-28 (1973).

Nathanielsz, P. W., Abel, M. H., Bass, F. G., Krane, E. J., Thomas, A. L.,
Liggins, G. C.: Pituitary Stalk-section and some of its effects on
endocrine functions in the fetal lamb. Quart. J. Exptl. Physiol. 63:221
(1978) .

Prior, R. L., and Christensen, R. K.: Gluconeogenesis from alanine in
vivo by the ovine fetus and lamb. Am. J. Physiol. 233:E462 (1977).

Savon, P. M. J., Peacock, M. K., Shepard, D. A. L.:
sis in the fetal and suckling lambs.
(1976) .

Hepatic gluconeogene-
Proc. Nutr. Soc. Engl. Scot. 35:30A

Shelley, H. J.: The use of chronically catheterized fetal lambs for the
study of fetal metabolism in Fetal and Neonatal Physiology, Barcroft
Centenary Symposium (Ed.) Comline, R. S., Cross, K. W., Dawes, G. S., and
Nathanielsz, P. W. pp. 360-381 London: Cambridge Univ. Press (1973).

Stacy, T. E., Weedon, A. P., Haworth, C., Ward, R. H. T., and Boyd, R. D.
H.: Fetomaternal transfer of glucose analogues by sheep placenta. Am. J.
Physiol. 234:E32 (1978).

Steele, R., Wall, J. S., DeBodo, R. C., and Altszuler, N.: Measurement
of size and turnover rate of body glucose pool by isotope dilution method.
Am. J. Physiol. 187:15 (1956).

Vranic, M.:
(1974).

Tracer methodology and glucose turnover. Fed. Proc., 33:183

Warnes, D. M., Ballard, F. J., and Seamark, R. F.:
fetal and neonatal lambs.

Gluconeogenesis in
J. Reprod. Fertility 36:471 (1974).

Warnes, D. M., Seamark, R. F., and Ballard, F, J.: The appearance of
gluconeogenesis at birth in sheep. Biochem. J. 162:627 (1977).

Widdas, W. F.:
17:107 (1961).

Transport mechanisms in the fetus. Brit. Med. Bull.

785

of gl is in neonatal
Biochem. J. 105:1229 (1967).

34. Yeung, D., and Oliver, I. T.: Devel
rat liver: effect of premature delivery.

35. Received for publication 11/4/78.

36. Accepted for publication 3/2/79.

TABLE 1 EXPERIMENTAL ANIMALS AND THE RATE OF ISOTOPE INFUSION

Mother Fetus
Infusion Infusion

Expt. Gestational Rate Rate
No.  Age (Days) Isotope (y ci/min) Isotope (4 ci/min)
FG I 128 2—(3H)gluc. 0.96 (U—uc)gluc. 0.16
G 11 133 - - 2-CH) gluc. 1.05
FG III 130 2-(3H) gluc. 1.61 - -
FG IV 130 2—(38) gluc. 3.84 (U-14C) gluc. 0.46
FG Vv 131 2-C1 qlue. 3.7%6 (-14¢) gluc. 0.46
FG VI 139 (u-uc) gluc. 1.12 2-(3H) gluc. 0.97
FG VIII 127 - - 2-(3H) gluc. 0.94
FG IX 132 (U—"C) gluc. 0.94 2—(3H) gluc. 0.90
FG X 129 (U-14C) gluc. 0.74 2-(3H) gluc. 0.85
FG XII 129 (u-“c) gluc. 0.76 2-(3H) gluc. 0.87
FG XIII 130 w-24¢) gluc. 0.711  2-C#) glue. 0.96
FG XIV 128 2-(3H) gluc, 1.68 (u-uc) gluc. 0.38
G XV 130 2-’m) gluc. 2.03 w-¢) gluc. 0.35
FG XVI 133 2—(3H) gluc. 1.74 (U-I‘C) gluc. 0.30
FG XvII 121 231 gluc. 1.74 w-4¢) g1ue. 0.30
FG XVIII 132 2-(3H) gluc. 1.56 - -

