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1 The influence of sodium ion substitutes on the 5-hydroxytryptamine (5-HT)-induced flux of the
organic cation [14C]guanidinium through the ion channel of the mouse 5-HT3 receptor and on the
competition of 5-HT with the selective 5-HT3 receptor antagonist [

3H]GR 65630 was studied, unless
stated otherwise, in mouse neuroblastoma N1E-115 cells.

2 Under physiological conditions (135mM sodium), 5-HT induced a concentration-dependent
[14C]guanidinium influx with an EC50 (1.3 mM) similar to that in electrophysiological studies.

3 The stepwise replacement of sodium by increasing concentrations of the organic cation
hydroxyethyl trimethylammonium (choline) concentration dependently caused both a rightward shift
of the 5-HT concentration–response curve and an increase in the maximum effect of 5-HT. Complete
replacement of sodium resulted in a 34-fold lower potency of 5-HT and an almost two times higher
maximal response. A low potency of 5-HT in choline buffer was also observed in other 5-HT3

receptor-expressing rodent cell lines (NG 108-15 or NCB 20).

4 Replacement of Naþ by Liþ left the potency and maximal effects of 5-HT almost unchanged.
Replacement by tris (hydroxymethyl) methylamine (Tris), tetramethylammonium (TMA) or N-
methyl-D-glucamine (NMDG) caused an increase in maximal response to 5-HT similar to that caused
by choline. The potency of 5-HT was only slightly reduced by Tris, to a high degree decreased by
TMA (comparable to the decrease by choline), but not influenced by NMDG.

5 The potency of 5-HT in inhibiting [3H]GR65630 binding to intact cells was 35-fold lower when
sodium was completely replaced by choline, but remained unchanged after replacement by NMDG.

6 The results are compatible with the suggestion that choline competes with 5-HT for the 5-HT3

receptor; the increase in maximal response may be partly due to a choline-mediated delay of the 5-HT-
induced desensitization. For studies of 5-HT-evoked [14C]guanidinium flux through 5-HT3 receptor
channels, NMDG appears to be an ‘ideal’ sodium substituent since it increases the signal-to-noise
ratio without interfering with 5-HT binding.
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Introduction

The 5-HT3 receptor channel is the only 5-hydroxytryptamine

(5-HT) receptor subtype that belongs to the superfamily of

ligand-gated ion channels (Derkach et al., 1989; Kilpatrick

et al., 1990; Maricq et al., 1991). It is permeable to sodium,

potassium and calcium, and it is closely related to the nicotinic

acetylcholine receptor. A characteristic feature of the 5-HT3

receptor is its rapid desensitization (Jackson & Yakel, 1995;

Reeves & Lummis, 2002). Physiologically, 5-HT3 receptors are

involved in emesis and pain (Aapro, 1991; Mitchelson, 1992;

Karim et al., 1996; Voog et al., 2000; Simpson et al., 2000).

Several classes of drugs, including general anaesthetics (Barann

et al., 2000), alcohols (Lovinger and Zhou, 1994; Barann et al.,

1995) and cannabinoids (Fan, 1995; Barann et al., 2002), are

assumed to modulate directly 5-HT3 receptor function.

Several cell lines are available for the study of native 5-HT3

receptors, including mouse neuroblastoma cells of the clone

N1E-115 (Barann et al., 1993), NCB 20 mouse neuroblasto-

ma� chinese hamster hybrid cells (Hellevuo et al., 1991) and

NG108-15 rat neuroblastoma� glioma cells (Reiser & Ham-

precht, 1989). In addition, in the mouse cells, a mixture of the

long and short, mouse-specific 5-HT3A receptor splice variants

may occur (Werner et al., 1994).

As an alternative to electrophysiological techniques, mea-

surement of the flux of the radioactively labelled organic

cation [14C]guanidinium, which behaves like a sodium ion

(Reith, 1990), is a useful method to investigate the effects of

drugs on channel function. Various groups have unanimously

shown that this method is suitable to characterize the

5-HT3 receptor-mediated cation influx in neural cell lines
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(Reiser & Hamprecht, 1989; Emerit et al., 1993; Bönisch

et al., 1993). However, the potencies of 5-HT in inducing

influx were markedly different; thus, the EC50 value of 5-HT

reported by Bönisch et al. (1993) was about 10 times

higher than the values reported by the other groups. This

discrepancy appears to be related to the fact that Bönisch

et al. (1993), in contrast to others, used hydroxyethyl

trimethylammonium (choline) to replace sodium. This buffer

condition, under which the 5-HT-mediated flux was

sensitive to the selective 5-HT3 receptor antagonist ondanse-

tron but not to tetrodotoxin was applied for the study of

drug effects on 5-HT3 receptors and sodium channels

(stimulation with veratridine), because it resulted in larger

specific ion fluxes, thus facilitating the analysis of the drug

effects (Barann et al., 1993).

