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Modification of fetal plasma amino acid composition by
placental amino acid exchangers in vitro
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Fetal growth is dependent on both the quantity and relative composition of amino acids delivered
to the fetal circulation, and impaired placental amino acid supply is associated with restricted
fetal growth. Amino acid exchangers can alter the composition, but not the quantity, of amino
acids in the intra- and extracellular amino acid pools. In the placenta, exchangers may be
important determinants of the amino acid composition in the fetal circulation. This study
investigates the substrate specificity of exchange between the placenta and the feto-placental
circulation. Maternal—fetal transfer of radiolabelled amino acids and creatinine were measured
in the isolated perfused human placental cotyledon. Transfer of L-[**C]serine or L-['*C]leucine,
and [*H]glycine, were measured in the absence of amino acids in the fetal circulation
(transfer by non-exchange mechanisms) and following 10-20 zzmol boluses of unlabelled amino
acids into the fetal circulation to provide substrates for exchange (transfer by exchange and
non-exchange mechanisms). The ability of fetal arterial boluses of L-alanine and L-leucine
to stimulate release of amino acids from the placenta was also determined using HPLC in
order to demonstrate the overall pattern of amino acid release. Experiments with radiolabelled
amino acids demonstrated increased maternal—fetal transfer of L-serine and 1-leucine, but not
glycine, following boluses of specific amino acids into the fetal circulation. L-['*C]Leucine, but
not L-["*C]serine or [*H]glycine, was transferred from the maternal to the fetal circulation
by non-exchange mechanisms also (P < 0.01). HPLC analysis demonstrated that fetal amino
acid boluses stimulated increased transport of a range of different amino acids by 4-7 pmol 1!
(P < 0.05). Amino acid exchange provides a mechanism to supply the fetus with amino acids that
it requires for fetal growth. This study demonstrates that these transporters have the capacity to
exchange micromolar amounts of specific amino acids, and suggests that they play an important
role in regulating fetal plasma amino acid composition.
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Fetal growth depends on nutrient supply from the mother
via the placenta, and inadequate or inappropriate placental
nutrient transport impairs fetal development (Constancia
et al. 2002; Jansson et al. 2006). Altered fetal amino acid
concentrations (Cetin et al. 1988) and impaired placental
amino acid transporter activity (Glazier efal. 1997; Jansson
etal. 1998) have been associated with reduced fetal growth.
Both the quantity and the relative composition of amino
acids transported will be important to the fetus, which has
specific metabolic requirements.

Amino acid transfer to the fetus is an active process,
with fetal plasma amino acids being higher than maternal
plasma levels (Philipps et al. 1978). To cross the
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placenta, amino acids must be transported across both
the maternal facing microvillous membrane (MVM)
and fetal facing basal membrane (BM) of the placental
syncytiotrophoblast. While net amino acid transfer must
occur to support fetal growth, aspects of amino acid
transport remain unclear, in particular transport across
the BM. A working model for the uptake of amino acids
by the MVM is that amino acids are actively transported
by Na'-dependent amino acid transporters against
a concentration gradient into the syncytiotrophoblast
(Jansson, 2001). It is less clear how amino acids are
transported across the BM into the fetus. Both
Nat-dependent transporters and amino acid exchangers
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Table 1. Amino acid exchangers in the placenta

Membrane localization

Substrates

System (Cariappa et al. 2003) Isoform (Broer, 2002)
asc Unknown (mMRNA for both ascl GLY, ALA, SER, CYS, THR
isoforms is expressed) asc2 GLY, ALA, SER, THR
ASC BM ASCT1 ALA, SER, CYS
ASC2T2 ALA, SER, CYS, THR, GLN
b0+ BM bO+AT LYS, ARG, ALA, SER, CYS, THR,
ASN, GLN, HIS, MET, ISO, LEU,
VAL, PHE, TYR, TRP, C-
L MVM, BM LAT1 GLN, HIS, MET, LEU, ISO,
VAL, PHE, TYR, TRP
LAT2 ALA, SER, CYS, THR, ASN, GLN, HIS
MET, LEU, ISO, VAL, PHE, TYR, TRP
yTL MVM, BM yTLAT1 LYS, ARG, GLN, HIS, MET, LEUA,
yTLAT2 LYS, ARG, GLN, HIS, MET,

LEUA, ALA, CYS

ALA, L-alanine; ARG, L-arginine; ASN, L-asparagine; CYS, L-cysteine; C-, L-cystine; GLU,
L-glutamate; GLN, L-glutamine; GLY, glycine; HIS, L-histidine; 1SO, L-isoleucine; LEU, L-leucine;
LYS, L-lysine; MET, L-methionine; PHE, L-phenylalanine; SER, L-serine; THR, L-threonine; TRP,
L-tryptophan; TYR, L-tyrosine; VAL, L-valine; A, y*L influx but not efflux of L-leucine (Chillaron

et al. 1996).

are known to be present on the BM. Apart from system N,
which is not expressed in placenta (Nakanishi e al. 2001;
Broer, 2002), Na*-dependent transporters are thought to
mediate amino acid uptake into cells (in the direction
of the Na* gradient maintained by the Nat—K*-ATPase)
rather than efflux. Amino acid exchangers exchange an
intracellular amino acid for an extracellular amino acid.
This may alter the intra- and extracellular composition
of amino acids, but cannot explain the increase in size
of the fetal amino acid pool. This problem suggests the
existence of a BM transporter which mediates efflux from
the syncytiotrophoblast (Wagner et al. 2001; Verrey, 2003).
This could be a transporter such as LAT3, LAT4 or TAT1
which mediates facilitated diffusion (Bodoy et al. 2005;
Ramadan et al. 2006). Alternatively, a leaky BM may allow
amino acids to move across it down the placental-fetal
concentration gradient (Jansson, 2001).

