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Abstract

Fetal macrosomia (FM) is a well-recognized complication
of diabetic pregnancy but it is not known whether placental
transport mechanisms are altered. Wetherefore studied the
activity of the system A amino acid transporter, the system
L amino acid transporter, and the Na+/H+ exchanger in
microvillous membrane vesicles from placentas of mac-
rosomic babies born to diabetic women (FM group), from
placentas of appropriately grown babies born to diabetic
women (appropriate for gestational age group) and from
placentas of appropriately grown babies of normal women
(control group). Sodium-dependent uptake of ["'C]-
methylaminoisobutyric acid at 30 s (initial rate, a measure
of system A activity) was 49% lower into FMvesicles than
into control vesicles (P < 0.02); this effect was due to a
decrease in Vmax of the transporter with no change in Km.
There was no significant difference in system A activity be-
tween the appropriate for gestational age group and control
or FMgroup. There was also no difference between system
L transporter or Na+/H+ exchanger activity between the
three groups. We conclude that the number of system A
transporters per milligram of membrane protein in the pla-
cental microvillous membrane is selectively reduced in dia-
betic pregnancies associated with FM. (J. Clin. Invest. 1994.
94:689-695.) Key words: placenta * transport proteins -

diabetes mellitus * growth disorders * fetus

Introduction

Excessive intrauterine growth leading to a large or macrosomic
fetus can have serious perinatal implications (1, 2). Where
fetal macrosomia (FM)' occurs, the net maternofetal transfer
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of nutrients must be increased, but it is not known whether the
activity of specific placental transport proteins is altered.

Pregnancy complicated by diabetes mellitus is a well known
cause of FM (3, 4). The incidence of FMin pregnant diabetic
women remains high, despite improvements in their metabolic
control, and can complicate up to 40% of such pregnancies
(5). The reasons for excessive fetal growth occurring in these
pregnancies are not known. Pedersen (6) suggested that mater-
nal hyperglycemia leads to fetal hyperglycemia and hence fetal
hyperinsulinemia, which may then stimulate excessive intrauter-
ine growth. However, it is well known that some diabetic
women give birth to macrosomic babies despite satisfactory
glycemic control during their pregnancy (7). The Pedersen hy-
pothesis was later expanded to include other metabolic fuels
including amino acids (8). Amino acids are important to the
fetus, both as building blocks for tissue accretion and as a source
of fuel for fetal oxidative catabolism (9). However, the activity
of amino acid transporters, or indeed of other transporters, in
placentas of diabetic women with macrosomic babies has not
been investigated.

The transcellular movement of amino acids across the syn-
cytiotrophoblast, the main exchange barrier of the placenta, is
mediated by specific transporters present on both the maternal
facing microvillous plasma membrane (MVM) and the fetal
facing basal plasma membrane (10). The Na+ -dependent sys-
tem A transporter, present on both syncytiotrophoblast mem-
branes, mediates the transport of neutral amino acids with short,
polar, linear side chains. Its activity in the MVMis reduced
by 50-60% in pregnancies associated with intrauterine growth
retardation (11, 12). The primary aim of this study was there-
fore to investigate whether the activity of this transporter is also
altered in cases of FM arising from pregnancies complicated
by maternal diabetes. Vesicles prepared from the MVMwere
used, and for comparison the activity of the Na+-independent
system L amino acid transporter was also investigated.

The human placental syncytiotrophoblast has been shown
to possess Na+/H+ exchanger activity, with that on the MVM
resembling the NHE-1 isoform, whereas the basal membrane
exchanger resembles the NHE-2 isoform ( 13). The NHE-1 iso-
form is postulated to be associated with "housekeeping" func-
tions such as cellular pH regulation (13). The second aim of
this study was therefore to determine whether there were any
changes in MVMNa+/H+ exchanger activity in diabetic preg-
nancies associated with FM, a clinical situation where the meta-
bolic requirements of both fetus and trophoblast are likely to
be altered.

