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1 The release of acetylcholine was investigated in the human placenta villus, a useful model for the
characterization of the non-neuronal cholinergic system.

2 Quinine, an inhibitor of organic cation transporters (OCT), reduced acetylcholine release in a
reversible and concentration-dependent manner with an IC50 value of 5 mM. The maximal e�ect,
inhibition by 99%, occurred at a concentration of 300 mM.

3 Procaine (100 mM), a sodium channel blocker, and vesamicol (10 mM), an inhibitor of the
vesicular acetylcholine transporter, were ine�ective.

4 Corticosterone, an inhibitor of OCT subtype 1, 2 and 3 reduced acetylcholine in a concentration-
dependent manner with an IC50 value of 2 mM.

5 Substrates of OCT subtype 1, 2 and 3 (amiloride, cimetidine, guanidine, noradrenaline,
verapamil) inhibited acetylcholine release, whereas carnitine, a substrate of subtype OCTN2, exerted
no e�ect.

6 Long term exposure (48 and 72 h) of villus strips to anti-sense oligonucleotides (5 mM) directed
against transcription of OCT1 and OCT3 reduced the release of acetylcholine, whereas OCT2 anti-
sense oliogonucleotides were ine�ective.

7 It is concluded that the release of non-neuronal acetylcholine from the human placenta is
mediated via organic cation transporters of the OCT1 and OCT3 subtype.
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Introduction

Acetycholine has been demonstrated in the vast majority of
human non-neuronal cells, for example epithelial, endothelial,
mesothelial and immune cells as well as smooth muscle ®bres
(Grando, 1997; Wessler et al., 1998; 1999; Kawashima &

Fujii, 2000). In addition, nicotinic and muscarinic receptors
are widely expressed on these cells (Brunner & Kukovetz,
1986; Grando et al., 1995; Maus et al., 1998; Costa et al.,

1988; Kawashima & Fujii, 2000). Non-neuronal acetylcholine
can act as a local cell molecule via paracrine and autocrine
mechanisms to control basic cell functions such as prolifera-

tion, di�erentiation and cell ± cell contact (Grando, 1997;
Wessler et al., 1998; 1999; Kawashima & Fujii, 2000).
The release mechanisms by which non-neuronal cells, for

example epithelial cells of the placenta, liberate acetylcholine
into the extracellular space, are unknown. The human
placenta is not innervated by extrinsic or intrinsic cholinergic
neurons (Sastry & Sadavongvivad, 1979; Sastry, 1997). Thus,

released acetylcholine is not contaminated by neuronal
acetylcholine and can be used as a model for studying the
release mechanisms of non-neuronal acetylcholine. Acetylcho-

line, an organic cation, may be a substrate for organic cation
transporters (OCT). OCTs are most widely expressed in
di�erent cell types including the human placenta (Koepsell,
1998; Dresser et al., 1999). Three organic cation transporters

have been cloned which represent high capacity non-neuronal
monoamine transporters, OCT subtype 1 (GruÈ ndemann et
al., 1994; Nagel et al., 1997), subtype 2 (Okuda et al., 1996;

GruÈ ndemann et al., 1997; 1998) and subtype 3, the latter also
being known as extraneuronal monoamine transporter
uptake 2 (GruÈ ndemann et al., 1998; Kekuda et al., 1998;

Wu et al., 1998). To test the hypothesis that non-neuronal
acetylcholine is transported via OCTs, the release of
acetylcholine from isolated villus of human placenta was

measured in the absence and presence of substances known to
interfere with OCTs.

Methods

Tissue preparation

Human placentae were obtained after normal vaginal delivery
or Caesarean section from women with uncomplicated
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pregnancies. No di�erences (ChAT activity, acetylcholine
content and release) were found in placentae obtained after
normal delivery or Caesarean section (Wessler et al., 2001).