Amino acid exchangers are hypothesized to mediate
directional transepithelial amino acid transfer of specific
amino acids (Verrey, 2003). Multiple amino acid exchange
transport systems have been identified in the human
placenta at the protein or RNA level, some of which
have been localized to the BM and MVM of the
syncytiotrophoblast using immunohistochemical and
functional membrane vesicle preparations (Table 1).
Exchangers may therefore mediate the process by
which amino acids are taken up into the placental
syncytiotrophoblast across the MVM, and transported
out across the BM to the fetal compartment. At term,
few cytotrophoblasts remain in the human placenta,
and the syncytiotrophoblast is the major trophoblast

compartment (Ali, 1997). Inside the syncytiotrophoblast,
metabolism of amino acids might occur as it does in the
placenta of other species (Chung et al. 1998), therefore
the amino acids perfused in on the maternal side of
the placenta are not necessarily the amino acids that
emerge on the fetal side of the placenta. No previous study
has demonstrated activity of these exchange transporters
in intact tissue or provided any estimate of the capacity of
these transporters to exchange amino acids. If exchangers
make physiologically relevant changes, i.e. changes that
might be expected to alter fetal growth or metabolism, to
the fetal amino acid pool, then they may be important
determinants of fetal growth.

Many tissues or metabolic processes require specific
amino acids and if transport or synthesis of these amino
acids is insufficient fetal growth will be impaired. For
this reason the composition of amino acids in the fetal
circulation is metabolically important. Although amino
acid exchangers cannot increase the size of the fetal
amino acid pool they may alter the composition of amino
acids within the feto-placental circulation. Exchangers may
allow excess fetal amino acids to be transported back to the
placenta via exchangers in return for amino acids that are
scarce in the fetus. Amino acid exchangers do play a crucial
role by accumulating scarce essential amino acids within
cells, in exchange for plentiful non-essential amino acids
(Broer, 2002). Placental amino acid exchangers could thus
play a vital role in maintaining the appropriate amino acid
composition to match fetal metabolic demand.

Considerable work has gone into describing which
amino acid transport systems are present in the placenta
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and thus to infer which amino acids are transported.
This study takes a different approach by using the dually
perfused intact human placental cotyledon to investigate
which amino acids are exchanged, rather than which
exchangers are present.

Methods
Placentas

Placentas were collected from normal term pregnancies
immediately after delivery, following written informed
consent and with the approval of the South and West
Hampshire Local Research Ethics Committee.

Experimental rationale

Amino acid transfer into the fetal circulation by exchange
was investigated in the isolated perfused placental
cotyledon. Following delivery, an intact human placental
cotyledon was isolated, and the fetal and maternal
circulations were re-established using a physiological
buffer solution as described below. Amino acids and
creatinine were perfused into the maternal circulation
and transfer was indicated by their appearance in the fetal
circulation. Amino acid transfer occurs by transporter-
mediated mechanisms and passive diffusion, while
transfer of creatinine occurs only by passive diffusion. The
rate of creatinine transfer (passive diffusion) was used
to distinguish between passive and transporter-mediated
amino acid transfer. Uni-directional transporters
transport an amino acid across a membrane, whereas
exchangers exchange one amino acid from one side
of the membrane for another on the other side of
the membrane. Amino acid exchangers work only if

Fetal perfusion

Placental amino acid exchange
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there is amino acid outside the cell for exchange. In
our system, amino acids were not perfused into the
fetal circulation, so no substrates were available for
exchange. Without amino acids in the fetal circulation
any transporter-mediated exchange must be mediated
by non-exchange mechanisms. To observe exchanger
activity, amino acids were added to the fetal circulation.
Boluses of specific amino acids were injected into the fetal
circulation and an increase in transfer of the amino acids
(above that seen before and after the bolus had passed
through) indicated exchanger activity. To investigate
amino acid specificity of exchange, multiple boluses of
different amino acids were administered at 15-20 min
intervals (See Fig. 1).