To separate effects of diabetes alone from those due to
macrosomia, placentas from diabetic and nondiabetic women
giving birth to appropriately grown babies were studied in addi-
tion to those from diabetic women giving birth to macrosomic
babies.
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Methods

Patient selection
This study was approved by the Central Manchester Health Authority
Ethical Committee. Placentas from three groups of patients were studied.
One group was a control group of womenwho had normal pregnancies
and for whom there was no evidence to suggest undiagnosed diabetes.
The birth weights in this group ranged between the 3rd and 90th centiles
( 14). These womeneither had spontaneous vaginal deliveries (n = 11 )
or elective caesarean sections because of breech presentation or previous
caesarean section (n = 7) and were chosen to allow study of a control
vesicle preparation within 1-2 wk of that of a diabetic patient. A second
group consisted of women with diabetes or impaired glucose tolerance
(see below) giving birth, by vaginal delivery (n = 7), or elective (n
= 4) or emergency (n = 1) caesarean section, to babies of normal
birth weight (appropriate for gestational age [AGA] group). The birth
weights in this group ranged between the 10th and 97th centiles. Five
of these women had type 1 diabetes (three Hare and White [15] class
B, two class C), five had impaired glucose tolerance (16), and two had
gestational diabetes (16). The third group consisted of women with
diabetes or impaired glucose tolerance giving birth, by spontaneous
vaginal delivery (n = 5) or elective (n = 6) or emergency (n = 2)
caesarean section, to macrosomic babies defined as having birth weights
above the 97th centile (FM group). Seven of these womenhad type I
diabetes (one class A, one class B, four class C, one class D), and six

had impaired glucose tolerance. The estimated date of delivery in all
three groups was determined from the last menstrual period and was

confirmed by ultrasound scan performed at 16-18 wk, and all babies
were in a good condition at birth.

All the womenwith diabetes attended the combined obstetric/medi-
cal antenatal clinic for diabetic patients at St. Mary's Hospital and
performed self-monitoring of blood glucose, normally measuring their
capillary glucose concentrations four times daily, and glycated hemoglo-
bin (hemoglobin Al,) concentrations were measured every 4 wk.
Womenwith gestational impaired glucose tolerance or diabetes were

managed using dietary measures and insulin treatment was commenced
only if capillary glucose concentrations persistently exceeded 6 mmol/
liter. In the AGAgroup, 11 women received insulin, and 8 received
insulin in the FM group. For most patients in AGAand FM groups,
pregnancy was terminated at or near term (by amniotomy and oxytocin
infusion or by caesarean section) because of obstetric or medical indica-
tions (such as previous caesarean section, evolving fetal overgrowth,
and inadequate glycemic control); only one patient was allowed to pass
40 wk, labor being subsequently induced at 41 wk.

Vesicle preparation
Placentas were collected within 30 min of delivery. MVMvesicles
were prepared using a homogenization and Mg2" precipitation technique
exactly as described previously (12, 17). Vesicle suspensions were

stored at 4TC, and all uptake measurements were performed within 48
h of vesicle preparation.

Protein estimation was performed according to the method of Lowry
et al. (18) using bovine serum albumin as standard. Alkaline phospha-
tase activity, a marker of the MVM(19), was measured, at pH 9.8,
using p-nitrophenyl phosphate as a substrate (20). The vesicles were

also checked for contamination with intracellular organelles by assaying
for succinate dehydrogenase and NADHdehydrogenase activities as

mitochondrial and endoplasmic reticulum markers, respectively (21,
22). The orientation of the vesicles was investigated by measuring
alkaline phosphatase specific activity before and after permeabilizing
the vesicles with 0.1% saponin (17).

Uptake methods
['4C]MeAIB uptake. The activity of the system A amino acid transporter
in MVMvesicles was determined as described previously ( 12) by mea-

suring the room temperature uptake by the vesicles at various times of
["'C]methylaminoisobutyric acid (["'C]MeAIB; Amersham, Ayles-
bury, Bucks, UK), a nonmetabolizable amino acid analogue specific

for this system (23), in the presence of either an inwardly directed
Na' gradient or an inwardly directed K+ gradient. The activity of the
transporter, per milligram of membrane protein, was defined as the
difference in initial rate uptake between that in the presence of Na+ and
that in the presence of K+ (i.e., Na+ -dependent uptake). Intravesicular
[ "C ] MeAIB was separated from extravesicular ["'C ] MeAIB using vac-
uum filtration with millipore filters, and binding of [ 'C]MeALB to
vesicle membranes was separately quantified by incubating vesicles in
the presence of 0.2% Triton and determining uptake at 2 h ( 12). Nonspe-
cific binding of radiolabel to the filters was determined by omitting
vesicle protein from some incubations and was corrected for in the
calculation of vesicle uptake. All determinations were performed in
duplicate. Once initial rate and equilibrium were established, full time
courses of uptake were not performed.