Specimens (about 500 mg) were dissected from the whole
placenta and vigorously washed (®ve times for 10 min) in
oxygenated salt solution (200 ml) of the following composi-
tion given in mM: NaCl 125, NaHCO3 23.8, glucose 5.05,

KCl 2.68, CaCl2 1.80, MgCl2 1.04, NaH2PO4 0.415, ascorbic
acid 0.0567, and choline chloride 0.001. The physiological salt
solution was gassed with carbogen (5% (v v71) carbon

dioxide in oxygen); pH of the gassed solution was 7.3. After
this washing small villus pieces (20 ± 50 mg) were isolated
from the placenta, pierced longitudinally by needles (Tabout

15 mm in length) and then transferred to 1.5 ml organ baths
where the preparations gravitated to the bottom. For anti-
sense experiments thin strips of villus (about 20 mg) were

prepared, vigorously rinsed with sterile phosphate bu�ered
saline and then placed in 2 ml Dulbecco's modi®ed Eagle's
medium-Ham's F-12 (DMEM/F12; 24 well plates) medium
containing 100 u ml71 streptomycin and 100 u ml71 penicil-

lin. Two strips were placed in one well and maintained at
378C in 5% CO2 for 24, 48 or 72 h in a humi®ed atmosphere.
Oligonucleotides (5 mM) were added at the start and remained

for 24, 48 or 72 h. Culture medium was not exchanged during
the incubation period.

Experimental protocol

For equilibration the preparations were superfused for

30 min at 378C with 2.0 ml min71 of warmed and oxygenated
physiological salt solution (see above). Thereafter superfusion
was stopped and the bath medium (1 ml) was exchanged in
10 min periods. The ®rst three samples were discarded and

the subsequent 10 samples were collected for measurement of
acetylcholine release (t=0± 100 min). The ®rst ®ve samples
were obtained under control conditions, test substances being

present from t=50 min of incubation onwards. At the end of
the collection period the wet weight of the tissue was
determined and the release of acetylcholine was related to

1 g. In some experiments the reversibility of the inhibitory
e�ects of quinine and corticosterone was tested by washing
the test substances out of the organ bath. Thus at t=100 min
of incubation bath medium was exchanged ®ve times by fresh

salt solution in 1 min intervals and thereafter ®ve or six
additional samples were collected (see Figures 1 and 3).
In long term experiments (culture conditions) villus

preparations were virgorously washed with oxgenated salt
solution at the end of the 24, 48 or 72 h incubation period
and then placed in the organ bath as described above. The

preparations were ®rst superfused (30 min, see above) and
thereafter incubated in 10 min periods in 1 ml salt solution.
The ®rst three samples were discarded. Acetylcholine release

was measured in the subsequent three samples (t=0± 30) and
the mean of these samples was calculated.

Measurement of acetylcholine

Acetylcholine was measured by cationic exchange high-
pressure liquid chromatography (HPLC) combined with

bioreactors and electrochemical detection as described in
detail previously (Reinheimer et al., 1996; Klapproth et al.,
1997). A microbore HPLC system was used (BAS, Lafayette,

U.S.A.). The speci®city of the acetylcholine peak detected in
the incubation medium was checked by using an analytical

column packed with 40 U acetylcholinesterase (not shown).
This application speci®cally eliminates the acetylcholine peak
but the choline peak remains (Klapproth et al., 1997).

Detection limit was 10 fmol acetylcholine per injection
(20 ml).

Calculations and statistics

Results were expressed as mean value+s.e.mean of n

experiments. The ®rst ®ve samples were collected under
control conditions, test substances were added at t=50 min
of incubation. The mean of the three samples before the
application of test substances (t=20 ± 50 min) was regarded

as 100% (control release; B1, see Table 1). For the evaluation
of the test substances the mean (B2) of the last three samples
(maximum of the e�ect; see Figures 1 and 3) was related to

B1. Several villus preparations could be isolated from a single
placenta. Therefore, the number of placenta used in one
series of experiments is additionaly indicated in Tables 1 and