Perfusion

Placentas were perfused using perfusion methodology
(Schneider et al. 1972), as adapted in our laboratory
(Edwards et al. 1993; Brownbill et al. 2000, 2003). Catheters
(Portex, UK), 15cm in length, were inserted in the
fetoplacental artery (polythene tubing: i.d. 1.0 mm, o.d.
1.6 mm) and feto-placental vein (PVC tubing: i.d. 2 mm,
o.d. 3mm) of an intact cotyledon, and sutured in place.
On the maternal side, five 10 cm lengths of polythene
tubing (Portex; id. 0.58 mm, o.d. 0.96 mm) were
inserted through the decidua and into the intervillous
space. The fetal circulation and intervillous space were
perfused with a modified Earle’s bicarbonate buffer (EBB)
(mMm): 1.8 CaCl,, 0.4 MgSO,, 116.4 NaCl, 5.4 KCl,
26.2 NaHCOs, 0.9 NaH,PO,, 5.5 glucose, containing
35 g1~! dextran (MW 64 000-74 000; Sigma Chemical Co.,
Poole, UK), 0.1% bovine serum albumin, and 5000 IU 17!
heparin, equilibrated with 95% O,-5% CO, using roller
pumps (Watson Marlow, Falmouth, UK) at 6 and
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Figure 1. Experimental outline for the perfusion experiments

The fetal circulation was perfused from time O with Earl’s bicarbonate buffer (EBB) and, if venous recovery was
>95%, the maternal circulation from 15 min. At 40 min, the maternal buffer was changed to a buffer containing
radiolabelled amino acids and creatinine, as indicated by the shaded area. Boluses of unlabelled amino acids were
injected into the fetal circulation, upstream of the pump, as indicated by the large filled arrows. Although only three
boluses are shown in this diagram, up to nine boluses of different amino acids were given in any one experiment.
Samples were taken from the maternal and fetal venous circulation as indicated by the small arrows.
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14 ml min~", respectively. Perfusion of the fetal circulation
was established first, and, if fetal venous outflow was >95%
of fetal arterial inflow, the maternal-side arterial perfusion
with EBB was established 15 min later. Approximately
1 ml samples of fetal and maternal venous outflow were
collected.

Creatinine. Creatinine has been shown to have free
permeability through the human feto-placental endo-
thelium pores and was used as a marker of paracellular
diffusion in the tracer experiments (Illsley et al. 1985).
Creatinine was measured using an Infinity Creatinine assay
kit (Thermo Electron, Australia) in a microplate read at
490 nm. The intra- and interassay coefficients of variation
were 1.9 and 3.8%, respectively.

Maternal tracer experiments — dose-dependent amino
acid exchange

Following 40 min of initial perfusion, the maternal arterial
perfusion was switched to EBB containing 100 um each
of r-serine and glycine, 0.6 um L-["*C]serine, 20 um
[*H]glycine and 1.8 mm creatinine (n = 5). Samples were
collected every 5 min for 60 min. From 60 min, 10 gmol
L-alanine, 20 umol r-glutamate and 20 umol r-alanine,
prepared in 3 ml of EBB, were each administered as a
separate bolus to the fetal inflow line via an injection
point prior to the pump (to avoid pressure changes) over
a 30s period at 20 min intervals. The arterial boluses
were followed by fetal and maternal venous sampling
at +1, 2, 3, 4, 5,6, 7, 8,9, 10, 13 and 17 min. Given
in this way, the bolus was diluted 2.8-fold as it went
through the pump and the tubing prior to entering the
placental circulation. So a 20 umol bolus gave a peak
concentration 2.4 mmoll~!, and for the 10 umol bolus
the peak concentration was 1.2 mmol 1™!. Appearance of
L-["*C]serine and [*H]glycine were measured as counts
per minute (c.p.m.) in maternal and fetal venous samples
(0.5 ml sample in 8 ml; Optiphase HiSafe 2; Perkin Elmer,
The Netherlands) by liquid scintillation counting (Tricarb
2100TR; Perkin Elmer Life Sciences, UK).

Maternal tracer experiments - substrate-specific
amino acid exchange

Following 40 min of initial perfusion, the maternal arterial
perfusion was switched to EBB containing either (a)
50 um each of L-serine and glycine, 0.6 um L-["*C]serine,
20 M [*H]glycine and 1.8 mM creatinine (n=>5), or (b)
50 M each of L-leucine and glycine, 0.6 um L-['*C]leucine
and 1.8 mMm creatinine (n=15). Sampling was continued
every 5 min until 60 min.

From 60 min, each of the following amino acids
or system specific amino acid analogues: L-serine,
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L-lysine, L-leucine, glycine, 1-threonine, 2-aminobicyclo-
(2,2,1)-heptane-2-carboxylic acid (BCH; a systemL
substrate), L-glutamine, L-tryptophan and r-glutamate,
were administered as a separate bolus (12.5 umol in 1.5 ml
EBB) to the fetal inflow line via an injection point prior
to the pump over a 15s period. Given in this way, the
bolus was diluted 7.7-fold as it went through the pump
and the tubing prior to entering placental circulation. So
a 12.5 umol bolus in 1.5 ml gave a peak concentration of
1.0 mmol 17!, The boluses were given in random order at
15 min intervals followed by fetal and maternal venous
sampling at +1, 2, 3, 4, 5, 8, 11 and 14 min. Amino acid
boluses were chosen to cover the range of amino acid
exchangers in the placenta, and L-glutamate was included
asanegative control as itis not exchanged by any exchanger
expressed in the placenta.

