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Tnted nl

Sulfate port in i

| brush-border membrane vesicles has properties consistent with an anion exchange

process. To ascertain the relevance of this finding to sulfate accumulation by the fetus and placenta in cico, we

d sulfate t in human pl

| tissue slices, comparing suifate uptake with that of a non-me!ahuhzable
amino acid marker, u-ammolsohutyrnte (AIB). In contrast to AIB, which was actively

d from pl

media, suifate uptake by the placenta slice was concentrative only in the absence of sodium and at low pH Uptake of

sulfate reached a steady state after 60 min. It was blocked by DIDS (4,4'-diisothi

specific inhibitor of anicn t, but not by ouabai:

tilbene-2,2’-di

We found no evidence for Na*-dependent uptake of sulfate in

incubated placental tissue. It seems unlikely thai Na*-dependent sulfate transport by the placenta can be responsible for

net sulfate accumulation by the human fotus.

Introduction

The placenta is a specialized organ whose principal
function is to provide an adequate environment for the
embryo and fetus during intrauterine growth and devel-
opment. Placental tissues separate maternal and fetal
circulations, facilitating the transfer of nutrients from
mother to fetus [1,2). Inorganic sulfate is one such
nutrient that is utilized by a variety of biosynthetic
reactions essential for fetal growth and development
[3-5]. In clinical studies of sulfate metabolism of preg-
nant women and their infants at delivery, we previously
found evidence for a small concentrative gradient across
the placenta [6). However, subsequent experiments with
human placental brush-border membrane vesicles
(BBMYV) revealed a transmembrane transport system
with properties more indicative of anion exchange [2,7).
As yet, sulfate transport has not been examined in
isolated intact placental tissue. We therefore examined
sulfate uptake by human placental slices using a-
aminoisobutyrate (AIB), a non-metabolizable amino
acid, a marker solute whose Na*-dependent uptake by

pt is well ch ized [8-14].
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Methods

Placental slice preparation

Intact human pl from unc d term
pregnancies were obtained from the Grace Maternity
Hospital (Halifax, NS, Canada) shortly after delivery
and brought to the laboratory on ice. Tissue slices
averaging 1 mm thickness were then cut from the mater-
nal surface using a Stadie-Riggs Microtome (Thomas
Scientific, Swedesboro, NJ) according to the method of
Smith and co-workers [8-10]. Slices were placed on ice,
cut into squares wzighing 10-50 mg, and placed in
incubation medium within 45 min of placental delivery.

oL

Chemicals

Reagent-grade chemicals and distilled, deionized
water (dH,0, > 10 megohm/cm reslstance) were used
for all experiments. Carrier-free Naa 504 (> 10
mCi/mmol), a—amino[mezhyl-’H]lsobutync acid (°H-
AIB, 10 mCi/mmol) and *H-polyethylene glyeol (*H-
PEG, 4000 M,. 0.7 mCi/g) were obtained from Dupont
(NEN Canada), Montreal, PQ. Minimal essential
medium (MEM; Cat No. 320-1090) from Gibco Co.
(Toronto, ON) contained 0.80 mM sulfate as MgSO, -
7H,0. Tissue solubilizer (BTS-450) and liquid scintilia-
tion cocktail (MP) were from Beckman Scientific
(Fullerton CA). Non-specific arylsulfatase enzyme (from
Helix pommatia). Tris and Pipes buffers, 7-hydroxy-
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coumarin, ouabain, SITS (4-isothiocyanoc-4’-acetami-
dostilbene-2.2’-disulfonate) and DIDS (4,4’-diisothio-
cyanostilbene-2,2"-disulfonate) were all obtained from
Sigma Chemicals, St. Louis, MO.

Uptake experiments

Tissue slices were incubated as previously described
[15), modified according to Smith et al. [8-10). Three
incubation media were used: (i) MEM; (ii) a balanced
salt medium (BSM), consisting of NaCl (116 mM), KCl
(54 mM), CaCl, (1.8 mM), NaHCO; (262 mM),
NaH, PO, (1 mM), MgCl, (0.8 mM); and (iii) a buffered
sucrose medium, consisting of sucrose (280 mM) and
Tris-Pipes buffer (pH 6.5; 10 mM). When bicarbonate-
based MEM was used, slices were incubated in a
Dubnoff shaker bath at 60 cycles per min thermostated
to 37°C, under a 95% 0,/5% CO, atmosphere; other-
wise 100% O, was used. Substitutions and other ad-
ditions for specific cxperiments are indicated in the text.