The Michaelis-Menten constants Vm.. and Km for the transporter
were measured in four preparations of control group MVMvesicles and
four preparations of FMgroup vesicles. As described previously (12),
uptake of ['4C]MeAIB was measured at 30 s (initial rate; see Results)
in the presence and absence of Na+ and at increasing total concentrations
of MeAIB from 0.16 to 20.17 mM, achieved by adding appropriate
amounts of nonradioactive MeAIB to the extravesicular buffer (EVB).
Na+ -dependent MeAIB uptake per milligram of membrane protein was
plotted against MeAIB concentration, and the data were fitted to the
Michaelis-Menten equation by nonlinear regression (P-Fit; Biosoft,
Cambridge, UK).

['4C]Leucine uptake. The activity of the MVMsystem L amino
acid transporter, which is Na+ independent (23, 24), was determined
by measuring the uptake into MVMvesicles of [14C] leucine, an amino
acid which is transported primarily by this system (10, 23), using a
method similar to that described by Kudo and colleagues (23) and
buffers as similar as possible to those used for measuring [14C]MeAIB
uptake (12), omitting Na+ from the EVB. MVMvesicles were sus-
pended in buffer A (290 mMsucrose, 5 mMHepes, 5 mMTris; titrated
to pH 7.4 with 11.6 MHCl) at a protein concentration of 20-25 mg/
ml, and uptake reactions were initiated by mixing 20 ,1 vesicle suspen-
sion with 20 ,.sl buffer B (145 mMKCl, 5 mMHepes, 5 mMTris;
titrated to pH 7.4 with 11.6 MHCl after which 50 ,uCi/ml [L- '4C] leucine
[Amersham] was added) so that the final concentration of ['4C] leucine
was 20 ,uM. In each experiment, ['4C ] leucine uptake was also measured
in the presence of a vast excess of nonradioactive L-leucine to determine
that proportion of uptake not mediated by a transporter; 20 /II vesicle
protein was mixed with 20 1AI buffer C (240 mMsucrose, 50 mM
leucine, 5 mMHepes, 5 mMTris; titrated to pH 7.4 with 11.6 MHCl
and to which [L- "4C] leucine was added so that the final radioactive
leucine concentration was 20 ,M). In preliminary experiments we found
uptake of ['4C] leucine at room temperature to be too rapid to determine
initial rate activity, and all uptakes reported here were performed at
4°C. Reactions were terminated at the appropriate times by addition of
2 ml ice-cold Krebs-Ringer phosphate solution (130 mMNaCl, 10 mM
Na2HPO4, 4.2 mMKCl, 1.2 mMMgSO4, 0.75 mMCaCl2; titrated to
pH 7.4 with 11.6 MHCl). 1 ml of this suspension was applied immedi-
ately to a millipore filter (presoaked in ice-cold Krebs-Ringer phos-
phate) and washed with 10 ml ice-cold Krebs-Ringer phosphate. Filters
were placed in glass vials to which 2 ml 2-ethoxyethanol and 12 ml
Optiphase "HiSafe II" liquid scintillation fluid (Pharmacia, Milton
Keynes, UK) were added and counted in a liquid scintillation analyzer
(model 2000CA; Packard, Pangbourne, Berks, UK), as for ['4C]MeAIB
uptake measurements (12). Binding of [L-'4C]Ileucine to the mem-
branes was measured in the presence of 0.2% Triton, and nonspecific
binding to the filters was measured and corrected for as with ["4C]-
MeAIB uptake measurements.