The mechanism by which the cation influx through the

5-HT3 receptor channel is increased, when sodium is

replaced by the quarternary organic cation choline, is still

unknown. Therefore, the main aim of the present study was

to elucidate the mechanism underlying the increase in

maximum 5-HT-induced cation influx and the reduction in

the potency of 5-HT under the choline buffer condition. In this

context, we examined whether other sodium substitutes such as

lithium, tris(hydroxyethyl)methylamine (Tris), tetramethyl

ammonium (TMA) and N-methyl-D-glucamine (NMDG)

differ from choline in this respect. The chemical structure of

all cations applied in this study is shown in Figure 1 (in case of

guanidinium, the unlabelled compound is shown).

Methods

Cell culture

Mouse neuroblastoma cells of the clone N1E-115 (Amano

et al., 1972; passage numbers 40–50) were grown in Dulbecco’s

modified Eagle’s medium (DMEM) with HEPES (7.6mM)

and sodium bicarbonate (30mM). The growth medium was

supplemented (as described by Hoyer & Neijt, 1988) with

the antibiotics penicillin (100 IUml�1) and streptomycin

(100mgml�1), 10% fetal calf serum (Gibco BRL) and the

following amino-acid mix (mM): L-cysteine hydrochloride

(0.3), L-alanine (0.4), L-asparagine (0.45), L-aspartic acid (0.4),

L-proline (0.4) and L-glutamic acid (0.4). Cells were cultured in

a humidified atmosphere containing 5% CO2 at 371C in 750ml

vent flasks (Nunc) and fed every 3 day. About 3 days before

starting experiments, cells were subcultured in 24-well cell

culture cluster plates (Falcon). At the beginning of the

experiment, cells were confluent (the protein content per well

was about 0.2mg). Mouse neuroblastoma X Chinese hamster

hybrid cells of the clone NCB20 were cultured as described

above except for the addition of 10% newborn calf serum

and the omission of the amino-acid mix. For culture of rat

neuroblastoma X glioma cells of the clone NG108-15, the

medium contained hypoxanthine (10mM), thymidine (16mM)

and aminopterin (0.5mM), but no amino-acid mix.

[14C]guanidinium influx measurements

After removal of the growth medium, cells were washed and

preincubated (for 20min, 1.5ml per well) with buffer (361C)

containing (inmM): 135 NaCl, 25 HEPES/Tris (pH 7.4), 5.4

KCl, 0.98 MgSO4 and 5.5D-glucose or with buffer in which

NaCl was replaced by either of choline chloride, TMA

chloride, Tris or NMDG (under the latter two conditions,

the pH was adjusted to 7.4 with HCl). Subsequently, the cells

were incubated for 2min with buffer containing 5 mM
[14C]guanidinium chloride (specific activity 59mCimmol�1)

and the 5-HT3 receptor agonist 5-HT. The flux was terminated

by the removal of the incubation medium and by rapidly

washing the cells three times with ice-cold incubation buffer.

Thereafter, the cells were dissolved and lysed in 0.5ml 0.1%

Triton X-100, and the [14C]guanidinium content of this

solution was determined by scintillation counting. An aliquot

of the cell lysate was used for the determination of the protein

content according to Lowry et al. (1951).

In each experiment, the [14C]guanidinium flux was also

determined in the absence of 5-HT. The resulting basal flux

was subtracted from the total influx (measured in the presence

of 5-HT) in order to calculate the specific flux. The absolute

values of [14C]guanidinium influx (in pmol�mgprotein�1) of

one experimental series are shown in Figure 4. Experiments

were carried out in duplicate or triplicate.

