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Abstract
Intrauterine growth restriction (IUGR) is associated with reduced activity of placental amino acid
transport systems β and A. Whether this phenotype is maintained in fetal cells outside the placenta
is unknown. In IUGR cord blood TNF-α concentrations are raised, potentially influencing amino
acid transport in fetal cells. We used fetal T lymphocytes as a model to study systems β and A
amino acid transporters in IUGR compared to normal pregnancy. We also studied the effect of
TNF-α on amino acid transporter activity. In fetal lymphocytes from IUGR pregnancies, taurine
transporter (TAUT) mRNA expression encoding system β transporter was reduced but there was
no change in system β activity. No significant differences were observed in system A mRNA
expression (encoding SNAT1 and SNAT2) or system A activity between the two groups. After
24h or 48h TNF-α treatment, fetal T lymphocytes from normal pregnancies showed no significant
change in system A or system β activity, though cell viability was compromised. This study
represents the first characterisation of amino acid transport in a fetal cell outside of the placenta in
IUGR. We conclude that the reduced amino acid transporter activity found in placenta in IUGR is
not a feature of all fetal cells.
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INTRODUCTION
Intrauterine growth restriction (IUGR) occurs when a fetus fails to achieve its expected
growth potential and may complicate about 5% of pregnancies (1). The short- and long-term
consequences include perinatal morbidity with an increased risk of a ‘cerebral insult’ and
neurodevelopmental impairments in later childhood (2). In IUGR there is a reduction in cord
plasma concentration of amino acids including essential amino acids (3, 4), underscored by a
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reduced activity of certain amino acid transport systems in the syncytiotrophoblast of human
placenta (5).

Amino acid transfer across the placenta is mediated by transporters in the maternal-facing
microvillous plasma membrane (MVM) and fetal-facing basal plasma membrane (BM) of
the syncytiotrophoblast (6). Plasma amino acid concentrations are higher in the fetus than in
the mother, in keeping with active transport systems in MVM and BM. In IUGR, the
activities of a range of amino acid transporters in MVM and BM are reduced (5). These
include system A transporter in MVM (7-9), system L transporter in MVM and BM (10),
system y+L transporter in BM (10) and system β transporter in MVM (11). Furthermore,
stable isotope studies have shown that placental supply of leucine and phenylalanine
exceeds fetal demand for protein synthesis by only a small amount suggesting a narrow
safety margin for placental transfer of these essential amino acids (12). Thus, reduced amino
acid placental transfer in IUGR has the potential to directly limit fetal growth (5, 13).

The basis for this decreased placental amino acid transport activity is not clearly understood.
It may have a genetic basis or may be secondary to an alteration in the metabolic and /or
endocrine milieu of the mother or the fetus. If there is a genetic element to the decreased
placental amino acid transport in IUGR, then a similar decrease could be proposed in other
fetal cells reducing the capacity for cell division and subsequent growth. Metabolic or
endocrine perturbations, such as the reduced amino acid concentrations in fetal plasma in
IUGR could result in adaptive up-regulation of transporters in fetal cells (14). Furthermore,
in IUGR the increase in circulating plasma TNF-α concentration (15) may influence amino
acid transporter activity (16). These situations raise the possibility that changes in amino
acid transport could occur in fetal cells outside the placenta, thereby contributing to the
pathophysiology of IUGR. This concept is also relevant to understanding the sequelae after
such an infant is born, since the potential for catch-up growth and development postnatally
may be influenced by alterations that have taken place to these amino acid transporters in
utero.

We have recently developed a technique to isolate pure, viable fetal T lymphocytes from
cord blood as an easily accessible fetal cell type, and have demonstrated system β-mediated
taurine transport by these cells (17). Our observations here also indicate these cells express
the ubiquitous amino acid transporter System A, which transports neutral amino acids with
short or linear side chains including alanine, serine and glycine (18). System A has the
unique ability to transport N-methylated amino acid α-(methylamino)isobutyric acid
(MeAIB) (18), a substrate widely used to study system A activity in placenta. System A
activity is mediated by three highly homologous isoforms of the sodium-coupled neutral
amino acid transporter (SNAT) family, namely SNAT1, SNAT2 and SNAT4 which are
encoded by the genes SLC38A1, SLC38A2 and SLC38A4 respectively (18).