Experiments to measure distribution and net uptake
of solute were performed as previously described [15]
with minor modifications, as follows: At the end of
incubation, tissue slices were weighed and placed in 7
ml vials for liquid scintillation counting, then digested
with 0.5 mi of BTS-450 tissue solubilizer overnight at
50°C. The digested tissue was suspruded in 5 mi of
scintillation cocktail containing 7 ml/1 glacial acetic
acid and counted using automated quench correction.

In keeping with previous studies [15], water spaces
were estimated for each new experiment. For this pur-
pose, some of the lissue slices were weighed using a
Cahn electrobalance (Ventron Instruments, Paramount,
CA) before and afier drying overnight at 110°C. The
difference was taken 10 be the total tissue water (TTW).
The extracellular water (ECW) compartment was de-
termined using labelled 4000 M, poly(ethylene glycol)
{PEG) [16] and intracellular water (ICW) volume calcu-
lated by difference.

Isotopic distribution ratios (C;/C,=dpm per ml
ICW /dpm per ml medium) for the two solutes, sulfate
and AIB, and saturation Kinetics were examined as
described previously [15].

Sulfoesterification experiments

The possible contribution of sulfoesterification to
sulfate uptake was assayed using 7-hydroxycoumarin as
substrate in a method modified from Chen et al. [17].
Slices totalling 500 mg wet weight were incubated in 30
ml of sucrose medium containing 0.5 mM Na,SO, for
15 min at 37°C, then transferred to medium containing
100 pM 7-hydroxycoumarin and incubated for a further
60 min. Slices were then blotied, weighed and homoge-
nized with a Elvehejm pestle in 3 ml of homogenate.
Unreacted 7-hydroxycoumarin in the incubation mix-
ture was extracted by mixing 1 volume of the homo-
genate with an equal volume of 1.5% (v/v) isoamyl

TABLE |

Waier spaces for human placenial stices in different media

Slices were incubated in the media for 60 min with 'H-PEG {final
activity = 3-10° dpm/ml). The values are meanst S.E. (n=
experiments, each with three replicates) for water spaces expressed as
a percent of the total wet weight,

Medium TTW (%) ECW (%) ICW (%)
MEM (n = 3) 822416 35433 468+1.3
BSM (1 =5) 833415 302421 527421
Sucrose (1 =10y 787414 386413 400424

alcohol/diethyl ether. A 0.2 ml aliquot of the aqueous
phase containing the hydroxycoumarin sulfoester
formed during the incubation was then hydrolyzed with
0.2 ml arylsulfatase enzyme in 0.6 ml citrate buffer (pH
4.8; 250 mM) at 37°C. for 16 h in a Dubnoff shaking
water bath. The reaction was terminated by addition of
0125 ml 15% TCA and the non-polar products were
extracted with 2 ml CHCl,. After thorough muxing, a 1
ml aliquot of the CHCIl, phase was removed and aided
to 1.5 ml of 1 M NaCl in 0.01 M NaOH. The amount of
7-hydroxycoumarin released by arylsulfatase action on
the hesized coumarin 7-sulfate was determined
spectrofluorometricaily using excitation and emission
wavelengths of 368 nm and 456 nm, respectively.

Statistical

Uptakes are expressed means + S.E. with 3 replicates
at each point, unless otherwise stated. Differences be-
tween means were tested by the Student’s z-test,

Results

Water spaces and distribution of label in pl ! slices

Total tissue water (TTW) was a relatively constant
fraction of slice wet weight but distribution between
intra- and extracellular spaces was dependent on com-
position of the medium (Table I), as noted by others
[18]. The time required for the PEG marker to reach
steady state was less than 60 min in all three media
(data not shown); therefore, water spaces for other
media were measured at 60 min in all subsequent ex-
periments,