(U-“C) gluc. 0.56
FG XX 126 2-%1) gluc. 1.34

(u-“c) gluc. 0.47

TABLE 2 RATIO OF STEADY STATE SPECIFIC ACTIVITY OF PLASMA GLUCQSE OF FETUS
(F) TO ITS MOTHER (M)

Infusions of (U-“C) glucose to
mother

Infusions of 2-(3H) glucose to mother

specific Activity (nci/mg) Specific Activity (nci/mg)

Expt. No. M _F_ Ratio F/M  Expt. No. M _F_ Ratio F/M
FG X 5.36 6.41 1.19 FG VI 7.4 9.1 1.23

FG III  14.60 14.40 0.98 FG X 9.8 9.6 0.98

FG IV 23.70 21.90 1.08 FG XII 8.3 6.0 0.73
FG V 22,20 22.50 1.01 FG XIII 8.3 7.4 0.89

FG XIV  14.10 14.00 1.00 FG XVIII 4.4 4.5 1.03

FG XV 18.50 13.40 0.72 FG XX 3.3 3.5 1.05

FG XVII 11.80 12.10 1.03

FG XVIII 11.30 10.40 0.92

FG XX 8.20 8.00 0.98

F/M Mean * SEM = 0.99 % 0,04 F/M Mean t SEM = 0.99 % 0.07

TABLE 3 RATIO OF STEADY STATE SPECIFIC
MOTHER (M) TO ITS FETUS (F)

ACTIVITY OF PLASMA GLUCOSE OF

Infusion of 2-(3H) glucose to fetus Infusions of (U-“C) glucose to fetus

Specific Activity (nci/mg) Specific Activity (nci/mg)

Expt. No. M _F_ Ratio M/F Expt. No. M _F_ Ratio M/¥
FG II 2.8 69.9 0.04 FGI 0.07 6.4 0.11
FGVI 3.0 37.0 0.08 FGIV  1.06  30.1 0.04
FG VIII 4.6 29.7 0.15 FGV 2.40 15.0 0.16
FG X 2.8 48.3 0.06 FG XIV 1.50  10.7 0.14
FG XITII 5.3 23.2 0.22 FGXV  1.80 7.3 0.25

FG XVII 1.08 9.7 0.11
M/F Mean t SEM = 0.1l % 0.03 M/F Mean * SEM = 0.14 % 0.03



TABLE 4 FETAL TO MATERNAL TRANSFER OF GLUCOSE

Experiment Number F -+ M Transfer (mg/min)

FG I 20.3
FG IV 7.0
FG V 26.0
FG VI 12.0
FG IX 13.9
FG X 4.6
FG XIII 18.7
FG XIV 16.7
FG XV 27.5
FG XVII 16.3

Mean * SEM = 16.3 ¢ 2.3

TABLE 5 MATERNAL GLUCOSE TURNOVER AND METABOLIC CLEARANCE RATE (MCR)

Using 2-(3H) glucose as tracer Using (U-“C) glucose as tracer

Glucose Glucose
Expt. Turnover MCR Conc. Expt. Turnover MCR Conc.
No. (mg/min)} {(ml/min) (mg/dl) No. _ (mg/min)  (ml/min) (mq/d1)
FG 1 179.3 236 76 FG VI 151.1 201 75
FG IIIX 110.0 177 62 FG IX 60.5 159 38
FG IV 175.0 225 78 FG X 76.2 149 51
GV 169.3 235 72 FG XI 122.7 201 61
FG X1V 118.9 167 71 FG XII 93.9 162 58
FG XV 109.7 196 56 FG XIII 85.1 147 58
FG XVII 147.7 214 69 FG XVIII 130.1 186 70
FG XVIII  137.3 196 70 FG XX 141.5 211 67
Mean 143.4% 206%* 69.3 107.6* 177** 59.8
SEM 10.2 9.2 2.5 11.7 2.0 4.1

b Significantly different from each other (p<0.05)

** Significantly different from each other (p<0.05)

TABLE 6 FETAL GLUCOSE TURNOVER AND METABOLIC CLEARANCE RATE (MCR)