Radioligand binding studies

The buffer conditions for radioligand binding on intact cells or

on cell membranes were identical to those applied for tracer

flux measurements. For studies on intact cells, N1E-115 cells

were seeded on 24-well cell culture cluster plates. On days 3–4,

when cells were confluent, the medium was removed and the

wells were washed with 750ml of the respective incubation

buffer (see above). Thereafter, the cells were incubated for

60min with 500 ml of incubation buffer (361C) containing 1 nM

[3H] 3-(5-methyl-1H-imidazol-4-yl)-1-(1-methyl-1H-indol-3-

yl)-1-propanone (GR65630), a selective 5-HT3 receptor an-

tagonist (Kilpatrick et al., 1989) and the unlabelled physio-

logical ligand 5-HT at the concentration under study.

[3H]GR65630 binding remaining in the presence of 10mM

Figure 1 Chemical structures of the organic cations used in this
study to replace sodium. NMDG (pka¼ 9.5) and Tris (pka¼ 8.3)
are positively charged at physiological pH. The ion diameters
(Angstrom units, three dimensions) are as follows: sodium 1.924,
1.924 and 1.924; choline 7.487, 5.020 and 4.488; guanidinium 6.498,
4.952 and 3.103; NMDG 13.056, 5.582 and 5.332; TEA 8.431, 6.358
and 5.841; TMA 5.291, 4.824 and 4.556; and Tris 7.644, 5.712 and
4.491. The values for lithium are 1.198, 1.198 and 1.198.
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5-HT was regarded as non-specific. The experiment was

stopped after the removal of the incubation buffer by washing

the cells three times with ice-cold incubation buffer. Finally,

the cells were lysed in 500 ml 0.1% Triton X-100 and the

[3H]GR65630 content of this solution was determined by liquid

scintillation counting. An aliquot of the cell lysate was used for

the determination of the protein content according to Lowry

et al. (1951). Experiments were carried out in duplicate or

triplicate.

For studies on cell membranes, N1E-115 cells were grown in

cell culture flasks (750ml). Confluent cells were harvested in

50mM HEPES-Naþ (pH 7.4) buffer at 41C and centrifuged at

300� g (5min, 41C). The cell pellet was washed by resuspen-

sion and centrifugation as decribed before, and cells were then

homogenized at 41C by usage of an IKAs Ultra-Turrax

homogenizer (maximum velocity, 2� 5 s). Cell homogenate

was centrifuged for 20min at 40,000� g (41C). The pellet was

resuspended (in 50mM HEPES/NaOH buffer) and re-centri-

fuged (as described above), and the final pellet was diluted

(in 50mM HEPES-Naþ pH 7.4) to obtain a concentration

of 0.5mgml�1 protein, determined according to Lowry et al.

(1951). Binding assays were performed at ambient temperature

with membranes 10-fold diluted in sodium incubation buffer

(final volume 500ml) as described above for intact cells.

However, specific binding of [3H]GR65630 was determined not

only by 5-HT (10mM) but also by MDL 72222 (3 mM). The

reaction was stopped by rapid vacuum filtration with a

Brandels cell harvester through GF/B glass fiber filters,

followed by two rapid washings of the filters with ice-cold

buffer. The radioactivity retained in the filters was determined

by liquid scintillation counting.

Data analysis

Calculations of EC50 values, Emax and IC50 values were

performed and the concentration–response curves were fitted

according to a commercially available software (Graphpad

Inplot and Graphpad Prism 3.0; sigmoidal concentration–

response curve, variable slope). Calculations of Ki values were

performed using the equation of Cheng and Prusoff (1973).

Calculations of single-site and two-site competition of

radioligand binding were performed according to Graphpad

Prism 3.0 software, using the following Equations: (1) one-

site: Y ¼ Bottomþ ðTop� BottomÞ=ð1þ 10ðx�log EC50ÞÞ and

(2) two site: Y¼BottomþPart aþPart b. (Part

a¼ Span*Fraction 1=ð1þ 10ðx�log EC50aÞÞ; Part b¼ Span*(1�
Fraction 1)/ð1þ 10ðx�logEC50bÞÞ.

Materials

Constituents of cell culture media were obtained from Gibco

BRL (Karlsruhe, Germany) or from Sigma (Munich, Ger-

many). The following compounds were used in the experiments

(for chemical structures, see Figure 1): 5-hydroxytryptamine

creatinine sulphate from Sigma, Munich, Germany; [14C]gua-

nidinium chloride (specific activity¼ 59mCimmol�1) from

CEA (Biotrend, Cologne, Germany); [3H]GR65630, (specific

activity 64.8Cimmol�1) from NEN DuPont (Dreieich, Ger-

many); choline chloride, TMA chloride, Tris and NMDG were

all from Sigma (Munich, Germany).