We hypothesised that the activity and expression of amino acid transporter systems in fetal
cells outside of the placenta would be reduced in IUGR as compared to normal pregnancies.
The aims of this study were firstly, to examine mRNA expression of TAUT and SNAT
isoforms in fetal lymphocytes, comparing IUGR with appropriate-for-gestational age (AGA)
infants. Secondly, to determine whether the transport activity of systems β and A was
altered in fetal T lymphocytes obtained from cord blood of infants born at term with IUGR
as compared with that in lymphocytes from AGA infants. Thirdly, to investigate the
cytokine-mediated effects of TNF-α on system β and system A transporter activity in fetal T
lymphocytes from normal pregnancy.
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MATERIALS AND METHODS
Tissue acquisition

All cord blood or placental tissue samples were obtained with written informed consent as
approved by the Central Manchester Local Research Ethics Committee. Placentas were
obtained following vaginal delivery or caesarean section from normal pregnancies (AGA) or
IUGR pregnancies at term (37-42 weeks). IUGR was defined as an individualised birth ratio
(IBR) <6th centile, with or without a reduction in growth velocity on serial growth scans or
changes in umbilical artery blood flow as determined by Doppler studies. By using IBR,
birthweight for gestational age was corrected for the confounding variables of maternal
height and weight, ethnic origin, parity and infant sex (19). Babies with chromosomal and
congenital anomalies and pregnancies complicated by other pathologies were excluded.

Cord blood from the chorionic vessels (10-60ml) was obtained within 15min of delivery of
the placenta as 10ml aliquots using a 21G needle and placed in 25ml sterile universal bottles
with 400 units sodium heparin without preservative (CP Pharmaceuticals, Wrexham, UK).

Isolation of fetal T lymphocytes
Pure and viable fetal T lymphocytes were obtained from cord blood as described previously
(17). Briefly, fetal T lymphocytes were isolated by two rounds of density gradient
centrifugation followed by immunomagnetic bead depletion of contaminating cells. The
purity of the T lymphocyte isolates was determined by flow cytometry using CD3 as a T cell
marker (17). T lymphocyte viability was assessed by 0.1% trypan blue exclusion (17).

System β activity
After isolation, fetal T lymphocytes were suspended in Tyrode’s buffer (in mM: 135 NaCl, 5
KCl, 1.8 CaCl2, 1 MgCl2.6H2O, 10 HEPES and 5.6 glucose, pH 7.4) containing 0.1% BSA.
System β activity, taken as the uptake of 0.2μM 3H-taurine over 15min, was measured as
described previously (17) using 30μl cells (3 – 5 × 106 cells). The cells were pre-incubated
in Tyrode’s buffer for 30 min prior to amino acid uptake, to reduce intracellular
concentration of amino acids and avoid trans-inhibition.

System A activity
The procedure for the measurement of system A activity was similar to that for system β
(17), measured as the uptake of 14C-MeAIB. 30μl cells (3 – 5 × 106 cells) were mixed with
20μl Tyrodes/0.1% BSA containing 500μM 14C-MeAIB to give an incubation volume of
50μl containing 200μM 14C-MeAIB.

TAUT mRNA expression
Expression of TAUT mRNA in fetal T lymphocytes was quantified by real-time quantitative
PCR (qPCR) using intercalation of SYBR Green with normalization to term placenta as
internal calibrator as described previously (17). Amplification capacity was confirmed in all
samples using β-actin primers, as detailed previously (17).