Appearance of r-['*C]serine or r-['*C]leucine, and
[*H]glycine, were measured in maternal and fetal venous
samples (0.5ml in 8ml scintillation fluid) by liquid
scintillation counting.

Accumulation of radiolabel within the cotyledon.
Cotyledons from the specificity of exchange experiments
were homogenized in a blender with water (1:2,
tissue:water). The debris was spun down, and radiolabel
in the supernatant was determined by liquid scintillation
counting (0.5 ml in 8 ml scintillation fluid). This was used
to determine the accumulation of the maternal amino acid
(nmol g~!) within the cotyledon.

Column extraction. To establish whether the radiolabel
was still attached to the amino acid, and that the amino acid
had not been metabolized, the amino acids were separated
from the non-amino acid component of the sample.
Samples were acidified with an equal volume of 1 m acetic
acid, and 1 ml was applied to the column containing 1 ml
Dowex 50W x 8 cation exchanger. The sample was washed
through with 4 ml of H,O and collected to determine
unbound counts. Bound amino acids were eluted from the
column with 4 ml3 M ammonia. Appearance of "*Cand *H
were measured in the eluted amino acid and non-amino
acid samples (0.5 ml in 8 ml scintillation fluid) by liquid
scintillation counting.

Determining range and concentration of exchanged
amino acid by HPLC

The tracer studies allowed us to determine the effect of
a fetal amino acid bolus on one or two maternal amino
acids per experiment, but did not allow us to observe the
overall pattern of amino acid release. For this reason HPLC
was used to measure the release of amino acids into the
fetal circulation following L-alanine and L-leucine boluses.
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HPLC also provided a direct quantitative measure of the
concentrations of amino acids released.

Placental cotyledons (n = 5) had the fetal and maternal
circulation perfused with EBB. Following 160 min of initial
perfusion, fetal arterial boluses of 12.5 umol r-alanine
and 12.5 umol r-leucine prepared in 3 ml of EBB were
administered to the fetal inflow line over a 30s period.
The boluses were given at 20 min intervals followed by
fetal and maternal venous sampling at +1, 2, 3, 4, 5, 10, 15
and 19 min. Samples were stored at —80°C before HPLC
analysis.

HPLC. Amino acid concentrations were measured by
HPLC (Godel et al. 1991) with fluorescence detection
using nor-valine as an internal standard. Perfusate plus
an equal volume of 6% sulphosalicylic acid containing
400 umol ™! nor-valine (Sigma, UK) was centrifuged
to remove protein, then the supernatant under-
went precolumn derivatization with o-phthaldialdehyde/
3-mercaptopropionic acid at pH9.2 (Gilson 231
programmable autosampler; Anachem, UK). After
reaction for 100s at room temperature, a 20 ul sample
was injected into the HPLC system. A binary solvent
system was used: solventA, 0.1 M di-sodium hydrogen
phosphate adjusted to pH6.2 with propionic acid,
methanol and tetrahydrofuran in ratio 460:40:5; solvent B,
water, methanol, acetonitrile (Fisher, UK) in ratio 4:3:3.
The amino acid internal standard (nor-valine) peak area
ratio was calculated, and samples were quantified by
comparison to the area ratios of known amino standards.
The coefficient of variation of the amino acid analysis was
2-5%.

Data analysis

Data are presented as means =+ s.e.M. In the HPLC
experiments, the amino acid response (umoll™!) to an

20% -

Figure 2. Representative perfusion
experiment showing L-['*C]serine,
[3Hlglycine and creatinine in the
fetoplacental venous perfusate as a

. 10% -
percentage of substrate perfused into the
maternal circulation
Perfusion of L-serine glycine and creatinine into 59
b -

% of maternal arterial
(mol/min)

the maternal arterial circulation was started at
40 min from the start of fetal perfusion. At 60,
80 and 100 min, 3 ml boluses containing 0%
10 umol t-alanine, 20 umol L-glutamate, and

20 umol L-alanine, respectively, were injected 20
into the fetal artery over 30 s.
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amino acid bolus was expressed as change from baseline.
In the maternal tracer experiments: loss of amino acids
from the maternal circulation = 100 — (maternal venous
sample in c.p.m. as a percentage of maternal arterial
sample in c.p.m.); gain of amino acids into the fetal
circulation = fetal venous sample in c.p.m. as a percentage
of maternal arterial sample in c.p.m. Release of labelled
amino acid into the fetal circulation (c.p.m.) following
a fetal amino acid bolus was expressed as area under the
response curve (AUC) calculated using the trapezium rule:

1
(tig1 — ) (yi + Yig1)

n

N —
Il
=)

where there are #n+ 1 measurements y; (c.p.m.) at
times t; (min). AUC was determined over the 10 min
period following the injection of the bolus with two
measurements prior to this (e.g. —4 and —1 min) and
following this (e.g. +11 and 414 min) used to calculate the
baseline. Measurements of c.p.m. in the maternal perfusate
allowed this value to be converted to nanomoles.

Data were compared to glutamate using ANOVA and
a Dunnetts post hoc test (SPSS, Chicago, Illinois, USA).
Significance was accepted when P < 0.05.