Results

[14C]guanidinium influx

Basal [14C]guanidinium influx: In N1E-115 cells incubated in

buffer containing 135mM sodium, basal influx of [14C]guani-

dinium, that is, influx in the absence of 5-HT, amounted to

16.070.5 pmol�mgprotein�1 (n¼ 19). When sodium was

completely replaced by other inorganic or organic cations,

the following basal influx values (in pmol�mgprotein�1) were

obtained: lithium (n¼ 6), 12.571.3; NMDG (n¼ 8), 15.772.9;

Tris (n¼ 12), 10.372.2; choline (n¼ 39), 7.870.4; TMA

(n¼ 10), 4.170.9. The basal fluxes were subtracted from the

corresponding total guanidinium influxes during exposure to

the various 5-HT concentrations to give the 5-HT-induced

guanidinium influxes.

5-HT-induced [14C]guanidinium influx in N1E-115 cells: The

5-HT (100 mM)-induced influx above basal influx was insensi-

tive to tetrodotoxin (10 mM) and sensitive to ondansetron

(100% inhibition at 0.3mM) irrespective of whether this effect

was studied in buffer containing 135mM sodium or 135mM

choline (n¼ 4 under each control, buffer and drug condition;

effects not shown).

5-HT produced a concentration-dependent influx of

[14C]guanidinium above basal influx, irrespective of whether

the buffer contained the physiological sodium concentration of

135mM or whether sodium was partly or completely sub-

stituted by other inorganic or organic cations (Figures 2 and

3). In N1E-115 cells incubated in buffer containing 135mM

sodium, the mean EC50 of 5-HT was 1.3mM (Table 1) and the

mean maximum 5-HT-evoked influx above basal influx

amounted to 30 pmol�mgprotein�1; this value corresponded

to 58.3% of the reference response (i.e. influx elicited by

100 mM 5-HT in buffer containing 135mM choline but no
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Figure 2 Influence of gradual replacement of sodium by choline
on the 5-HT (2-min exposure)-evoked [14C]guanidinium influx
above basal influx in N1E-115 cells. The responses are expressed
as percentages of the effect elicited by 100mM 5-HT using
choline (135mM) buffer (¼ reference); 100 % corresponds to
51 pmol�mgprotein�1. Shown are means7s.e.m. of n¼ 5–12
experiments.

M. Barann et al Effects of organic cations on 5-HT3 receptors 503

British Journal of Pharmacology vol 142 (3)



sodium; Table 1); the EC50 of 5-HT was in the same range as in

previous patch-clamp experiments in excised patches of N1E-

115 cells (3.8 mM; Barann et al., 1997).

When sodium was stepwise replaced by choline, there was

not only a stepwise decrease in the potency (EC50) of 5-HT in

stimulating [14C]guanidinium influx (as reflected by the

concentration-dependent parallel rightward shift of the 5-HT

concentration–response curve), but also a stepwise increase in

the maximum response (Figure 2 and Table 1). Complete

replacement of sodium by 135mM choline resulted in an EC50

of 5-HT of 44.7mM which is 34 times higher than in the

presence of buffer containing 135mM sodium and in an about

2-fold higher maximum response (Figure 2 and Table 1). Low

potencies (EC50¼ 69710 and 47.979 mM) and high maximal

effects (Emax¼ 8172.7 and 12379.1% of reference) of 5-HT

were also observed in NCB20 and NG108-15 cells, respec-

tively, incubated with buffer containing 135mM choline

instead of sodium (n¼ 3–5; not illustrated).

Replacement of sodium by 135mM lithium in the incubation

buffer of N1E-115 cells closely resembled the 135mM sodium

condition, in that the potency and maximal effect of 5-HT

were in the same range under both conditions (only slightly

lower than in the presence of sodium; Figure 3, Table 1). When

sodium was replaced by 135mM TMA, a similar increase in the

maximum 5-HT effect occurred as under the 135mM choline

condition, but the potency of 5-HT was still decreased by a

factor of about 15 (Figure 3, Table 1). In the presence of

135mM Tris, the maximal effect of 5-HT was also almost

doubled compared to the 135 sodium condition, but the

potency of 5-HT was still slightly lower than in the presence of

sodium (Figure 3, Table 1). NMDG proved to be ideal as a

complete subtitute of sodium (135mM), in that it doubled the

maximal effect of 5-HT without changing the potency of 5-HT

(Figure 3, Table 1).