Sodium uptake. Sodium uptake into MVMvesicles was measured
at room temperature using 22NaCl (Amersham) in the presence of an
outwardly directed H+ gradient and either with or without the presence
of 0.5 mMamiloride in the EVB as described previously (12, 17).
The activity of the Na+/H+ exchanger was defined as the amiloride
inhibitable component. Ion-exchange columns were used to separate
extravesicular sodium-22, retained by the resin from intravesicular sodi-
um-22, which was collected as the eluent (17, 25). Radiolabel not
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Table I. Clinical Details of Groups

Control AGA FM

n 18 12 13
Age (yr) 26±1 28±2 30±2
Parity 1.3±0.3 1.3±0.4 2.5±1.0
Gestation (d) 276±2 272±2 268±2*
Birth weight (kg) 3.3±0.1 3.5±0.1 4.4±0.1t
Placental weightO (g) 559±25 568±52 671±28*

Values are mean±SE in control, AGAdiabetic, and FMdiabetic groups.
Numbers in each group are as indicated, except for § placental weights
where n = 12, 5, and 11 for control, AGA, and FMgroups, respectively;
this lower number of determinations reflects deliveries later in the study
when systematically the umbilical cord was divided at the point of
insertion, blood clots were removed, and the placenta was dry blotted.
* P < 0.05 compared with control group; t P < 0.001 compared with
control and AGAgroups; ANOVAwith Scheffe.

retained by the columns was corrected for by replacing vesicle protein
with intravesicular buffer. To identify membrane-bound as opposed to
intravesicular sodium-22, some incubations were carried out in the pres-
ence of 0.2% Triton. As for ['4C]MeALB uptake, once initial rate and
equilibrium were established, full time courses of uptake were not per-
formed. To ensure that the percentage of vesicles recovered from the
columns did not differ between the groups, alkaline phosphatase specific
activity of the eluents was measured in separate experiments where
sodium-22 was omitted from the initial reaction mix and compared with
that of the vesicles applied to the columns.

Statistics
Data are presented as mean±SE, and statistical comparisons were made
using ANOVAfollowed by Scheffe's multiple comparisons procedure
or Student's unpaired t test as appropriate, n being the number of pla-
centas.

Results

Clinical characteristics of groups. Some clinical details of the
three groups are compared in Table I. As expected, birth weights
in the FMgroup were significantly higher than those in control
and AGAgroups. Placental weights were significantly higher
in the FMas compared with the control group. Gestational age
at delivery was significantly lower in the FMas compared with
the control group, reflecting our practice of expediting delivery
when excessive fetal growth was suspected or if metabolic con-
trol had been judged inadequate. There was no significant differ-
ence between the AGAand FMgroups in regard to metabolic
control at any stage of gestation; for example, at term, plasma
glucose concentration in the AGAand FMgroups was 6.3+0.3
and 6.2+0.2 mmol/liter, respectively, and hemoglobin Alc was
identical in the two groups at 6.5+0.3% (the upper limit of
normal for our laboratory being 7%).

Vesicle characteristics. Enzyme enrichments relative to the
starting placental homogenate, vesicle orientation, and vesicle
protein recovery are shown in Table II. All three sets of vesicles
were highly enriched in alkaline phosphatase activity; the en-
richment of the AGAgroup was slightly, but significantly, lower
than that of the control group but was not different from the
FM group, nor was there a difference between the FM and
control groups. None of the sets of vesicles were enriched in
succinate dehydrogenase or NADHdehydrogenase activity. In
addition, vesicle orientation in the three groups was very simi-

Table II. Enzyme Enrichments, Vesicle Orientation, and Vesicle
Protein Recovery

Control AGA FM

ALK* 22±1 (18) 18±1* (12) 20±1 (13)
NADH* 0.39±0.17 (4) 0.32±0.09 (5) 0.31±0.11 (4)
SDH* 0.54±0.24 (3) 0.45±0.17 (5) 0.04±0.03 (5)
VO§ 99±1 (10) 98±1 (8) 98±1 (6)
VPRI 0.23±0.01 (17) 0.26±0.03 (7) 0.24±0.01 (13)

