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Abstract-The uptake of the quaternary ammonium compound choline was studied in syncytial mic- 
rovillus membrane vesicles of human term placenta. Uptake was stimulated by an inside negative 
membrane potential and by loading the vesicles with unlabeled choline. Imposition of an inwardly 
directed Na+ or outwardly directed H’ gradient did not stimulate choline uptake. Several organic 
cations were able to inhibit choline transport in the following order: hemicholinium-3 2 choline 2 
mepiperphenidol > cimetidine L famotidine. The kinetics of uptake involved a saturable process for 
choline with high affinity (K, = 550 PM). Our results confirm the presence of a carrier mediated transport 
system in human placental syncytial microvillus membranes. The system appears to be electrogenic, and 
able to transport choline efficiently from the maternal circulation into the placenta. 
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The cationic quaternary ammonium compound 
choline is an essential substrate for the synthesis of 
phospholipids and acetylcholine. Since the placenta 
and fetus do not synthesize choline, it must be 
transported from the maternal plasma by the 
trophoblast [ 11. The human placental concentration 
of choline is approximately 1 mM, whereas maternal 
plasma contains about 20 PM choline. Accumulated 
choline against this concentration gradient is 
rapidly converted into acetylcholine [2]. Although 
acetylcholine is present in large concentrations in 
the human placenta its main function, in an organ 
which lacks innervation, remains unclear. It has 
been proposed that the placental cholinergic system 
plays a role in the regulation of amino acid transport 
t31. 

The mechanisms of choline transport have been 
characterized in various tissues. In neural tissue a 
high affinity sodium co-transport system has been 
described [4]. In erythrocytes facilitated diffusion is 
involved, which is not sodium dependent [S]. In 
rat intestinal brush-border membranes a choline 
transporter independent of sodium, H+ or membrane 
potential was found with a K,,, of 159pM [6]. Two 
saturable transport systems were found in rabbit 
renal brush-border membranes (K, = 97 PM and 
K,= 10mM). Uptake was stimulated by an inside 
negative membrane potential and by a tram 
concentration gradient of choline [7]. 

The mechanism of choline transport across the 

* Corresponding author. Tel. (31) 80613730; FAX (31) 
80540576. 

$ Abbreviations: HC-3, hemicholinium-3; mepi, mepi- 
perphenidol; Mes, 2(Wmorpholino)ethanesulfonic acid; 
NMN, n-methylnicotinamide; pHi, pH inside the vesicle; 
pHo, pH outside the vesicle; SMMV, syncytial microvillus 
membrane vesicles; TEA, tetraethylammonium; val, 
valinomycin. 

placenta has still not been fully elucidated. In 
placenta fragments choline was concentrated against 
a concentration gradient. Non-saturable passive 
diffusion in combination with carrier-mediated 
transport was found, with K,,, = 350 ,uM and V,,,,, = 
75 nmol /mL intracellular water /min [ 11. Saturable 
sodium independent choline uptake into the 
trophoblast was demonstrated in the dually perfused 
guinea pig placenta [8] and human placenta 
[9]. Non-saturable components, reflecting passive 
diffusion, were also observed. Driving forces and 
specificity, however, of choline transport in the 
human placenta have still not been clarified. 

The present study was designed to provide insight 
into the mechanisms of choline transport across the 
human placenta, using isolated SMMVt. of human 
term placenta. 

MATERIALS AND METHODS 

Chemicals. [3H]Choline was obtained from Amer- 
sham (Aylesbury, U.K.), cimetidine from Smith, 
Kline & French (Welwyn Garden City, U.K.) and 
mepi from Merck, Sharp & Dohme (Rahway, NJ, 
U.S.A.). All other chemicals were purchased from 
either the Sigma Chemical Co. (St Louis, MO, 
U.S.A.) or Merck (Darmstadt, Germany) and were 
of analytical grade. GF/F filters were obtained from 
Whatman Int. Ltd (Maidstone, U.K.). 

Preparation of SMMV. SMMV were prepared 
from fresh human term placentae, essentially 
according to a procedure described by Glazier et al. 
[lo]. Tissue was minced in a Warring blender. The 
mince was stirred for 30min to loosen the 
microvilli. After MgC12 aggregation and differential 
centrifugation SMMV were harvested and suspended 
in an appropriate intravesicular buffer to a final 
protein concentration of lo-15 mg/mL. Vesicles 
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Fig. 1. Effect of an outwardly directed proton gradient (A) 
and inwardly directed sodium gradient (B) on the uptake 
of 25 PM choline into SMMV. (A) Vesicles were suspended 
in 100 mM mannitol, 100 mM KCI and 10 mM Hepes-Tris, 
pH = 7.4 or 10 mM Mes-Tris, pH = 6.0. Extravesicular 
medium consisted of 100 mM mannitol, 100 mM KC1 and 
10 mM Hepes-Tris, pH = 7.4. (B) Vesicles were suspended 
in 100 mM mannitol, 100 mM KC1 and 10 mM Hepes-Tris, 
pH = 7.4. Extravesicular media consisted of 100 mM 
mannitol, 100 mM KC1 or 100 mM NaCl and 10 mM Hepes- 
Tris, pH = 7.4. Vesicles (10 pL) were added to 4OpL 
extravesicular medium. Values are expressed as pmol/mg 

protein (mean 2 SD). 