Figure 1 Inhibitory e�ect of quinine on the release of acetylcholine
from the human placenta, villus region. Villus preparations were
incubated (155 min) in organ baths to measure the release of
acetylcholine in 10 min periods. Quinine was added from t=50 min
onwards (®lled columns). Upper part: e�ect of 100 mM quinine. At
t=100 ± 105 min the bath medium was exchanged ®ve times and
thereafter ®ve subsequent 10 min samples were collected. Lower part:
concentration response curve for quinine. Given are the mean+
s.e.mean of 4 ± 8 experiments. The individual control release B1
varied between 1.18+0.12 nmol71 g71 10 min71 (n=7, experiments
with 100 mM quinine) and 2.10+0.31 nmol71 g71 10 min71 (n=4,
experiments with 300 mM). Signi®cance of di�erences from the control
as shown in Figure 2 and Table 1: * P50.05, ** P50.01.
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2. Statistical analysis of the results was performed by
Student's t-test (e�ect of anti-sense oligonucleotides; Table
2) or ANOVA using GraphPad Prism1 (multiple use of

single control).

Drugs and special chemicals

The following compounds were purchased from Sigma
Chemie, MuÈ nchen, Germany: acetylcholine chloride, amilor-

ide hydrochloride, L-carnitine hydrochloride; choline chlor-
ide, cimetidine, corticosterone, DMEM/F12 medium,
guanidine hydrochloride, (+)-noradrenaline bitartrate, peni-

cillin, procaine hydrochloride, quinine, streptomycin, (+)-
verapamil hydrochloride, (+)-vesamicol hydrochloride. Cor-
ticosterone and vesamicol were dissolved in DMSO (dimethyl
sulphoxide; ®nal concentration 0.02%) which did not modify

the basal acetylcholine release from the villus (n=4, not
shown).
For the anti-sense experiments the following oligonucleo-

tides (20) were used according to the published gene sequence
(®rst coding exon) and purchased from MWG AG Biotech
(MuÈ nchen, Germany): anti-OCT1 (GGA-TGA-CAT-TCT-

GGA-GCA-GG; cDNA sequence 796 ± 815); anti-OCT1
scrambled control (GAG-GTG-GCT-GAG-TCG-AGA-TC);
anti-OCT2 (GAT-CAT-GCC-CAC-CAC-CGT-GG; 4031 ±

4050); anti-OCT3 (GCA-CCA-TGC-CCT-CCT-TCG-AC;
4691 ± 4710); oligonucleotide control (randomized nucleo-
tides: ATG-GAT-CGT-CGG-GTA-TCC-TA).

Results

Effect of quinine, procaine and vesamicol on the release of
acetylcholine from human placenta

Under control conditions release of acetylcholine from the
villus maintained at a constant rate. B1 amounted to
1.28 nmol71 g71 10 min71 (n=25) and the ratio B2/B1 was

0.88+0.04 (Table 1; Figure 2). Quinine (100 mM) added at
t=50 min of incubation caused a rapidly developing
inhibition of acetylcholine release by 90% (Figure 1).

Acetylcholine release gradually recovered after washing out
quinine from the organ bath (Figure 1). The complete
concentration response curve is shown in Figure 1; the IC50

Table 1 The e�ect of test compounds on the acetylcholine release from human placenta, villus region

Compound ACh control release B1
(50 ± 100 min) nmol71 g71 10 min71 Ratio B2/B1 N1 N2

1.28+0.15 0.88+0.04 25 16
Amiloride 100 mM 0.95+0.14 0.62+0.06* 10 5
L-carnitine 100 mM 2.54+0.24 0.97+0.13 6 2
Cimetidine 100 mM 3.20+0.40 0.42+0.02** 5 3
Corticosterone 100 mM 2.45+0.12 0.14+0.02** 6 4
Guanidine 100 mM 1.71+0.25 0.69+0.04* 8 4
Noradrenaline 10 mM 1.63+0.23 0.59+0.06* 4 2
Quinine 100 mM 1.60+0.25 0.10+0.02** 7 4
Procaine 100 mM 1.12+0.07 0.96+0.07 8 3
Verapamil 100 mM 3.00+0.30 0.28+0.02** 6 3**
Vesamicol 10 mM 1.46+0.16 0.88+0.12 8 2