Results

Mean perfused cotyledon size was 26.7 +=2.3 g, mean
fetal venous outflow was 98.9+0.5% of fetal arterial
inflow, and unidirectional materno-fetal clearance of
creatinine normalized to wet cotyledon weight was
309+ 4.0 ulmin~' g~'. These values represent all
placental cotyledons, as no differences occurred between
experimental sets. An example experiment showing the
appearance of substrates in the fetal venous circulation
following perfusion into the maternal artery is shown in
Fig. 2.
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Figure 3. L-Serine and glycine released into the fetal circulation
following fetal arterial bolus of L-glutamate or L-alanine
Data (mean =+ s.t.M., n = 5) are presented as area under the curve
(AUCQ). L-Glutamate is not a substrate for the amino acid exchangers
that transport L-serine and glycine. *P < 0.05, AUC s significantly
different from L-glutamate. §P < 0.05, L-serine release is significantly
different from that seen after a 10 umol L-alanine bolus.

Maternal tracer experiments — dose-dependent amino
acid exchange

Placental uptake of L-serine and glycine from the maternal
circulation in the dose-dependency experiments. At
baseline (10 min period before each amino acid bolus) the
proportion of creatinine taken up by the placenta from
the maternal circulation was 11.2 +2.9%; as compared
with this, a greater proportion of maternal L-serine
(22.2+1.5% of maternal perfusate (in nmol min™'),
P < 0.01) was taken up by the placenta from the maternal
circulation but there was no significant difference in
glycine uptake (14.3 & 0.9%).
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Release of L-serine and glycine into the feto-placental
circulation in the dose-dependency experiments. At
baseline there were no significant differences in the
proportions of maternal L-serine (8.6 = 0.5% of maternal
perfusate (in nmolmin™')) or glycine (8.3 £ 1.0%)
transferred from the maternal to the fetal circulation as
compared with creatinine transfer (8.2 + 1.1%).

Dose-dependent amino acid exchange. Following a fetal
bolus of 20 umol r-glutamate there was no increase in
either L-serine or glycine transfer compared with baseline
(n=15; Fig. 3). Following fetal boluses of 10 or 20 wmol
L-alanine, there were significant increases in the amount
of 1-serine appearing in fetal venous outflow (P < 0.01
compared with 20 pmol L-glutamate; Fig. 4). The amount
of L-serine appearing in the fetal circulation following the
20 pmol bolus was significantly greater than that following
the 10 umol bolus (P < 0.01; Fig. 3).

Following fetal amino acid boluses, maternal venous
L-serine and glycine levels were not significantly different
from baseline. The AUCs for maternal venous L-serine
following 20 umol L-glutamate, 10 umol L-alanine and
20 umol r-alanine were 9.9 412.0, 3.4+14.9 and
0.8 9.7 nmol, respectively (n=5). The AUCs for
maternal venous glycine following 20 ymol L-glutamate,
10 wmol L-alanine and 20 pwmol r-alanine were 3.2 & 3.7,
0.7 £11.7 and —0.4 &£ 8.1 nmol, respectively (n =5).

Maternal tracer experiments - substrate-specific
amino acid exchange

Placental uptake of L-leucine, L-serine and glycine from
the maternal circulation in the substrate specificity
experiments. At baseline (10 min before the first amino
acid bolus) a greater proportion of maternal L-leucine and

40- ;
N glycine

o C—Ji-serine
- leucine

s Ecreatinine
20+
10_ — = — —_—
Uj
Glycine  serine leucine creatinine

Fetal venous circulation

Figure 4. Maternal uptake and placental transfer of amino acids and creatinine

A, loss from the maternal circulation; B, release into the fetal venous circulation of L-serine, L-leucine, glycine and
creatinine (mean =+ s.e.M., n = 5) as a percentage of substrate perfused into the maternal circulation. As creatinine
is not taken up by cells, its transfer represents the rate of paracellular diffusion. Uptake or release above that
of creatinine (indicated by the dashed line) indicates active transport. *P < 0.01, significantly different to their
respective creatinine measurements (L-serine and glycine were in separate experiments to L-leucine).
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(nmol)

Figure 5. L-Serine, L-leucine and glycine release
into the fetal circulation following a fetal amino
acid bolus

Data (mean =+ s.e.m., n = 5) are presented as AUC.
*P < 0.05, the AUC is different from that of
L-glutamate, which is not a substrate for amino acid
exchangers.

Release of maternal amino acid
into feto-placental circulation

L-serine was taken up by the placenta from the maternal
circulation as compared with creatinine uptake (P < 0.01,
Fig. 4A), but there was no significant difference in glycine
uptake.

Release of L-leucine, L-serine and glycine into the
feto-placental circulation in the substrate-specificity
experiments. At Dbaseline, a significantly greater
proportion of maternal r-leucine, but not r-serine
or glycine, was transferred from the maternal to the
fetal circulation as compared with creatinine transfer
(P <0.01, Fig. 4B).