were frozen in liquid nitrogen and stored at -80 
for maximally 4 weeks. The alkaline phosphatase 
enrichment of SMMV, measured according to 
Mircheff [ll] compared to starting mince was 24-fold 
higher (MO = 60 t 7 and SMMV = 1400 * 175 pmol/ 
hr/mg, N = 6). Protein was assayed with a 
Coomassie blue kit (Biorad, Miinchen, Germany). 

Uptake studies. Uptake of [3H]choline into SMMV 
was measured in quadruplicate at 37” using a rapid 
filtration technique [12]. The samples were filtered 
through Whatman GF/F filters and the radioactivity 
remaining on the filters was counted in a Beckman 
LS 6000 LL liquid scintillation counter. Corrections 
were made for non-specific filter binding. Exact 
compositions of the transport conditions are given 
in the legends. Uptake is expressed as pmol or nmol/ 
mg protein or % of control uptake (mean * SD) of 
at least three experiments with three placentas. 
Paired Student’s t-test was used to determine 
statistical significance (P < 0.05). Curve fitting was 
done by least squares non-linear regression analysis 
using the computer programme PCNONLIN [13]. 
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Fig. 2. Effect of an inside negative membrane potential on 
the uptake of 2.5pM choline into SMMV. Vesicles, 
suspended in 100 mM mannitol, 100 mM KC1 and 10 mM 
Hepes-Tris, pH = 7.4, were pre-equilibrated with 20 PM 
val at 37”. Extravesicular media consisted of 1OOmM 
mannitol, 100 mM KC1 or 100 mM NaCl and 10 mM Hepes- 
Tris, pH = 7.4. Vesicles (1OpL) were added to 4OpL 
extravesicular medium. Values are expressed as pmol/mg 

protein (mean C SD). 

RESULTS 

Time dependent uptake of choline 

The effect of an imposed gradient of H+ (pHi = 
6.0/pH0 = 7.4) and Na+ (100 mM) on the uptake of 
25 PM [3H]choline into SMMV is illustrated in Fig. 
1. An outwardly directed proton gradient did not 
stimulate the choline uptake (A). Neither did an 
inwardly directed sodium gradient (B). The effect 
of an inside negative membrane potential is shown 
in Fig. 2. A stimulation of the uptake above 
equilibrium was observed (peak versus equilibrium = 
1.8). 

Counter transport of choline 

The effect of loading the vesicles with 5 mM 
unlabeled choline on the uptake of 250pM [3H]- 
choline into SMMV is shown in Fig. 3. Voltage 
clamp conditions were maintained by adding val and 
equal concentrations of intra- and extravesicular K+. 
The outwardly directed choline gradient stimulated 
the choline uptake above equilibrium (peak versus 
equilibrium = 2.1). 

Effect of different drugs on choline uptake 

Figure 4 shows the effect of 5 mM of various drugs 
on the uptake of 250pM [3H]choline into SMMV, 
loaded with 5 mM unlabeled choline. Voltage clamp 
conditions were maintained. The structure analog 
HC-3, choline itself and the organic cation transport 
inhibitor mepi reduced choline uptake by 85%. 
Cationic drugs like cimetidine and famotidine were 
able to inhibit uptake by 50%. Low molecular mass 
organic cations like TEA and NMN showed no 
inhibitory effect, neither did the organic anion 
transport inhibitor probenecid. 

Kinetics of choline uptake 

Over a range of 125 PM to 5 mM, saturability in 
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Fig. 3. Effect of an outwardly directed gradient of 5 mM 
choline on the uptake of 250pM choline into SMMV. 
Vesicles, suspended in 100 mM mannitol, 100 mM KC1 and 
10mM Hepes-Tris, pH = 7.4, were, in the case of the 
outwardly directed choline gradient, pre-equilibrated with 
5 mM unlabeled choline at 37”. Control and with choline 
loaded vesicles were also pre-equilibrated with 20 PM val 
at 37”. Extravesicular media consisted of 100 mM mannitol, 
100 mM KCI, 20 PM val, 10 mM Hepes-Tris, pH = 7.4 and 
unlabeledcholine to achieve an extravesicular concentration 
of choline of 250 PM. Vesicles (5 pL) were added to 195 PL 
extravesicular medium. Values are expressed as pmol/mg 

protein (mean -+ SD). 