Villus preparations were incubated (100 min) in organ baths to measure the release of acetylcholine in 10 min periods. Test substances
were added at t=50 min of incubation and remained present. The mean of the acetylcholine release observed between t=20± 50 min is
regarded as control release (B1). B2 represents the mean of the acetylcholine release observed between t=70± 100 min of incubation.
Given are the mean+s.e.mean of the number (N1) of individual experiments, N2 indicates the number of placentae used in the
individual series of experiments. Signi®cance of di�erences from the control: *P50.05; **P50.01.

Table 2 E�ect of antisense oligonucleotides after long term exposure (48 and 72 h) on the acetylcholine release from human placenta,
villus region

ACh release after ACh release after
48 h exposure 72 h exposure

Oligonucleotide nmol71 g71 nmol71 g71

(5 mM) 10 min71 10 min71

2.03+0.26 (13) 3.11+0.47 (15)
scr. anti-OCT1 control 2.13+0.52 (7) 2.70+0.31 (13)
anti-OCT1 1.04+0.24*# (12) 1.71+0.24*# (14)
anti-OCT2 2.93+0.89 (8) n.d.
anti-OCT3 1.76+0.45 (8) 1.50+0.18* (12)
oligonuc. control 2.32+0.85 (8) n.d.

Thin villus preparations (about 20 mg) were prepared and placed in 2 ml DMEM/F12 medium (24 well plates). Oligonucleotides were
added to each well to obtain a ®nal concentration of 5 mM. Villus preparations were placed in the incubator for 48 or 72 h. Thereafter,
strips were vigorously washed with the physiological salt solution and transferred to organ baths to measure the release of acetylcholine
in 10 min periods. Three samples were collected and the mean of these samples was calculated for an individual preparation. In the
individual series of experiments the villus preparations originated from three or four di�erent placentae. Given are mean+s.e.mean of
the number of experiments (indicated in brackets). Signi®cance of di�erences: *P50.05 from control (absence of oligonucleotides);
#P50.05 from scrambled (scr.) anti-OCT1 control; n.d.: not done.
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value was 5 mM. Procaine (100 mM), an inhibitor of sodium
channels, did not reduce acetylcholine release (Table 1). Also

vesamicol, the inhibitor of the vesicular acetylcholine
transporter failed to modify the acetylcholine release (Table
1).

Effects of substrate inhibitors of organic cation
transporters on the release of acetylcholine

Organic cations (amiloride, cimetidine, verapamil) are known
transport inhibitors of the OCTs. The three compounds
(100 mM) all signi®cantly reduced the release of acetylcholine

(Table 1). Noradrenaline and guanidine are substrates of
OCT1, 2 and 3, but not of two new members of the OCT-
family, OCTN1 and OCTN2 (GruÈ ndemann et al., 1999;

Ohashi et al., 1999; Wu et al., 1999). When noradrenaline or
guanidine were applied, acetylcholine release declined (Table
1). For example, a stepwise reduction was observed in the

presence of noradrenaline (Figure 2). In contrast, L-carnitine,
a substrate of OCTN2, did not a�ect the release of non-
neuronal acetylcholine (Table 1).

Effect of corticosterone on the release of acetylcholine

Corticosterone is a known inhibitor of OCT1, 2 and 3. In the
present experiments corticosterone reduced the acetylcholine
release from the human placenta. A steep concentration-

response curve was obtained, the IC50 value being about
2 mM (Figure 3). In contrast to the inhibitory e�ect of the
organic cation quinine the inhibitory e�ect of the lipophilic
compound corticosterone remained even after a washout

period of 65 min (Figure 3).