Values are mean±SE (n). * Enzyme enrichments are calculated as
vesicle enzyme specific activity relative to that for the starting placental
homogenate and are given for alkaline phosphatase (ALK), NADHdehy-
drogenase (NADH), and succinate dehydrogenase (SDH). § VO, vesicle
orientation calculated as the ratio of vesicle alkaline phosphatase activity
before and after addition of 1% saponin. I VPR, vesicle protein recov-
ery calculated as milligrams of MVMprotein obtained per gram of
starting wet placental tissue. I P < 0.05 ANOVAwith Scheffe as
compared with control group.

lar, as was vesicle protein recovery. These data indicate that
there was little difference between the three groups of vesicles
in terms of their basic characteristics.

['4C] MeAIB uptake by vesicles. The time courses of ['4C]-
MeAIB uptake by the vesicles are shown in Fig. 1. As found
previously ( 12), uptake was initially rapid, but equilibrium was
not finally achieved until 20-24 h, as reflected by the similarity
in uptakes at 20 and 24 h (data not shown). Binding of ['4C] -
MeAIB to the membranes, as measured after incubating the
vesicles in the presence of triton, was < 2% of equilibrium
uptake in all three groups (Fig. 1). There was a significant
difference between uptake in the presence of an Na+ gradient
to that in a K+ gradient at all time points up to 120 min. The
uptakes were linear over the first minute of the reaction so that,
for comparison purposes, measurements at 30 s were taken to
represent the initial rate. As shown in Table HI, the initial uptake
by the FMvesicles in the presence of an Na+ gradient, but not
that in the presence of a K+ gradient, was significantly lower
than that into the control vesicles. Consequently, the calculated
initial rate of uptake due to the Na '-dependent system A trans-
porter (the difference between that in the presence of an Na+
gradient and that in the presence of a K+ gradient) was 49%
lower in the FMthan in the control vesicles (Table Ill). Initial
uptakes of ['4C] MeAIB by the AGAvesicles were not signifi-
cantly different from those by the control or FMvesicles. Equi-
librium (24 h) uptakes were not significantly different between
any of the three groups (0.587+0.097 nmol/mg protein, n = 10;
0.483±0.185 nmol/mg protein, n = 3; 0.653±0.110 nmol/mg
protein, n = 9; control, AGA, and FMgroups, respectively).

As control and FMgroups showed a significant difference
in system A transporter activity, transporter kinetics were com-
pared between these two groups. Initial rate of Na+ -dependent
MeAIB uptake in four preparations each of control and FM
vesicles is plotted against MeAIB concentration in Fig. 2. Vm.,,
calculated from these plots, was significantly (P < 0.02) lower
in the FMgroup as compared with the control group (0.47±0.07
vs 0.96±0.13 nmol/mg protein per 30 s, respectively), but there
was no significant difference in Km (2.10+1.08 vs 1.44+0.80
mM, respectively).

['4C]Leucine uptake by vesicles. The early time course of
['4C] leucine uptake by the three groups of vesicles is shown
in Fig. 3. As can be seen, despite measurements being made at
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Figure 1. Time course of ['4C]MeAIB uptake by control, AGA, and
FMvesicles. Vesicles were suspended in buffer consisting of 290 mM
sucrose, 5 mMHepes, and 5 mMTris-HCl, pH 7.4, at a concentration
of 15 mg/ml. Uptakes were initiated at room temperature by adding
20 t1 of vesicle suspension to 20 jil of EVB consisting of 145 mM
NaCl (m) (or KCl, A), 5 mMHepes, 5 mMTris-HCl, pH 7.4, to which
15.7 ILCi/ml ['4C] MeAIB had been added, with the final concentration
of [t"C]MeAIB in the reaction being 0.165 mM. The reaction was
terminated at the intervals shown by adding 2 ml of ice-cold Krebs-
Ringer phosphate solution. 1 ml was filtered immediately through pre-
soaked millipore filters (0.45 ,km) and washed with 10 ml of Krebs-
Ringer phosphate solution. v represents uptake in the presence of 0.2%
Triton. Values shown are mean±SE for vesicle preparations from 9 to
15 placentas in the control group, 3 to 6 placentas in the AGAgroup,
and 7 to 13 placentas in the FMgroup. Error bars are not shown if
smaller than the symbol size.