Time-dependence of sulfate uptake

The time courses for uptake of AIB and sulfate in
three different media are shown in Fig. 1. The con-
centrative uptake of AIB was much less in minimal
essential medium (MEM) than in the balanced salt
medium, presumably because of competition for Na*-
dependent transport by other MEM constituents, par-
ticularly the neutral amino acids. Therefore, balanced
salt medium was used in subsequent experiments. In
contrast to AIB, uptake of sulfate was not concentrative
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6] am <0 TABLE 111
i Inhibition of sulfate uptake by DIDS
Slices were incubated for 60 min in sucrose medium with (+ DIDS) or
4 without ( — DIDS) 0.5 mM inhibiter. Slices were then transferred to
crc identical fresh medium containing 0.1 mM Na,SO; with added label
e (2:10° ™S0,) for 60 min and then removed for counling. Residual
activity is defined as uplake in the presence of DIDS. expressed as a
21 percentuge of that without inhibitor (- DIDS).
. /./"/“ Placental Uptake ratio (C, /Co)
IS 60 120 0 50 120 - DIDS +DIDS residual
TIME ( min ) activily (%)
1 5.49+0.71 0.50£0.08 7£2°
Fig. 1. Uptake of 0.1 mM AIB (2H-AIB: 2-10® dpm/ml) (left) and 3 3364045 0051‘003 141
0.1 mM SO, {**80,: 2-10° dpm/ml) (right) in balanred salt medium 5 231 io'ls o'wtu-o'; 844+
(BSM, @), minimal essential medium (MEM, x ) and sucrose medium a 1'7%0'10 0'22”'“ 1256*
(o). Data points and bars represent means + S.E. for three slices. The 5 3652020 0‘1810'05 0x1°
interrupted line indicates the equilibrium ratio (C; /C,,} of unity. e ) )
Mean* 3321064 0274008 $£2*

in Na*-based medism but increased with time in the
sucrose medium, achieving a 3-fold concentration gradi-
ent by 30 min, but there was no increase after 68 min.
This medium-dependent uptake effect was reproducible
for all preparations, but at 60 min the magnitude of the
gradient for AIB in the physiological salt medium and
sulfate in the sucrose medium was variable, depending
on the placental preparation (Table If).

Absence of detectable sulfoesterification

‘We were unable to detect any sulfoester formation in
the sucrose medium at 60 min (data not shown). The
sensitivity of the assay was such that utilization of 2%
of the 500 pM sulfate present in the sucrose medium
during the original incubation would have been readily
detectable as greater than 10% esterification of added
7-hydroxycoumarin. Thus, sulfoesterificaticn cannot
account for the concentrative uptake observed in the
sucrose medium.
Inhibition by anion-e: transport i

Uptake of sulfate from sucrose medium was reduced
markedly by DIDS (Table III). In most experiments, we
observed significant residual uptake, but it was never

concentrative, Residual (DIDS-insensilive) uptake
varied ifi ly between prep ions. In one
TABLE I

Uptake of SO, and AIB by human placenta slices

Slices were incubated for 1 h in BSM or sucrose medium and then
incubated for 1 h in the same medium containing either 0.1 mM AlB
(2-10° dpm *H-AlB/ml) or 0.1 mM Na S0, {2+ 10° dpm SO, /mi).

Solute C./C,
BSM sucrose medium
’H AlB 3.03£0.60 (n=4) 0.68 1008 (1= 4)
50, 0.6310.18(n=3) 1142022 (n =11)

* Data are means + S E. for five experiments.
* Significanily different (P < 0.05) from 0.

placental preparation, SITS was substituted for DIDS
at the same conceatration (0.5 mM). The degree of
inhibition observed was not significantly different (data
not shown). Inhibition of sulfate uptake by DIDS was
concentration-dependent (Fig. 2), with an apparent in-
hibition constant (K;) for DIDS of about 107* M. No
inhibition of AlB uptake was observed.

Concentration dependence of sulfate uptake

Saturation analysis was conducted on the DIDS-in-
hibitable component in the presence of 1 mM inhibitor
with sulfate concentrations in the physiological range
(Fig. 3). Saturation was not observed and Eadie-Augus-
tinsson transformation (Inset Fig. 3) did not indicate a
single affinity uptake mechanism. The variability be-

I8 *50,

204 % o AlB
City
1.0
[

0.04va T T

Q-5 -4 -3

LoGIDIDS] ( M )

Fig. 2. DIDS inhibition of uplake. Slice were preincubated for 60 min

with DIDS in either BSM (0) or sucrase medium (@). Slices were then

transferred to identical media containing cither *H-AIB or Na,*’50;,

respectively (both at 0.1 mM concentration and 2-10° dpm label /ml
of medium.
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Fig. 3. Concentration dependence of sulfate uptake. Shown are up-
takes from (wo differemt cxperiments (closed and open circles). Inset:
Eadie-Angustinsson transformation.

tween placental preparations was sufficient to preclude
calculation of specific affinity constant(s).