Using 2-(3H) glucose as tracer Using (U—uc) glucose as tracer

Glucose Glucose
Expt. Turnover MCR Conc. Expt. Turnover MCR Conc,
No. mg/min ml/min mg/dl No. mg/min ml/min mg/dl
FG II 15.0 110 14 FG I 25.4 149 17
FG VI 26.2 163 16 FG IV 15.4 178 9
FG VIII 31.7 167 19 FG V 20.6 86 24
FG IX 36.8 230 16 FG X1V 35.7 170 21
FG X 17.6 195 9 FG XV 48.4 194 25
FG XII 22.6 84 27 FG XVII 30.6 170 18
FG XIIX 41.5 160 26
Mean 27.3 158.4 18.1 29.3 157.8 18.9
SEM 3.7 18.5 2.4 4.8 15.5 2.4

SPECIFIC ACTIVITY OF PLASMA GLUCOSE OF MOTHER
AND FETUS AFTER PRIMED INFUSION
OF GLUCOSE-2-3H TO MOTHER

MOTHER
w
173
8 151
] ° °
; 10 2 2 — FGXVH
o s - - = A£G XX
E
3 5
c
>
E 0+ FETUS
5 10+ - el O FG XV
b4 FG XX
Q
L 54
]
&
o] Z’O 4’0 5‘0 8'0 l(;O IéO lﬂrO IG'O IB'O
TIME (MINUTES)
Figure 1
SPECIFIC ACTIVITY OF PLASMA GLUCOSE OF MOTHER
AND FETUS AFTER PRIMED INFUSION
14
MOTHER OF G-U-""C TO MOTHER
w 159
0
8
2104
w
=}
5 ° ° o
£ —
2
r |FeTus
Z 0
£ 10
2
2}
w 5 o FGXVIN
] FG XX
a
“ 4 4 4 ¥ + + re
20 40 60 80 100 120 140 160 180

TIME (MINUTES)

Figure 2

SPECIFIC ACTIVITY OF PLASMA GLUCOSE OF MOTHER
AND FETUS AFTER PRIMED INFUSION
OF GLUCOSE -2-3H TO FETUS

FETUS
60

SA 380 nci/mg
o

>
(=]
1
q
p

N
o
1

SPECIFIC ACTIVITY nci/mg OF GLUCOSE

MOTHER
10
5 SA 2.96 nci/mg
2.5 ° o ©°
40 80 120 160 200 240 280 320 340

TIME (MINUTES)

Figure 3

786



FETAL TO MOTHER GLUCOSE TRANSFER AS A FETAL GLUCOSE TURNOVER
FUNCTION OF FETAL GLUCOSE CONCENTRATION VS

301 FETAL GLUCOSE CONC.

N
w
1

y*-3.26+108 X
re0.89

(]
o
[l

»
o
1

y* 0.397 +165X

F-> M TRANSFER OF GLUCOSE mg/min

GLUCOSE TURNOVER (mg/min)
w
(=
1

204 o re 0514
) } : 4 ; 4 . <0.001
5 10 15 20 25 30 neit
FETAL GLUCOSE CONCENTRATION mg/dl 104
Figure L
o 20 30 40 50
FETAL PLASMA GLUCOSE CONC. (mg/dl)
PERCENT MATERNAL GLUCOSE TURNOVER DERIVED FROM F—>M Figure 6

TRANSFER VS. MATERNO-FETAL GLUCOSE CONC. DIFFERENCE

307

25+

y=338-04IX
re-093

ne o
p<0.000

0 20 30 40 50 6 70 80
MATERNO-FETAL GLUCOSE CONC. DIFFERENCE (mg/di)

% MATERNAL GLUCOSE TURNOVER F->M TRANSFER
@
1

Figure 5

Copyright © 1979 International Pediatric Research Foundation, Inc. Printed in U.S.A.
0031-3998/79/0783-0787$02.00/0

787



	Bidirectional Placental Transfer of Glucose and Its Turnover in Fetal and Maternal Sheep
	INTRODUCTION
	METHOD

	STATISTICS
	RESULT
	DISCUSSION
	REFERENCES