Since all organic sodium substitutes except NMDG pro-

duced parallel rightward shifts of the 5-HT concentration–

response curve (slopes of concentration–response curves

virtually identical under all conditions) as an indicator of

competitive inhibition, the equation of Cheng & Prusoff (1973)

could be applied for calculation of the apparent inhibition

constants [Ki(sodium substitute)]. These calculations were based on

the EC50 values of 5-HT in the presence of 135mM sodium on

the one hand and of sodium plus substitute (together 135mM)

or of 135mM substitute alone on the other. When in N1E-115

cells 16.3, 33.8, 67.5 or 135mM choline partially or totally

replaced sodium, the Ki(choline) values were 4.6, 3.9, 3.8 and

4.0mM, respectively, yielding a mean Ki (choline) of 4.07mM.

Complete replacement of sodium by 135mM TMA or Tris in

the incubation buffer revealed Ki(TMA) and Ki(Tris) values of 9.8

and 77mM, respectively.

In an additional series of tracerflux experiments, the time

course of desensitization of the 5-HT (30 mM)-induced cation

influx caused by 1–16min preincubation of the cells with 30mM
5-HT was studied under both sodium and choline buffer

conditions (Figure 4). Under both conditions preincubation

with 5-HT (30 mM) resulted in a reduction of the 5-HT (2min)-

induced [14C]-guanidinium influx, which was dependent on the

preincubation time. Desensitization was faster in the presence

of sodium since 50% desensitization of the response was

observed after less than 1min of 5-HT preincubation, whereas

in choline buffer 50% desensitization was seen after about

2min (Figure 4). In the presence of sodium, the time course

of preincubation-induced decay fitted to a biexponential
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Figure 3 Influence of complete replacement of sodium by different
cations on the 5-HT (2-min exposure)-evoked [14C]-guanidinium
influx above basal influx in N1E-115 cells. The responses are
expressed as percentages of the effect elicited by 100mM 5-HT
in choline buffer (¼ reference effect); 100% corresponds to
51 pmol�mgprotein�1). Shown are means of n¼ 5–12 experiments.
Error bars were omitted for the sake of clarity; they were in the
range of values shown in Figure 2.

Table 1 Influence of sodium substitutes on 5-HT-induced [14C]guanidinium influx in N1E-115 cells

Response to 5-HT
n pEC507s.e.m. Emax7s.e.m.

(mean EC50; mM) (% of reference)

Sodium (135mM) 12 5.8970.09 (1.3) 58.376.2
Sodium : choline 5 5.2270.02* (6.0) 60.471.4
(118.3 : 16.9mM)
Sodium:choline 5 4.8970.07* (12.3) 66.572.0
(101.3 : 33.8mM)
Sodium : choline 5 4.6270.07* (24.5) 79.974.5*
(67.5 : 67.5mM)
Choline (135mM) 9 4.3370.01* (44.7) 110.273.1*
Lithium (135mM) 4 5.6970.09 (2.3) 40.671.9*
TMA (135mM) 7 4.7370.01* (19.1) 108.875.4*
Tris (135mM) 7 5.5870.02* (3.6) 97.776.2*
NMDG (135mM) 8 5.9570.01 (1.3) 93.477.8*

The pEC50 and Emax values of 5-HT (2min exposure to each concentration) under the cation conditions indicated were calculated from the
concentration–response curves shown in Figures 2 and 3. The respective maximal responses (Emax) are expressed as percentages of the
effect elicited by 100mM 5-HT using choline (135mM) buffer (¼ reference effect). Shown are means7s.e.m. *Significantly different from
pEC50 and Emax at 135mM sodium.
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function, yielding an initial fast time constant (k¼ 29.1min�1)

and a slow decay component (k¼ 0.544min�1; Figure 4). In

the presence of choline, this decay could be better fitted to a

monoexponential curve (with a k value of 0.749min�1); this k

value was in the same range as the value for the slow decay

component in the presence of sodium (Figure 4).