SNAT mRNA expression
SLC38A1 (SNAT1), SLC38A2 (SNAT2) and SLC38A4 (SNAT4) mRNA expression in
fetal T lymphocytes was quantified as described above using primers that had been
previously validated and confirmed to be specific for each of the SNAT isoforms (20).
Electrophoresis of all qPCR products on agarose gel (2%) in the presence of ethidium
bromide (0.5μg/ml) was undertaken to confirm primer specificity, inferred by the
visualisation of a single amplicon of the predicted size.
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TNF-α treatment of T lymphocytes
Isolated T lymphocytes from normal, term pregnancies were suspended in culture media
(RPMI 1640 Glutamax with 10% fetal bovine serum, 100U/ml penicillin, 100μg/ml
streptomycin: all from Invitrogen, Paisley, Scotland). Viability and count was determined by
trypan blue exclusion and the cells were then split into different flasks at a concentration of
0.5 – 1.0 × 106 cells/ml (5-6 × 106 cells/flask). The cells were cultured with 0, 20 and 50ng/
ml recombinant human TNF-α (Invitrogen) at 37°C in a humidified atmosphere with 5%
CO2 for 24 or 48h respectively. After culture, the cells were washed with PBS/0.1% BSA
and suspended in Tyrode’s /0.1% BSA. The viability and number of cells were determined
and uptakes performed for systems β and A (10 min incubation) as detailed above.

Statistical analysis
Statistical analyses were performed using Prism version 4.01 (GraphPad Software, San
Antonio, CA). The clinical characteristics, blood volume, number of T lymphocytes
recovered and cell viability of term AGA and IUGR babies are presented as mean ± SEM.
For the time courses, 3H-taurine uptake by system β and 14C-MeAIB uptake by system A, is
presented as mean ± SEM. Linear regression analysis was applied to determine linearity of
uptake over 15 min. Relative mRNA expression is presented as median, 25th and 75th centile
and range and was analysed with the Mann-Whitney test. For TNF-α treatment of cells, T
lymphocyte viability and uptake of radiolabelled substrates between different treatment
groups with time was analysed by two-way repeated measures ANOVA with Bonferroni’s
multiple comparison post-test where there was a significant difference. For all analyses, n =
number of placentas with a value of p<0.05 considered significant.

RESULTS
Clinical characteristics of AGA and IUGR babies

There was a significant difference in the birthweight of AGA and IUGR babies (Table 1).
There were no significant differences in the gestational age of the pregnancies, the sex or the
mode of delivery of the babies. Seven of the eleven AGA babies and seven of the eight
IUGR babies were born to Caucasian parents.

Characteristics of T lymphocyte isolates
The volume of cord blood that could be harvested from IUGR babies was significantly less
than that from AGA babies (Table 2). However, this did not compromise the number of T
lymphocytes isolated per unit volume of cord blood which was comparable between the two
groups with good preservation of cell viability in both groups (Table 2). It is noteworthy that
in several placentas from IUGR pregnancies, the volume of cord blood that could be
harvested was below the threshold required for the successful execution of the isolation
procedure, limiting the number of samples that could be analyzed.

System β
Figure 1 confirms TAUT mRNA expression in fetal T lymphocytes from both AGA and
IUGR groups. Relative TAUT mRNA expression was significantly lower in IUGR T
lymphocytes compared to AGA lymphocytes (Figure 1B). The identity of the TAUT mRNA
was confirmed by the generation of a single amplicon of appropriate size (117 bp) in all
samples which co-migrated with placenta as positive control. The lack of difference in β-
actin mRNA expression between lymphocytes in each group (Figure 1A) confirms
comparable cDNA integrity in both groups. System β activity, measured as 3H taurine
uptake over 5–15 min, was time-dependent and linear and not different (2-way ANOVA)
between groups (Figure 1C).
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System A
Gene expression studies of system A subtypes in fetal T lymphocytes demonstrated
expression of SLC38A1 (SNAT 1) and SLC38A2 (SNAT2) mRNA whereas SLC38A4
(SNAT 4) mRNA was undetectable (no cycle threshold value recorded) despite clear
visualization of SLC38A4 amplicon in the positive controls (Figure 2). This observation was
consistent between the two groups of fetal T lymphocytes (Figure 2) and so mRNA
expression of SLC38A1 and SLC38A2 only was compared (Figure 3). SLC38A1 and
SLC38A2 amplification products detected in T lymphocytes from both groups were of the
predicted size and co-migrated with positive controls (Figure 2). There was no difference in
SLC38A1 and SLC38A2 mRNA expression between AGA and IUGR T lymphocytes
(Figures 3A and 3B). System A activity, as represented by uptake of 200μM 14C-MeAIB
over 5-15 min, was time-dependent and linear and was not different (2-way ANOVA)
between AGA and IUGR T lymphocytes (Figure 3C).