Substrate-specific amino acid exchange. In response to
fetal boluses of specific amino acids, maternal r-serine
and 1-leucine, but not glycine, were released into the
feto-placental circulation (Fig. 5). Following fetal boluses
of 12.5 umol L-threonine, L-serine or L-glutamine, there
were significant increases in the amount of L-serine

Placental amino acid exchange

300

250

200

150

100

50

0

-50

877

Jvserine
B -leucine
N glycine

thr trp BCH

glu

ser gly gin lys leu
Fetal inflow amino acid bolus

appearing in fetal venous outflow (P <0.01 compared
with 12.5 umol r-glutamate, Fig. 5). Following fetal
boluses of 12.5 umol r-leucine, L-tryptophan or BCH,
there were significant increases in the amount of L-leucine
appearing in fetal venous outflow (P < 0.01 compared
with 12.5 umol 1-glutamate, Fig. 5).

Maternal venous L-serine, L-leucine and glycine levels
following fetal amino acid boluses were not significantly
different from those following a L-glutamate bolus (data
not shown).

Determining range and concentration of exchanged
amino acid by HPLC

Following a fetal bolus of 12.5 umol ir-alanine, there
were significant increases in the amounts of L-serine,
L-glutamine and L-threonine appearing in fetal venous
outflow (P <0.05 compared with the change in the
appearance of L-glutamate, Fig. 6). Following a fetal bolus
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Figure 6. Amino acids released into the fetal circulation following a fetal amino acid bolus of L-alanine

and L-leucine

HPLC data (mean =+ s.e.m., n = 5) presented as change from baseline. *P < 0.05, the amino acid release is different
from that of L-glutamate, which is not a substrate for amino acid exchangers. -Alanine and L-leucine bars have

been removed following their respective boluses.
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Table 2. Proportion of radiolabel incorporated in amino acids within the maternal
perfusate and fetal venous outflow

Amino Maternal perfusate Baseline perfusate Following boli
acid (n=4) (n=4) (n=4)
-[**C]Serine 98.3 4+ 0.5% 97.3+0.9% 97.6 +0.7%
L-["*C]Leucine 97.1+1.8% 92.5+2.6% 96.6 + 1.6%
[3H]G|ycine 87.0+0.4% 77.9 +3.2%* NA

Data are means +s.e.M. NA, not applicable. There was no significant difference
between maternal perfusate, baseline or samples taken following a bolus of L-serine
or L-leucine, one-way ANOVA. *P < 0.001, baseline significantly different to maternal
perfusate for glycine, Mann-Whitney U test.
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of 12.5 umol r-leucine, there were significant increases in
the amounts of L-glutamine and L-isoleucine appearing in
fetal venous outflow (P < 0.05 compared with appearance
of L-glutamate, Fig. 6).

Accumulation of radiolabel within the cotyledon.
Accumulation of label within the cotyledon was
determined for the substrate specificity experiments
(n=5). There was accumulation of 126.7 + 25.2 nmol g~
L-serine, 44.9+16.2nmolg™' glycine and 55.2+
14.1 nmol g~! r-leucine. Accumulation of L-serine was
significantly greater than for glycine or r-leucine
(P <0.001).

Amino acid metabolism by the placenta. Amino acids
in the infused buffer and fetal venous exudate were
bound to a column to determine how much of the label
was incorporated within amino acids. For r-serine and
L-leucine, the proportion of radiolabel binding to the
column (i.e. incorporated within amino acids) going into
the placenta was not significantly different to that coming
out the fetal vein, indicating that they were not being
metabolized in the placenta (one-way ANOVA; Table 2).
For glycine, there was a significant fall in the proportion
of radiolabel binding the column in the fetal perfusate
coming out of the placenta compared with that going in,
suggesting that it may be being metabolized within the
placenta (P < 0.001, Mann—Whitney U test; Table 2).

Discussion

This study demonstrates substrate-specific amino acid
exchange between the placenta and the feto-placental
circulation. Experiments with radiolabelled amino acids
demonstrated significant increases in maternal—fetal
transfer of r-serine and vr-leucine, but not glycine,
following boluses of specific amino acids into the
fetal circulation. The HPLC studies demonstrated that
following a fetal amino acid bolus there was exchange of
a select range of amino acids, they also provide a direct

measure of the change in amino acid concentrations due
to exchange.

Amino acid release from the syncytiotrophoblast into
the feto-placental circulation following a fetal arterial
amino acid bolus strongly indicates exchange. This is
supported by the observations that the exchange was
substrate specific, dose dependent and not associated
with a corresponding loss of substrate from the maternal
circulation. The radiolabel studies showed increases in the
amount of maternal L-serine appearing in fetal venous
outflowin response to fetal boluses of L-threonine, L-serine
or L-glutamine, and increases in the amount of maternal
L-leucine appearing in fetal venous outflow following
fetal boluses of r-leucine, L-tryptophan or BCH. This
provides further insight into which amino acid trans-
porters are functioning in the BM of the intact human
placenta. The radiolabel in the fetal circulation was shown
by column chromatography to be incorporated in amino
acids, and not a breakdown product. Therefore, although
the net amount of a particular amino acid delivered to
the fetal circulation is determined by transplacental flux
from the maternal to fetal circulation, backflux from
the fetal circulation to the placenta and the flux of
amino acid derived from placental protein breakdown
and placental amino acid synthesis, these maternal tracer
experiments specifically measure the transport of the
maternal (labelled) amino acid.