[3H]GR65630 binding

Binding of the potent and selective 5-HT3 receptor antagonist

[3H]GR65630 (Kilpatrick et al., 1987; 1989) to intact N1E-115

cells was determined using three alternative buffer conditions,

which were identical to the sodium, choline and NMDG buffer

used for the [14C]guanidinium influx measurements described

above. Specific binding of 1 nM [3H]GR65630 in buffer

containing sodium, choline or NMDG amounted to 361727,

283715 and 407732 fmol�mg protein�1 (n¼ 4 each), respec-

tively. This binding of [3H]GR65630 was concentration-

dependently inhibited by 5-HT (Figure 5). Under all three

buffer conditions, a biphasic displacement of [3H]GR65630

binding by 5-HT was observed, which could be resolved into

two binding components, a high-affinity component (site 1)

and a low-affinity component (site 2; Table 2). Since the

displacement by 5-HT was almost identical under sodium and

NMDG buffer conditions, only results obtained with sodium

and choline buffer are shown in Figure 5. In the presence of

sodium and NMDG, about 50% of the binding displaceable

by 10mM 5-HT was to the high-affinity site characterized by

an IC50 for 5-HT of about 1 mM (Table 2). In choline buffer,

this binding component to site 1 was smaller (32.5% of total

binding); the IC50 value for 5-HT amounted to 31mM,

suggesting competition of choline with 5-HT for binding to

this site. Using the equation of Cheng & Prusoff (1973), a Ki

value for choline of 3.91mM could be calculated. The low-

affinity binding site for 5-HT was virtually identical under all

three buffer conditions with an IC50 value for 5-HT as high as

about 120 mM (Table 2).

Biphasic displacement of [3H]GR65630 binding by 5-HT

was also observed in N1E-115 cell membranes in sodium

buffer. At cell membranes, the high-affinity 5-HT binding site

(IC50¼ 160 nM, Table 2) amounted to about 73% and the low-

affinity site (IC50¼ 260mM, Table 2) to 27%. However, if

specific binding was determined as MDL 72222-sensitive

[3H]GR65630 binding, it was only 72.076.9% of the 5-HT-

sensitive binding and no low-affinity site was detectable.

This indicates that low-affinity, 5-HT-sensitive [3H]GR65630

binding does not occur at a MDL 72222-sensitive site.

[3H]GR65630 binding to the MDL 72222-sensitive site was

characterized by a pIC50 value for 5-HT of 6.7570.06 (n¼ 4);

this value is very similar to the pIC50 values determined for

[3H]GR65630 binding to the high-affinity 5-HT-sensitive site

shown in Table 2.

If in the binding studies on intact cells only that part of

[3H]GR65630 binding was examined, which was sensitive to

100 mM 5-HT, displacement was characterized by a single

component, which showed nearly the same pIC50 values as the

high-affinity component (Table 2), namely, 5.7770.04,

4.7870.35 and 5.7670.04 in the presence of sodium, choline

or NMDG, respectively. Binding of 5-HT to the high-affinity

binding site in sodium and NMDG buffer (with IC50 values of

about 1mM) and in choline buffer (with an about 30-fold

higher IC50) is compatible with the high potency of 5-HT in the

[14C]guanidinium influx experiments in the presence of sodium

or NMDG and the lower potency in choline buffer.

Discussion

The aim of this study was to resolve the discrepancy in

potencies of 5-HT at 5-HT3 receptors of N1E-115 mouse

neuroblastoma cells when using [14C]guanidinium flux mea-

surements and buffers in which sodium was replaced by

choline because choline improved the signal-to-noise ratio of

the 5-HT-induced [14C]guanidinium influx. Thus, with this

Figure 4 Effect of preincubation with 30 mM 5-HT on the
[14C]guanidinium influx above basal influx in N1E-115 cells evoked
by 2-min exposure to 30 mM 5-HT. Experiments were carried out
using either sodium buffer (squares) or choline buffer (triangles).
The responses are expressed as absolute values of [14C]guanidinium
(pmolmg�1protein) and were fitted to a monoexponential (choline)
and biexponential (sodium) decay. (Inset) Normalization of values
to the respective maximum signal (no preincubation with 5-HT)
showing that a rate difference between both conditions developed
within the first minute of 5-HT preincubation. Shown are means
7s.e.m. of n¼ 3–6 experiments.