Fig. 4. Effect of 5 mM cis concentrations of organic cations 
and anions on the 1Osec uptake of 250pM choline into 
SMMV in the presence of an outwardly directed gradient 
of 5 mM choline. Experimental conditions were the same 
as described in the legend of Fig. 3, except that 5 mM of 
specified organic drugs were added to the extravesicular 
media. Values are expressed as per cent of control uptake 
(mean 2 SD). Control uptake (without inhibitor) was 
3130 f 515 pmol/mg protein. *Statistical significance 

(P < 0.05; df = 2). 

the uptake of [3H]choline was seen in the presence 
of an outwardly directed 5 mM choline gradient (Fig. 
5). Uptake values were measured under voltage 
clamp conditions. The curve resulting from sub- 
tracting simple diffusion (that part of total uptake 
that could not be inhibited by extravesicular choline) 
from total uptake was analysed according to 
Michaelis-Menten kinetics. Least-squares non-linear 
regression analysis revealed a K,,, of 550 + 80 PM 
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Fig. 5. Concentration dependent uptake of choline at 10 set 
into SMMV in the presence of an outwardly directed 
gradient of 5 mM choline with and without 20 mM choline 
in the extravesicular medium to saturate the carrier in 
order to determine the simple diffusion component of total 
uptake. Experimental conditions were the same as described 
in legend of Fig. 3. Uptakes were measured in the presence 
of increasing concentrations choline (0.25-5 mM). Values 

are expressed as nmol/mg protein (mean 2 SD). 

and a V,,,,, of 10.0 * 0.49 nmol/mg protein/l0 set 
(3 = 0.995). 

DISCUSSION 

Our results in SMMV, confirm the existence of 
an uphill mediated transport mechanism for choline 
in human placenta. A transient accumulation of 
choline was seen in the presence of an outwardly 
directed choline gradient, which is considered to be 
indicative for carrier mediated transport. Uptake 
into SMMV was also stimulated above equilibrium 
uptake by an inside negative membrane potential. 
We conclude that the physiological negative cell 
interior can act as a driving force for placental 
choline uptake from the maternal circulation. The 
uptake into SMMV was sodium independent. This 
result is in good agreement with the sodium 
independent uptake into the trophoblast, as was 
demonstrated in the dually perfused guinea pig 
placenta [8]. Choline transport in rabbit renal brush- 
border membranes [7], human erythrocytes [5] and 
rat intestinal brush-border membranes [6] is also 
sodium independent in contrast to the uptake in 
neural tissue, which is sodium coupled [4]. It seems 
that a sodium gradient, maintained by Na+/K+ 
ATPase, is not directly involved in choline transport 
in most tissues including the human placenta. 

Several cations were unable to inhibit choline 
uptake at relatively high concentrations. The analog 
HC-3, choline itself and the organic cation transport 
inhibitor mepi inhibited the choline uptake almost 
completely, whereas cationic drugs like cimetidine 
and famotidine only partly reduced choline uptake. 
Therapeutic plasma concentrations of these Hz- 
receptor antagonists are low, which means that the 
clinical relevance of this inhibition, at concentrations 
as high as 5 mM, will be limited. NMN and the 
quaternary ammonium compound TEA did not 
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inhibit the uptake. In rabbit renal brush-border 
membranes TEA also had no inhibitor potency 171, 
whereas in rat intestinal brush-border membranes 
TEA and NMN caused both ci~-inhibition and trans- 
stimulation [6]. Due to the strong inhibition of 
choline and HC-3 as compared to the other cations 
we suggest a relatively high specificity of the choline 
transporter in placental SMMV. Whereas our results 
indicate an affinity of cationic drugs for the choline 
carrier the reverse, an affinity of choline for the 
organic cation/proton antiporter for guanidine could 
not be determined in placental brush-border 
membranes [14]. In the same study cimetidine did 
not inhibit this guanidine carrier. It seems that 
exogenous organic cations interfere with the 
choline transporter rather than with the guanidine 
trans~rter. 
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The kinetics determined in SMMV involved a 
saturable process with a rC, of 550 PM, corresponding 
to a value of 350,uM found in placental fragments 
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epithelia like rabbit renal brush-border membranes 
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choline from the maternal circulation driven by the 
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across the basal membrane of the trophoblast. 
Mechanisms of choline uptake across the basal 
membrane of the human placental trophoblast are 
currently under investigation. 
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