The radiolabel experiments were supported by the
HPLC experiments, which showed exchange of a range
of different amino acids from within the placental
syncytiotrophoblast to the fetal circulation following fetal
amino acid boluses. The HPLC experiments demonstrated
specific and distinct profiles: r-alanine exchanged for
L-glutamine, L-threonine and L-serine, whereas L-leucine
exchanged for L-glutamine and r-isoleucine. The HPLC
data indicate that amino acid exchangers have the capacity
to alter the amino acid composition of certain amino acids
within the feto-placental circulation by 5-7 umol 17!, This
could be an important determinant of fetal plasma amino
acid composition as the average umbilical arterial-venous
(AV) difference for amino acids in humans is around
9 umoll~! with a range of —8.35 to 32.29 umoll™!
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(Cetin et al. 1988) and amino acid accretion rates in the
term fetus are between 0.5 and 6.5 mmol day~! (average
2 mmol day~!) which equates to a required umbilical AV
difference of 1-13 umoll~! (Widdowson et al. 1979).
However, it is unclear whether the concentrations of
specific amino acids would be altered to the same degree
in the presence of physiological concentrations of amino
acids.

Exchangers may allow amino acids with a greater
abundance in the fetal circulation to be transported back
to the placenta in return for amino acids that are less
abundant in the fetal circulation, particularly essential
amino acids that cannot be synthesized by the fetus. This
may be a mechanism to maintain the appropriate levels
of specific amino acids vital for fetal protein accretion, as
metabolic precursors and for energy metabolism. Certain
tissues preferentially metabolize specific amino acids, for
instance L-glutamine (Newsholme et al. 1985; Jungas et al.
1992), and as amino acids are not necessarily supplied
in the quantities that they are required the feto-placental
unit must have mechanisms to alter the composition of
the amino acid pool.

Not all the potential amino acid exchanges that might
have been expected to occur were observed. Most notably,
no glycine exchange was observed despite its metabolic
importance to the fetus (Jackson, 1991) and its high levels
in fetal plasma. Glycine could potentially be transported to
the fetus by the exchanger LAT2, which mediates glycine
efflux and is thought to be localized on the BM (Kudo
& Boyd, 2001) or by system asc, although the latter has
not been localized to the BM (Fukasawa et al. 2000;
Chairoungdua et al. 2001). A combination of lower uptake
of maternal glycine, greater effective intracellular tracer
dilution (due to lower glycine uptake and an intracellular
glycine concentration twice that of L-serine; Philipps et al.
1978), metabolism of glycine by the placenta and a more
restricted range of lower-affinity BM exchangers could all
contribute to the lack of glycine transport by exchange.
Consistent with the findings of this study, uptake of glycine
into MVM vesicles is lower than for L-serine (Lewis et al.
2006).

Several combinations of amino acids, other than those
involving glycine, were also predicted to exchange based
on our understanding of the affinities of amino acid
transport systems. Fetal 1-threonine would be expected
to exchange for placental r-leucine via system L (LAT2)
and systemb’" as they are both substrates for these
exchangers, and both system L and b%" activities have
previously been reported in BM vesicle preparations
(Furesz & Smith, 1997; Kudo & Boyd, 2001). Fetal L-lysine
would be expected to exchange for placental L-serine via
system b’*, and for placental L-leucine via system b’* and
possibly system y*L, as system y*L activity has also been
shown in BM vesicle preparations (Ayuk et al. 2000).
System y*L isoforms ytLAT1 (Chillaron et al. 1996) and
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y+tLAT2 (Broer et al. 2000) have a low ability to mediate
L-leucine efflux, which may explain our observations;
however, it is unclear why we did not see exchange
indicative of system b°*. Fetal L-leucine, L-tryptophan and
BCH would be expected to exchange for placental L-serine
via LAT2 (there was some release apparent here but it
was not statistically significant). Further anomalies were
observed with our HPLC data, where L-leucine stimulated
exchange of r-isoleucine but not r-valine, two amino
acids transported by LAT2. Therefore, in our system, there
were discrepancies between what was observed and what
might have been expected for systems L (LAT2), b®" and
possibly y*L. As we have shown that the system-L-specific
substrate BCH stimulates exchange, we know that at least
one system L isoform is active in our preparation. The
pattern of exchange we observed would be more consistent
for LAT1 than for LAT2, but it is LAT?2 that is reported to
be localized to the BM (Kudo & Boyd, 2001).