Effects of oligonucleotides on the release of acetylcholine

Anti-sense oligonucleotides (5 mM) directed against OCT1, 2
and 3 mRNA were exposed for 24, 48 and 72 h to villus

Figure 2 Inhibitory e�ect of guanidine and noradrenaline on
acetylcholine release from the human placenta, villus region. Villus
preparations were incubated (t=0±100 min) in organ baths to
measure the release of acetylcholine in 10 min periods. Guanidine
(100 mM) or noradrenaline (10 mM) were present from t=50 min
onwards (®lled columns). Given are the mean+s.e.mean of 25
(control), eight (guanidine) and four (noradrenaline) experiments.

Figure 3 Inhibitory e�ect of corticosterone on the release of
acetylcholine from the human placenta, villus region. Villus
preparations were incubated (165 min) in organ baths to measure
the release of acetylcholine in 10 min periods. Corticosterone was
added from t=50 min onwards (®lled columns). Upper part: e�ect of
100 mM corticosterone. At t=100 ± 105 min the bath medium was
exchanged ®ve times and thereafter six subsequent 10 min samples
were collected. Lower part: concentration response curve for
corticosterone. Given are the mean+s.e.mean of 6 ± 9 experiments.
The individual control release B1 varied between
1.20+0.19 nmol71 g71 10 min71 (n=9, experiments with 10 mM
corticosterone) and 4.41+0.89 nmol71 g71 10 min71 (n=6, experi-
ments with 1 mM). Signi®cance of di�erences from the control as
shown in Figure 2 and Table 1: * P50.05, ** P50.01.
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specimens. In addition, a scrambled anti-OCT1 sequence and
a randomized oligonucleotide control were also tested. After
long term incubation (24, 48 or 72 h) the control release of

acetylcholine was higher than the release obtained from
freshly prepared villus preparations (compare control experi-
ments in Tables 1 and 2; the control release after 24 h
incubation was period 3.24+0.74 nmol71 g71 10 min71,

n=12). None of the anti-sense oligonucleotides caused a
signi®cant inhibition after an exposure time of 24 h (values
not shown), but inhibitory e�ects were observed after longer

incubation times. Anti-OCT1 oligonucleotides nearly halved
acetylcholine release after exposure times of 48 or 72 h (Table
2). Anti-OCT3 oligonucleotides tended to decrease acetylcho-

line release after 48 h incubation, and a signi®cant inhibition
was observed after 72 h incubation period (Table 2). Anti-
OCT2 oligonucleotides and both controls (scrambled anti-

OCT1 and oligonucleotide control) did not a�ect the release
of acetylcholine (Table 2).

Discussion

Acetylcholine, an organic molecule with a permanent positive

net charge at physiological pH, is widely expressed in non-
neuronal cells in humans and involved in the regulation of
basic cell functions (Grando, 1997; Wessler et al., 1998; 1999;

Kawashima & Fujii, 2000). In the present experiments the
human placenta was used as a model to investigate the
release mechanisms of non-neuronal acetylcholine. The

following results demonstrate that acetylcholine, at least in
the human placenta, is released into the extracellular space
via organic cation transporters: (1) Quinine, an inhibitor of
OCTs, caused a concentration-dependent and reversible

inhibition. The IC50 value in the present experiments (5 mM)
was more or less identical with the IC50 value obtained for
the human cloned OCT1 (4.3 mM; Martel et al., 1996).

Procaine, an inhibitor of sodium channels, was ine�ective.
Quinine is also an inhibitor of potassium channels which
a�ects the membrane potential. However, such a mechanism

cannot explain the inhibitory e�ect on acetylcholine release.
It has recently shown that high extracellular potassium (54
and 108 mM) causes only a slight increase in the release of
acetylcholine from villus preparations (Wessler et al., 2001).

(2) Substrate inhibitors of OCTs like amiloride, cimetidine
and verapamil reduced acetylcholine release. (3) Noradrena-
line and guanidine, substrates for OCT1, 2 and 3, reduced

acetylcholine release. (4) Corticosterone, an inhibitor of
OCT1, 2 and 3 reduced the basal acetylcholine release with
an IC50 value of 2 mM.