4°C, uptake appeared to start to plateau at 5 s, but this was
similar for all three groups. [ "C I Leucine uptake in the presence
of excess unlabeled leucine was < 10% of total uptake (Fig. 3
and Table IV), suggesting that the majority of uptake was via

Table III. Initial (30 s) Uptakes of ['4C]MeAIB by Vesicles

['4C]MeAIB uptake

Na' K+ "A"

nmol/mg protein per 30 s

Control (15) 0.084±0.010 0.019±0.003 0.065±0.009
AGA(6) 0.050±0.014 0.012±0.002 0.038±0.013
FM (13) 0.045±0.005* 0.012±0.001 0.033±0.004t

Values are mean±SE (n). Uptakes are shown for Na+ and K+ gradients
and also for that due specifically to the system A transporter ("A"),
calculated as the difference between the former two. * P < 0.01; t P
< 0.02 compared with control group; ANOVAwith Scheffe.

the system L transporter. Binding of ["4C] leucine to the mem-
branes, as measured in the presence of triton, was < 7% of
equilibrium uptake in all three groups. 3-s uptake was taken as
giving an approximation of initial rate, and these data are shown
in Table IV for total, nonmediated (excess unlabeled leucine),
and system L (the difference between total and nonmediated)
mediated uptake. There was no difference in any of these vari-
ables between the three groups. Equilibrium (24 h; there was
no difference in uptake between 2- and 24-h measurements)
uptake was also not different between the three groups.

Na+ uptake by vesicles. The percentage of vesicles recov-
ered in the eluent from the ion-exchange columns was similar
in control (46±2%, n = 9), AGA(52±3%, n = 7), and FM
(48+2%, n = 7) groups.

The time courses for Na+ uptake by the vesicles are shown
in Fig. 4. As found previously ( 12, 17) in the absence of amilor-
ide, Na' uptake is initially rapid and is accompanied by an
overshoot at 5-10 min. This is followed by an efflux of Na+,
and equilibrium is reached by 2 h, as reflected by the similarity
in uptakes at 2 and 24 h (data not shown). Binding of sodium-
22 to the membranes, as measured in the presence of triton,
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Figure 2. Kinetics of MeAIB uptake by control (-) and FM(A) vesicles.
Initial rate (30 s) uptake of MeAIB in the presence and absence of Na+
was measured, as in Fig. 1, over a range of MeAIB concentrations in
the EVB. Data were obtained from four placentas each in the two groups
shown. Na+-dependent uptake (the difference between that in the pres-
ence and that in the absence of Na+) has been plotted, as individual
data points (one at each concentration from each placenta) against
MeAIB concentration, and the data were fitted by nonlinear regression
to the Michaelis-Menten equation to allow calculation of Vl,, and Km.
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Table IV. Initial and Equilibrium Uptakes of [14C]Leucine at 40C

['4C]Leucine uptake (pmol/mg protein)

3 s 24h

Excess Excess
Total* leucine "L" Total leucine

C 3.88±0.34 0.26±0.13 3.62±0.31 41.9±8.2 21.2±0.7
AGA 4.14±0.52 0.30±0.13 3.84±0.57 48.9±20.7 20.6±1.7
FM 5.12±1.07 0.33±0.17 4.79±1.12 46.1±12.8 23.6±2.3
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Figure 3. Early time course of [ 4C ] leucine uptake by control, AGA,
and FMvesicles measured at 40C. Vesicles were suspended in buffer
A, consisting of 290 mMsucrose, 5 mMHepes, 5 mMTris-HCl,
pH 7.4, at a protein concentration of 20-25 mg/ml, and uptake
reactions were initiated by mixing 20 1I vesicle suspension with 20
ILI of buffer B consisting of 145 mMKCl, 5 mMHepes, 5 mMTris;
titrated to pH 7.4 with 11.6 MHCl after which 50 pCi/ml [L-
14C ]leucine was added so that the final concentration of ['4C]-
leucine was 20 MM. [ 14C] Leucine uptake was also measured in the
presence of a vast excess of nonradioactive L-leucine to determine
that proportion of uptake not mediated by a transporter; 20 ILI vesi-
cle protein was mixed with 20 41 buffer C (240 mMsucrose, 50
mMleucine, 5 mMHepes, 5 mMTris; titrated to pH 7.4 with 11.6
MHCOand to which [L- '4C] leucine was added so that the final
radioactive leucine concentration was 20 AM). The reaction was