Figure 5 Influence of complete replacement of sodium (triangles)
by choline (squares) on the inhibition of [3H]GR65630 binding to
intact N1E-115 cells by 5-HT. The 5-HT effects are expressed as
percentages of [3H]GR65630 binding (¼ control) after 60min
exposure to 1 nM of the radioligand in the absence of 5-HT. Under
both buffer conditions, two components with two different IC50

values could be calculated. Shown are means7s.e.m. of n¼ 4
experiments.
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technique, we (Bönisch et al., 1993; Barann et al., 1993) had

reported EC50 values of 5-HT at the 5-HT3 receptor of

N1E-115 cells, which were more than 10-fold higher than those

published in patch-clamp experiments on the same cells

(Barann et al., 1997) or in [14C]guanidinium flux experiments

in which sodium was the main cation (Reiser & Hamprecht,

1989; Emerit et al., 1993). In agreement with a previous study

(Figure 2 in Bönisch et al., 1993), we excluded in the present

investigation that this increased maximal signal is mediated by

additional influx via voltage-gated sodium channels since the

5-HT3-evoked influx was insensitive to tetrodotoxin.

We could also confirm our earlier results that an about two-

fold higher maximum of the 5-HT-induced [14C]guanidinium

influx was observed if the physiological main cation sodium

was replaced by the organic cation choline. When sodium was

substituted by Tris, TMA or NMDG, a similar maximum of

the 5-HT-induced [14C]guanidinium influx was observed as

with choline, whereas this flux was even slightly lower as in the

presence of sodium if sodium was replaced by lithium. A major

reason for the lower maximum of the 5-HT-induced [14C]

guanidinium influx in the presence of either sodium or lithium

might be the more efficient competition of these smaller

inorganic than the larger organic cations with the influx of the

sodium-imitating guanidinium through the cation channel of

the 5-HT3 receptor channel. It is known that the 5-HT3

receptor channel shows the same high conductance for lithium

as for sodium (Yang, 1990; Furukawa et al., 1992), whereas

the organic cations show low permeability (rank order:

cholineXTris4NMDG) (Yakel et al., 1990; Yang, 1990;

Robertson & Bevan, 1991). Thus, the high flux traffic of

sodium (or lithium) cations through the 5-HT3 receptor

channel probably impairs the simultaneous flux of the

guanidinium cation, whereas the relatively impermeable

organic cations (such as choline) allow the guanidinium cation

to permeate more easily through the channel.

A further reason for the lower 5-HT-induced [14C]guanidi-

nium influx in the presence of sodium (or lithium) compared to

choline (or the other organic cations) may be the degree of cell

depolarization, since depolarization should reduce the driving

force for the permeant [14C]guanidinium cation: the highly

permeable cations sodium and lithium should cause a more

rapid and more pronounced depolarization than the less

permeable organic cations. Another reason contributing to the

lower maximum effect of 5-HT in sodium buffer (compared to

choline buffer) seems to be the very fast initial component of

desensitisation, which was not seen in choline buffer (see

Figure 4), since this time period (initial 1–2min) is most

relevant for the standard (2min) [14C]guanidinium influx

experiments. Thus, in the presence of buffers containing

organic cations such as choline, in which no fast component

of desensitization of the 5-HT receptor channel occurs, 5-HT

should induce a larger [14C]guanidinium influx than in the

presence of buffer containing sodium. The relatively lower rate

of desensitization induced by choline (and presumably also by

the other organic cations) could be a consequence of the

relatively low permeability of these organic cations through the

5-HT3 receptor channel (see above).

The desensitization kinetics (within minutes) reported here

are slower than those reported for 5-HT3 receptors using

electrophysiological techniques (e.g. within milliseconds, Bar-

ann et al., 1997). In this context, it should be considered that in

the present system the agonist 5-HT is applied simultaneously

to one cell dish containing thousands of cells with different

states of receptor sensitivity at any time of the two min

exposure, whereas in a typical patch-clamp experiment only

one cell or even an excised patch only is superfused with

agonist-containing solutions within milliseconds. This differ-

ence may also be involved in the slow onset of the signal within

2-min using [14C]guanidinium influx. Thus, any absolute value

of time constants determined for 5-HT3 receptors in single cells

or membrane patches cannot be compared to the absolute

values found in the present study.