All these observations strongly indicate that non-neuronal
acetylcholine leaves placental cells via OCTs, which are
ubiquitously expressed in humans. This transport mechanism,

at least in the human placenta, translocates acetylcholine into
the extracellular space and therewith mediates the auto-/
paracrine mode of action.
What subtype of transporter is involved in the release of

non-neuronal acetylcholine? The present experiments favour
the involvement of the OCT1 and OCT3 subtype for the
following reasons: (1) The experiments with anti-sense

oligonucleotides support the involvement of the OCT1 and
OCT3 subtype. (2) The IC50 value estimated for quinine
(5 mM) corresponds excellently with the IC50 value (4.3 mM)

obtained in cells expressing OCT1 (Martel et al., 1996;
Breidert et al., 1998). (3) Corticosterone inhibits OCT2 and
OCT3 with IC50 values below 0.5 mM, whereas a concentra-

tion above 1 mM is required to establish an e�ect on OCT1
(GruÈ ndemann et al., 1998; Dresser et al., 1999; Breidert et al.,
1998). In the present experiments, however, 1 mM corticoster-
one caused already 30% inhibition. This observation argues

against a poor OCT1 role but corresponds with the
additional involvement of OCT3. (4) Guanidine is an
excellent substrate for OCT2, whereas its transport by

OCT1 is low and that by OCT3 is negligible (GruÈ ndemann
et al., 1999). In the present experiments a high concentration
of 100 mM guanidine merely caused a moderate inhibition,

which corresponds with the assumption of the involvement of
OCT1 and 3 subtype. (5) Finally, OCTN1 and OCTN2 can
be excluded because these transporters are not sensitive to

monoamines but to carnitine (OCTN2). In the present study
acetylcholine release was inhibited by noradrenaline but not
by carnitine.
Taken together, i.e. the inhibitory e�ects of OCT1 and

OCT3 antisense-oligonucleotides, the inhibitory potencies of
quinine and corticosterone, the moderate e�ect of guanidine
and the lack of e�ect with carnitine, the present results

indicate that both OCT1 and OCT3 subtypes mediate the
release of non-neuronal acetylcholine from the human
placenta.

OCT1 represents a most widely expressed transporter, for
example in the intestine, kidney, liver, brain, muscle ®bres
and immune cells (Dresser et al., 1999). In all these tissues or

cells the non-neuronal cholinergic system has also been
demonstrated (Grando, 1997; Wessler et al., 1998; 1999;
Kawashima & Fujii, 2000). It is speculated here that the
release mechanism identi®ed in the placenta could represent a

more general pathway for the release of acetylcholine,
although the hypothesis has to be tested in future
experiments. Nevertheless, this transport pathway may occur

in the vast majority of human cells and allow non-neuronal
acetylcholine to act in an auto-/paracrine manner. It should
also be considered that the activity of OCTs is modulated by

a variety of drugs and endogenous compounds, like
monoamines and steroids which can target the release of
non-neuronal acetylcholine under physiological conditions.
Particularly, circulating catecholamines may a�ect the release

of non-neuronal acetylcholine via substrate inhibition of
OCTs. Thus, adrenergic-cholinergic interactions may also
occur at the level of non-neuronal acetylcholine which opens

a new view of a highly sophisticated cholinergic-adrenergic
cell regulation. In addition, a signi®cant number of clinically
used drugs and xenobiotics are substrates of OCTs and

therefore may interfere with the release of non-neuronal
acetylcholine. For example, the atropine-like e�ect of quinine
may be attributed to the inhibition of the release of non-

neuronal acetylcholine.
In conclusion, the present experiments have shown that the

release of non-neuronal acetylcholine from the human
placenta is mediated via OCTs, most likely of the OCT1

and OCT3 subtype.

The present work contains parts of the MD thesis of E. Roth and
C. Deutsch The work was supported by the Deutsche Forschungs-
gemeinschaft (Ki 210/9-1).
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