Effects of cations (H*, Na*, K*)

In the sucrose medium, concentrative uptake of
sulfate but not AIB is strongly stimulated by hydrogen
ion (Fig. 4). Sulfate showed a modest dependence on
the buffer used but the uptake was most marked in
citrate-phosphate buffer at pH 4.2. At lower pH values,
sulfate uptake declined, but marked increases in ap-
parent ECW volumes suggested that tissue viability was
compromised (data not shown).

The presence of chloride salts in the sucrose medium
inhibited sulfate uptake significantly (Table IV). At
physiological concentrations of K* (5 mmol/1), the
inhibitory effect was less than 10%. Similar concentra-
tions of NaCl well below the physiological range of

101 a 50,
Qe AIB

84

5

CCo

44

24

0 Aoy T T T

4 5 6 7 8 9
pH

Fig. 4. Effect of pH an SO, (W, ®) and AlB (0, ©) uptake in placental

slices incubated using 10 mM Tris-Pipes buffer (squares, pH 6.5 to 8)

or citrate-phosphate buffer (circles, pH 4 10 6.5) with Na,»’S0; (0.1

mM; 2-10° dpm/mi) was added to the medium. Tsolopic distribution

ratios (C, /C,) are plolted against the pH measured in each vial
before addition of slices.

TABLE IV

Effect of chloride saits on sulfate uptake in sucrose medium

Slices were incubated in sucrose medium with NaCt ar KCI replacing
sucrose to maintain isomolarity. Uptake was measured with 0.1 mM
Na,SO; containing "’SO‘ (4-10° dpm/ml). The daca are expressed as
means +S.E. for three slices, the uptake ratio (C; /C,) with no sait
added was 3.0310.29.

Final salt Uptake of % of control

Conc. (mM) Nacl Kal NaCl+KCl
25 9+ 6 9743 -
50 85+ 3 9043 7645

10 49+10 8013 826

20 454 2 6212 5541

40 a2z 3 5444 -

* Added in equimolar amounis (e.g. 2.5 mM NaCl+2.5 mM KCl for
final concentration of $ mM, ete).

120-180 mmol/1 were more inhibitory. Mixing experi-
ments (Table 1V} did not indicate synergistic inhibition
by cation. To examine chloride anion as an inhibitor,
uptake was compared in separate experiments (titrated
to pH 6.5 with KXOH or NaOH) with Pipes anions
replacing chloride. With 10 mM K* present, the inhibi-
tion amounted to 35% (Ratios of 4.98 + 1.25 and 3.22 +
641 for K*-Pipes and KCl, respectively), while for
Na*-Pipes, the inhibition was 75% (Ratios of 2.25 + 0.20
and 0.56 4+ 0.01, respectively).
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Fig. 5. Effect of ouabain and DIDS on SO, and AIB uptake in

balanced salt medium (BSM, left) and sucrose medium (right). Slices

were incubated for 1 h in medium containing either 0.5 mM DIDS or

0.1 mM ouabain or both. They were then transferred to identical

medium with added 0.1 mM Na,80; (hatched bars; 2-10° dpm/ml)

or 0.1 mM AIB {shaded bars; 5-10° dpm/ml) (* P < 0.05:
**P <00



Effect of ouabain

At 1 mM concentration, ouabain significantly in-
hibited concentrative uptake of AIB from balanced salt
medium to 61% of control and inhibited equilibrium
uptake to the same degree {Fig. 5. lower panel). This
inhibition was largely independent of DIDS. However,
ouabain had no iniibitory effect on concentrative up-
take of sulfate from the sucrose medium or equilibrium
uptake from the salt medium, and did not affect the
inhibition of sulfate uptake by DIDS.