While this experiment does not directly demonstrate
which placental cell type mediates amino acid exchange,
we believe it is primarily the syncytiotrophoblast. This has
a large surface area directly exposed to substrate in the
maternal circulation, making it the most likely site for
uptake. Given that the peak release following an amino
acid bolus was 15-20% of the maternal concentration it
is unlikely that endothelial cells could take up enough
maternal substrate to replenish it in the experiments with
multiple consecutive fetal boluses. The rapid appearance
of L-serine and L-leucine in the fetal circulation following
the fetal boluses suggests that the fetal endothelium does
not provide a significant barrier to the transport of
amino acids. Peak bolus delivery was at 2.5 min with
30 s sampling, and peak L-serine and 1-leucine release
following a bolus was at 3min with 1 min sampling.
Transit through the endothelial layer, exchange with the
BM, transit back to the capillary and transit through the
cotyledon must all occur in under 25s, and potentially
much less. To investigate this further, future studies
require an increased sampling frequency and a marker to
determine transit time through the cotyledon.

L-Serine and glycine were not actively transported from
the placenta to the feto-placental circulation. This also
suggests that there is no non-specific amino acid diffusion
from the placenta into the feto-placental circulation. In
sheep maternal L-serine is converted to glycine within the
placenta by the enzyme serine hydroxymethyltransferase
(SHMT) and this glycine, not maternal glycine, is
transported to the fetus (Chung et al. 1998). If this were
the case in humans we would not necessarily expect to see
transport of glycine in this model and what we thought
was glycine may actually be L-serine. However, we have
previously demonstrated that in the human placenta
SHMT activity is 24 times lower than in the sheep, and
we do not think that this is a major metabolic pathway in
human placenta (Lewis et al. 2005).
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This study demonstrated efflux of r-leucine from the
placenta into the feto-placental circulation that did not
appear to be mediated by exchangers. This is consistent
with in vivo studies in human pregnancies which use stable
isotope methodology to show that transplacental transfer
of 1-leucine is rapid, whereas that of glycine is more
limited (Cetin et al. 1995). It is not yet clear which amino
acid transporter is mediating this non-exchange L-leucine
efflux. One strong candidate is LAT4, which is expressed in
placenta and is thought to mediate facilitated diffusion of
specific amino acids including leucine (Bodoy et al. 2005).
Another possibility is transport by TAT1, a bidirectional
transporter of aromatic amino acids which is expressed in
placenta and has also been shown to have some leucine
efflux activity (Ramadan et al. 2006).

However this r-leucine is being transported across
the BM, it is resulting in a quantitative increase in the
amount of amino acids in the fetal circulation. Amino
acid exchangers on the BM of the syncytiotrophoblast will
then be able to exchange this L-leucine for other amino
acids for which no BM efflux mechanisms exist, resulting
in qualitative change in the fetal plasma amino acid pool.

Transport of r-leucine may be important for fetal
growth as in vivo human studies show that intrauterine
growth restricted (IUGR) human fetuses have impaired
L-leucine, but not glycine, transplacental flux (Paolini et al.
2001), and studies using MVM and BM vesicles show
poor L-leucine uptake in vesicles from IUGR pregnancies
(Jansson et al. 1998). IUGR is commonly associated with
a marked decrease in system A activity in the MVM
(Mahendran et al. 1993; Glazier et al. 1997; Jansson
et al. 2002). System A activity will transport amino acids
into the syncytiotrophoblast creating gradients that are
used by exchangers to drive uptake of other amino acids
including -leucine (Jansson et al. 1998). If system A is not
working efficiently, the gradients of amino acids required
for exchange across the MVM, and possibly also efflux
across the BM via facilitated diffusion through LAT4 and
TAT1, may not be generated. Interestingly, maternal amino
acid supplementation in ITUGR pregnancies elevated
umbilical vein concentrations of L-leucine, L-serine and
glycine following amino acid infusion into the maternal
circulation (Ronzoni et al. 2002). While the current study
demonstrated transporter-mediated routes for r-leucine
and L-serine transfer to the fetus, it is unclear how glycine
would get across the placenta other than by paracellular
routes.

The differences in uptake and release of the three
amino acids in the present study correspond with the
measurements of label retained within the cotyledon.
There was enrichment of L-serine above that of glycine and
L-leucine, indicating that although rL-serine uptake from
the maternal circulation was equivalent to that of L-leucine,
the L-leucine was being transferred to the fetal circulation
preventing its build up within the placenta. In contrast,
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glycine enrichment was lower than for 1-serine, and this
corresponds with the lower placental glycine uptake.

In summary, while amino acid exchangers have been
functionally and immunologicallylocalized to the BM, this
is the first demonstration that exchangers are functional
in the intact placenta, and of the capacity of exchangers to
mediate amino acid exchange. Amino acid exchangers in
the placenta may function to take up amino acids required
in lower quantities by the fetus in exchange for placental
amino acids for which the fetus has a high metabolic
requirement. L-Leucine transport across the placenta to
the fetus by mechanisms other than exchange was also
observed, which may provide a driver for net placental
amino acid efflux across the BM. Further studies are
now needed to determine the specificity of exchange for
a wider range of amino acids, and to determine which
amino acids other than r-leucine are transported out of
the placenta by non-exchange efflux mechanisms. Until we
determine which amino acids are transported to the fetus
by unidirectional efflux from the placenta, we cannot fully
understand the role of amino acid exchange in relation to
observed umbilical AV differences of amino acids in the
fetal circulation (Hayashi et al. 1978; Cetin et al. 1988).
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