terminated at the intervals shown by adding 2 ml of ice-cold Krebs-
Ringer phosphate solution. 1 ml was immediately filtered through
presoaked millipore filters (0.45 ym) and washed with 10 ml of
Krebs-Ringer phosphate solution. Values shown are mean±SE for
vesicle preparations from five to six placentas in the control group,

four placentas in the AGAgroup, and four to five placentas in the
FM group. * is total uptake data; A is uptake in the presence of
excess unlabeled leucine.

Values are mean±SE. C, control, n = 6; AGA, n = 4; FMn = 5.
* Total uptake of ['4C]leucine; Excess leucine is the uptake of ['4C]leu-
cine in the presence of 50 mMunlabeled leucine in the EVB, and "L"
is the difference between the two representing uptake by the system L
transporter.

was < 2%for all three groups (Fig. 4). Uptake in the presence
of amiloride was significantly lower than that in its absence at
all time points up to 60 min. Both total and amiloride-insensitive
Na+ uptakes were linear over the first minute. In addition, the
amiloride-sensitive Na' uptake (calculated as the difference
between that in the presence and absence of amiloride) was

also linear over the first minute. For comparison purposes, there-
fore, the uptake at 30 s was taken to represent an initial rate.
The initial and equilibrium uptakes are shown in Table V; there
were no significant differences between any of the groups.

Discussion

This study provides the first report on placental MVMtrans-
porter activity in relation to fetal overgrowth and diabetes in
women. System A transporter activity was significantly and
markedly lower in the MVMfrom placentas of FM babies
from diabetic pregnancies as compared with MVMof control
pregnancies. The significantly lower V,,, but not Km of this
transporter in the FMgroup as compared with the control group

suggests that the number of transporters was reduced. Further-
more, the lack of difference in either system L or Na+/H+
exchanger activity between the three groups suggests that the
effect on system A is quite selective.

Less clear-cut is the effect of diabetes per se on system A
activity. Wefailed to find a significant difference in system A
transporter activity of MVMfrom placentas of AGAbabies
from diabetic pregnancies as compared with control or as com-

pared with MVMfrom placentas of FMbabies. Although this,
together with a previous report that there is no change in the
total uptake of aminoisobutyric acid by MVMfrom placentas
of diabetic pregnancies with normal fetal growth as compared
with normal pregnancies ( 11), suggests that reduced transporter
activity may be primarily related to macrosomia rather than
diabetes (especially as in the present study there was no differ-
ence in the glycemic control achieved in the two diabetic
groups). Clarification of this point awaits study of placentas of
macrosomic babies born to patients shown definitively not to
have diabetes or impaired glucose tolerance during pregnancy.

The placentas in the FMgroup were of a slightly but sig-
nificantly lower gestation than in the control group. Higher
Na'-dependent uptake of L-alanine by late gestation (37-38
wk) human placental MVMvesicles as compared with early
gestation (12-13 wk) MVMvesicles has been described (26).
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Figure 4. Time course of Na' uptake by control, AGA, and FMvesicles.
Vesicles were suspended in buffer consisting of 25 mMMes, 5 mM
Tris, 149 mMKCI, and 1 mMNaCl (pH 5.6) at a concentration of

- 15 mg/eml. Uptake at room temperature was initiated by adding 200
tl of this suspension to 900 pl EVB consisting of 18 mMHepes,

12 mMTris, 149 mMKCI, and 1 mMNaCl (pH 7.6) to which 2.5
ACi/ml sodium-22 had been added, in the absence (m) and presence
(A) of 0.5 mMamiloride. Aliquots of 100 Al of this mix were applied,
at the intervals shown, to ion-exchange columns and washed with 2.5
ml of EVB. v represents uptake in the presence of 0.2% Triton. Values
shown are mean±SE for vesicle preparations from 9 to 12 placentas in
the control group, 7 to 8 placentas in the AGAgroup, and 6 to 10
placentas in the FMgroup. Error bars are not shown if less than the
symbol size.