TNF-α treatment of fetal T lymphocytes
Fetal T lymphocyte cell viability was unaltered after 24h incubation with either 20ng/ml or
50ng/ml TNF-α. However, after 48h of culture with 50ng/ml TNF-α, T lymphocyte cell
viability was significantly (p<0.05) reduced (89.5 ± 3.1%; mean ± SEM) compared to
control cells without TNF-α treatment (97.7 ± 0.8%) as shown in Figure 4. After 24 and 48h
culture, TNF-α did not affect activity of either system β or system A in fetal T lymphocytes
(Figure 5). For all the treatment groups, system A activity was significantly raised after 48h
of culture (p<0.05; 2-way repeated measures ANOVA with Bonferroni’s multiple
comparison test).

DISCUSSION
In this study we have examined whether the altered amino acid transport function observed
in the placentas of IUGR pregnancies (5, 13) is also reflected in other fetal cells outside of
the placenta. To address this issue we have focused on two amino acid transport systems,
system β and system A, the activities of which are reduced in the placentas of IUGR
pregnancies (8, 9, 11). We elected to use fetal T lymphocytes as a fetal cell model as these
cells are readily accessible, and can be isolated to a high degree of purity, constituting a
well-characterized fetal cell population in which transport function can be examined (17).

The IUGR babies in this study were delivered at term, there being no difference in
gestational age compared to the AGA babies, suggesting that these were mild to moderate
IUGR cases that did not necessitate preterm clinical intervention. However, evidence of
growth restriction was supported by the significantly lower birthweight of this group.
Although several severely growth restricted babies were recruited to the study, minimal cord
blood could be obtained at birth or the T lymphocytes isolated were heavily contaminated
with red blood cells precluding their use, thereby limiting the number of samples available
in this study. We speculate that this contamination most likely arises from nucleated red
cells, as the nucleated red cell count in cord blood is increased in pregnancies complicated
by IUGR (21). Although a lower blood volume was harvested from the placenta of IUGR
pregnancies, there was comparability in the number of cells isolated per unit volume,
suggesting cell recovery was equally efficient in both groups. Despite the reduced
expression of TAUT mRNA observed in IUGR T lymphocytes, system β activity in these
cells was unaltered, suggesting discordance between TAUT mRNA expression and system β
activity. This is interesting in the light of other studies reporting divergence between
expression of TAUT and system β activity in placenta (22). The reduced abundance of
TAUT mRNA in IUGR T lymphocytes was not mirrored by a change in SLC38A1,
SLC38A2 or β-actin mRNA levels, suggesting this response was TAUT-specific and not
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reflective of a generalised downregulation in cellular transcription in the IUGR group. We
were not able to measure the Na+-dependent component of 3H-taurine as an index of system
β activity in this study (or for system A) due to the constraints in the number of cells
recovered (~18 × 106 cells in IUGR group; Table 2) and the requirement for 3-5 × 106 cells
per activity measurement (17).

In this study we have confirmed that system A is expressed and functionally active in fetal T
lymphocytes, as evidenced by the uptake of radiolabelled MeAIB, considered a paradigm
substrate for this transport system (18). This would be anticipated based on the ubiquitous
expression of system A and its key role in the cellular provision of neutral amino acids (18).
System A activity demonstrated here is likely to be by SNAT1- and SNAT2-mediated
activity, based on the demonstration of mRNA expression for both these isoforms in this cell
type. Whilst SLC38A2 (SNAT2) mRNA expression has a broad tissue distribution with
ubiquitous expression, SLC38A1 (SNAT1) exhibits a more restricted expression (23, 24),
leading to the proposal that SNAT2 is likely to represent the classic system A transporter.
Several tissues, including placenta, co-express both SNAT1 and SNAT2 transcripts (20, 24,
25), as shown here in fetal T lymphocytes. The lack of SNAT4 mRNA in fetal T
lymphocytes is interesting as other fetal cell types within the human placenta, notably
syncytiotrophoblast and fetal capillary endothelium, express SNAT4 (20). This study
therefore highlights the cell-specific nature of fetal SNAT4 expression and suggests that
SNAT4-mediated amino acid transport subserves a cell-specific role in amino acid
provision. Rodent placenta also expresses SNAT4 (25), implicating an important role for
SNAT4 in placental function, perhaps related to fetal growth and development (20).