Discussion

In mammais, inorganic sulfate is non-uniformly dis-
tributed throughout extra- and intracellular spaces. Ex-
cess sulfate formed from sulfur amino oxidation is
excreted in the urine but the extracellular pool is main-
tained by renal reabsorption [3,19]. Net uptake by the
tubular epithelium depends on Na*-dependent active
transport in the luminal membrane, with the accu-
mulated sulfate diffusing passively from the intracellu-
lar to the peritubular space via an anion-exchange sys-
tem in the contraluminal membrane. This system and
the one found in gut are functionally related to the
asymmetric localization of transport systems in absorp-
tive epithelial plasma membranes [20].

The placental syncytiotrophoblast also serves as an
absorptive epitheliumn, transporting essential nutrients
from mother 1o fetus, including sulfate. Animal studies
suggest that maternal pools supply sulfate for the fetus.
However, concentrations are about 7% higher in human
cord blood than in maternal samples [6). This led us to
consider that sulfate transport across the placenta might
be driven by a transport system akin to the Na "-depen-
dent systems in gut and kidney. However, sulfate trans-
port in properties brush-border membrane vesicle
(BBMV) preparations isolated from human placenta are
in keeping with an anion exchange system. These prop-
erties include: lack of stimulation by sodium. trans-
stimulation by bicarbonate and other anions, and in-
hibition by anion-transport inhibitors, such as SITS and
DIDS [2,7,23-25).

Extrapolation of these findings to the human fetal-
maternal unit depends on several assumptions, includ-
ing negligibie metabolic conversion of sulfate in intact
tissue under physiological conditions and lack of par-
ticipation by other cell types — notably the cyto-
trophoblast and trophobl hyme - in the trans-
port process. We have used incubated placenta slices to
assess sulfate transport in intact placental tissue. As
others have reported for both renal and placental slices
[8-10,15,26], uptake of the non-metabolizable amino
acid marker, a-aminoisobutyrate (AIB), is concentrative
and inhibited by ouabain. These results are consistent
with the presence of a specific Na*-deperdent amino
acid co-transporter in the placental brush-border [12,14}

P2

and rule out major contributions by any contaminating
erythrocytes. which do not concentrate AIB. to the
observed uptake [27].

In placental slices, we find that sulfate uptake is
concentrative only in non-physiological media, display-
ing characteristics more consistent with a H*-depen-
dent, Na"-independent transport mechanism, inhibita-
bie by compounds specific for anion exchange path-
ways. There is no evidence for sulfoesterification. mak-
ing metabolic conversion an unlikely mechanism of
uptake under these conditions.

In isolated BBMV, sulfate transport occurs by
anion-exchange at physiologically relevant concentra-
tions (0.1-0.5 mmol/1 sulfate) {2,7,23-25]. Saturation
kinetics are compatible with a single tranporter {23], but
residual uptake has been observed even in the presence
of excess amounts of anion transport inhibitor {23,25), a
finding we have also noted in the intact slice. Whether
this represents an alternative protein-mediated pathway
of low affinity such as that seen in fibroblasts [28] or a
passive diffusion component has not been determined.
Our slice data also indicate that the DIDS-sensitive
component of uptake is not kinetically homogeneous
over the physiological range of sulfate concentrations.
which differs from our observations in renal skices [15].
Other investigators have found that the renal con-
traluminal membrane recognizes three different sub-
strate specificities for anion transport {20,21). All three
systems catalyze sulfate transport to differing degrees
and all are inhibited to some extent by the distilbene
sulfonates. Saturation kimetics in other intact-cell pre-
parations, including fibroblasts, transformed astroglial
cells and hepatocytes {28-30], indicate similar hetero-
geneity, compatible with at least two kinetically dis-
tinguishable transport systems. Our data would extend
this kinetic heterogeneity to intact placental tissue. a
conclusion supported by immunochemical evidence for
different placental isoforms of band 3 anion-transport
protein at the brush-border and the basal-lateral surfaces
of human placental syncytiotrophoblast [31].

Taken in concert with in virre studies of placental
BBMYV [2,7), our findings in intact placental slices indi-
cate that concentrative sulfate uptake by the fetus, as it
occurs in vivo, utilizes mechanisms other than the trans-
membrane sodium gradient that allows concentrative
uptake of other nutrients, such as glucose and amino
acids.
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