However, it seems unlikely that there would be a large increase
in amino acid uptake in the last 3 wk of pregnancy. Indeed, we
were unable to demonstrate any correlation in any of the three
groups between the initial rates of uptake of ['4C] MeAIB and
the period of gestation (data not shown; the range of the period

Table V. Initial and Equilibrium Uptakes of Na' by Vesicles

Na' uptake (nmol/mg protein)

30s 2h

Amiloride Na+/H' Amiloride
Total* (0.5 mM) exchanger Total* (0.5 mM)

C 1.01±0.12 0.17±0.01 0.84±0.11 2.20±0.14 1.95±0.16
AGA 1.21±0.24 0.12±0.03 1.09±0.23 2.04±0.26 1.67±0.22
FM 1.42±0.17 0.16±0.01 1.25±0.16 2.49±0.10 2.02±0.10

Values are mean±SE. C, control, n = 12; AGA, n = 8; FM, n = 10.
* Total uptake of Na' in the absence of amiloride; the uptake by the
Naf/H' exchanger is calculated as the difference between the total
uptake and the uptake in the presence of 0.5 mMamiloride.

of gestation was - 4 wk.). Wetherefore believe that the lower
system A activity in the FMgroup was not a result of gestational
differences per se.

As system A activity is reduced in MVMfrom placentas of
growth-retarded babies ( 11, 12), the finding here that it is simi-
larly reduced in FM was somewhat surprising, although in
streptozotocin-induced, mildly diabetic pregnant rats giving
birth to macrosomic fetuses, fetal plasma amino acids have
been shown to be reduced despite normal maternal concentra-
tions (27).

For the physiological significance of our data on the system
A transporter to be determined, a number of other factors need
to be taken into consideration. Transcellular amino acid net flux
across the placenta in vivo will be dependent on: (a) the activi-
ties and numbers of transporters in both the microvillous and
basal plasma membranes of -the syncytiotrophoblast and the
balance between maternofetal and fetomaternal flux; included
in this will be the surface area of plasma membrane; (b) mater-
nal and fetal plasma concentrations of amino acids; the impor-
tance of this will be dependent on the Kmof transporters; (c)
for Na+-dependent electrogenic transfer, as occurs with the
system A transporter, membrane potential and any transplacen-
tal potential difference will be important (28); and (d) syncytio-
trophoblast amino acid metabolism (29).

Our kinetic data suggest that the system A transporter is
not saturated at physiological concentrations of its substrates.
Therefore, raised maternal plasma concentrations as may occur
in diabetes (30, 31 ) would be likely to increase flux of substrate
via the transporter opposing its apparent downregulation. Fur-
thermore, there is a hint that syncytiotrophoblast plasma mem-
brane surface area is increased in diabetes (32). However, noth-
ing is known about the electrophysiology of the human diabetic
placenta or of its amino acid metabolism.

Therefore, we currently have insufficient information to es-
tablish whether in vivo substrate flux via the system A trans-
porter in the MVMof the FM placenta in diabetes near term
reflects its lower in vitro activity per milligram of membrane
protein. However, it does seem more likely that the latter is an
adaptation to macrosomia, rather than it being important in its
genesis.

The placenta is rich in insulin receptors on the MVM(33).
The effects of diabetes on placental insulin receptors have been
variably reported as no change, decreased, and increased con-
centrations (34-36). The reports on insulin effects on placental
amino acid transport are also conflicting with some reporting
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no change (37) and others demonstrating stimulation of uptake
(38, 39). Therefore, it is not possible to determine the role of
insulin in the changes in transporter activity which we have
observed, although this does seem to be a likely mediator of
the effect.

In conclusion, this investigation has demonstrated that pla-
cental MVMsystem A transporter activity is selectively reduced
when diabetic pregnancy results in FM, probably due to a de-
crease in the number of transporters.
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