The observations made here, that system β or system A amino acid transporter activity in
fetal T lymphocytes is not altered in IUGR, as compared with that in AGA infants, contrasts
with previous placental studies that have shown a reduction in the activity of these
transporters in the syncytiotrophoblast plasma membranes in IUGR pregnancy (5,13). The
studies on placenta showing differences in amino acid transporter activity include term
IUGR clinical groups similar to those studied here (7) as well as more severely affected
groups (8). Other studies have further suggested that the reduction in system A activity plays
a causative role in inducing IUGR (26-28), compatible with the observation that the
magnitude of diminution in system A activity in MVM relates to the severity of IUGR (8).
Our observation that neither system β nor system A activity is altered in fetal T lymphocytes
implies that the aberrant functional phenotype of syncytiotrophoblast in IUGR pregnancy (5,
13) is not manifest in all fetal cells. A reduced amino acid transporter activity in fetal T
lymphocytes might influence their proliferation and differentiation impacting on neonatal
host-defence mechanisms (29).

A regulatory feature of both system β and system A is the ability to undergo adaptive
regulation, being upregulated by extracellular substrate starvation. This is pertinent with
regard to IUGR as the concentration of some essential amino acids in cord plasma is reduced
(3, 4). Our observations, as evidenced by the lack of change in both transporter activities in
fetal T lymphocytes from IUGR pregnancies compared to the AGA group, argues against
these cells having evoked an adaptive regulation response in relation to these transport
mechanisms. Consistent with this notion, there was no evidence in fetal T lymphocytes of
upregulated TAUT and SLC38A2 gene transcription associated with adaptive regulation
(14).

Our studies on the treatment of fetal T lymphocytes with TNF-α have shown that this
cytokine had no effect on the activity of amino acid transport systems β and A despite a
small reduction in cell viability after 48h with 50ng/ml TNF-α. Previous studies suggest that
treatment with TNF-α may cause DNA damage and an increase in the percentage of
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apoptotic cells at concentrations greater than 10ng/ml (30). The ability of TNF-α to
stimulate amino acid transport is restricted to certain cell types (31). We cannot exclude the
possibility that the effects of TNF-α were acute and transitory. However, system A
transporter activity appeared to increase after the lymphocytes were incubated for 48h,
despite a reduction in viability following 50ng/ml TNF-α treatment. It is not clear what the
stimulus for system A amino acid transport might be as the increase in 14C-MeAIB took
place irrespective of TNF-α treatment. Adaptive upregulation of this amino acid transporter
is a possibility (14), arising from the cellular consumption of amino acids.

To summarise, this is the first study to investigate amino acid transporter activity in a readily
available, non-passaged cell type outside the placenta in IUGR. The reduction in TAUT
mRNA in fetal T lymphocytes from IUGR babies is at variance with a lack of change in
system β activity, although the relationship between mRNA expression, protein expression
and amino acid transporter activity is complex with evidence for a lack of direct
correspondence between these variables (20, 22). The presence of SLC38A1 and SLC38A2
transcripts in fetal T lymphocytes and the absence of SLC38A4 transcripts suggest SNAT4
is not involved in fetal T lymphocyte metabolism, and that system A activity in these cells is
mediated by SNAT1 and SNAT2 subtypes. The activity of system β and system A in fetal T
lymphocytes from AGA pregnancies was not affected by exposure to TNF-α over a 48h
timeframe, although cellular responsiveness to TNF-α was inferred by the observation of a
significant reduction in viability at the highest dose applied. We conclude that the impaired
transporter phenotype described in the syncytiotrophoblast (5, 13) is not present in fetal T
lymphocytes and further, that there is not a unified downregulation of amino acid transporter
activity in all fetal cells from IUGR pregnancy.
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FIGURE 1.
Expression of (A) β-actin and (B) TAUT mRNA in AGA (n=5) and IUGR (n=6) fetal T
lymphocytes; and (C) 3H-taurine uptake by fetal T lymphocytes from AGA (■, n=6;
r2=0.995, p<0.05, solid line) and IUGR (△, n=6; r2=0.998, p<0.05, dashed line) babies.
Data in Figures 1A and 1B are presented as box and whiskers (box extends from the 25th to
the 75th centile, whiskers represent range and horizontal line is median). * p<0.01 v IUGR,
two-tailed Mann-Whitney test. In Figure 1C the linear regression plot is shown with data
presented as mean ± SEM.
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FIGURE 2.
Gel electrophoresis of qPCR products for (A) SLC38A1 (SNAT1), (B) SLC38A2 (SNAT2)
and (C) SLC38A4 (SNAT 4) in standard (S1=100ng), AGA lymphocyte (L1, L2), IUGR
lymphocyte (R1, R2), placenta (Pl), liver (Li) and negative controls (lanes NTC, NRT and
H). The products were of the expected size of 187, 141 and 152 bp respectively. NTC = no
template control; NRT = no reverse transcriptase; H = H20. 100La = 100 bp ladder.
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FIGURE 3.
Relative mRNA expression of (A) SNAT 1 and (B) SNAT 2 in AGA (n = 5) and IUGR (n =
6) fetal T lymphocytes; and (C) 14C-MeAIB uptake by fetal T lymphocytes from AGA (■, n
= 6; r2 = 0.987, p = 0.07, solid line) and IUGR (△, n = 6; r2 = 0.999, p = 0.02, dashed line)
babies. Data in Figures 3A and 3B are presented as box and whiskers (box extends from the
25th to the 75th centile, whiskers represent range and horizontal line is median). SNAT 1 and
SNAT 2 mRNA expression was comparable between the groups. In Figure 3C the linear
regression plot is shown with data presented as mean ± SEM.
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FIGURE 4.
Fetal T lymphocyte viability after 24 and 48h culture without (control; ■) or with 20 ng/ml
(□) or 50ng/ml ( ) TNF-α. Cell viability was significantly reduced by 50ng/ml TNF-α
after 48h (2-way repeated measures ANOVA with Bonferroni post test). Data is presented as
mean + SEM, n = 6; *p< 0.05 control v 50 ng/ml TNF-α.
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FIGURE 5.
Uptake of (A) 3H-taurine by system β and (B) 14C-MeAIB by system A in fetal T
lymphocytes after 24 and 48h culture without (control; ■) or with 20 ng/ml (□) or 50ng/ml
( ) TNF-α. TNF-α had no effect on either taurine or MeAIB uptake. Data is presented as
mean + SEM, n = 5 for both.
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TABLE 1

Clinical characteristics of AGA and IUGR groups used to isolate fetal T lymphocytes in this study

AGA (n = 11) IUGR (n = 8)

Gestation (days) 274 ± 3 270 ± 4

Birthweight (g) 3579 ± 152 2165 ± 179*

Sex M = 7; F = 4 M = 4; F = 4

Mode of Delivery VD = 9; CS = 2 VD = 4; CS = 3; Ve = 1

Data are presented as mean ± SEM.

*
p< 0.001 v AGA (two-tailed t test). M = male, F = female, VD = vaginal delivery, CS = caesarean section, Ve = ventouse delivery.
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TABLE 2

Umbilical cord blood volume harvested and number and viability of T lymphocytes isolated from the
umbilical cord blood of AGA and IUGR babies

AGA§ IUGR

Blood volume harvested (ml) 38.9 ±1.8 (n = 27) 31.0 ± 3.4 (n = 9)*

No of T lymphocytes isolated
(106/10 ml cord blood)

7.6 ± 0.7 (n = 26) 5.8 ± 1.2 (n = 9)

Cell viability (%) 97.8 ± 0.7 (n = 24) 99.2 ± 0.4 (n = 9)

§
The number of AGA samples is different between variables measured because of incomplete data.

Data are presented as mean ± SEM.

*
p<0.05 v AGA (two-tailed Student’s t test).
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