In the presence of the physiological cation sodium, the

potency of 5-HT (1.3 mM) in inducing influx of [14C]guanidi-

nium through the 5-HT3 receptor channels of N1E-115 cells

was approximately identical to the EC50 values of 5-HT

reported in patch-clamp studies (Barann et al., 1997). Choline,

Tris and TMA not only increased the maximum 5-HT-induced

[14C]guanidinium influx but they also reduced the potency of

5-HT. The reduction in 5-HT potency induced by the

replacement of sodium by choline is in agreement with

previous studies (Barann et al., 1993; Bönisch et al., 1993).

The reduction of 5-HT potency, reflecting the rightward shift

of the concentration response curve, was not restricted to the

mouse 5-HT3 receptor, but it was also seen at the rat 5-HT3

receptor of NG108-15 cells and in cells expressing the

homomeric human 5-HT3A receptor (Brüss et al., 2000). This

reduction suggests a competitive interaction of these organic

cations with the binding of 5-HT to its receptor binding site.

The rank order of potency of these organic cations in reducing

the potency of 5-HT was choline4TMA4TrisbNMDG.

Interestingly, this rank order agrees with the rank order of

Table 2 (a) Effect of complete substitution of sodium
by choline or NMDG on the potency (pIC50, IC50) of
5-HT in inhibiting the binding of [3H]GR65630 to
intact N1E-115 cells and (b) displacement of
[3H]GR65630 by 5-HT under sodium buffer condition
using membranes from N1E-115 cells

Sodium substituent Site 1 (%) site 2 (%)
pIC507s.e.m pIC507s.e.m

(mean IC50; mM) (mean IC50; mM)

(a)
Sodium [52.5%] [47.5%]

6.0670.14 2.9470.06
(0.87) (115)

Choline [32.5%] [67.5%]
4.5170.47 2.9070.17
(30.9) (126)

NMDG [49.7%] [50.3%]
5.8670.14 2.9370.03
(1.38) (117)

(b)
Sodium [73.3%] [26.7%]

6.8070.14 2.5870.02
(0.16) (263)

Specific binding was defined as binding sensitive to inhibition
by 10mM 5-HT. From the biphasic displacement curves
(shown, for example, for sodium and choline buffer in Figure
5) two binding components, a high affinity (site 1) and a low-
affinity (site 2), could be calculated. Shown are means
(7s.e.m.) of the pIC50 values of n¼ 4 experiments.
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permeability of these organic cations through 5-HT3 receptor

channels (Yakel et al., 1990). At least for choline a competitive

interaction can be postulated since the rightward shift of the

concentration-response curve of 5-HT was clearly concentra-

tion–dependent. In agreement with this, choline also reduced

the potency of 5-HT as a competitor for the binding of

[3H]GR65630 to the 5-HT3 receptor on whole cells. In these

experiments, we observed a second (low-affinity) binding

component, which had also been observed in a previous study

on intact N1E-115 cells (Barann et al., 1995). In addition,

[3H]GR65630 binding to a low-affinity site was also seen in

experiments on isolated cell membranes if specific binding was

defined as sensitive to the natural agonist 5-HT (10mM; see

Table 2). However, if specific [3H]GR65630 binding on cell

membranes was defined as sensitive to the antagonist MDL

72222, the low-affinity site was not detectable. These results

indicate that low-affinity binding of [3H]GR65630 occurs not

to a cytosolic recognition site but to a cell membrane-

associated site, which is either not identical to the 5-HT3

receptor protein or at least not identical to the MDL 72222

recognition site of the 5-HT3 receptor protein. This low-

affinity component was not affected by the buffer condition

and, in view of its low sensitivity to 5-HT, might have no (or at

best limited) physiological relevance.

The inhibitory effects of choline were characterized by Ki

values of about 4mM in both the [14C]guanidinium influx and

the [3H]GR65630 binding experiments. Since the monoamine

5-HT is positively charged at physiological pH and thus

represents an organic cation, and since the ligand recognition

site at the extracellular N-terminus of the 5-HT3 receptor has

been proposed to consist of a site interacting with cations

(Gozlan & Langlois, 1992) one may speculate that the organic

cation choline interacts with 5-HT at this site. The decrease in

potency of 5-HT evoked by Tris or TMA may also be due to a

competition of these organic cations with the binding of 5-HT

to this site of the 5-HT3 receptor. The calculated Ki of 77mM

for Tris and 9.8mM for TMA suggests that these organic

cations exhibit lower affinity than choline for the cation

recognition domain of the ligand binding site. That TMA

might competitively interact with 5-HT is supported by the

fact that TEA, an analogue of TMA, exhibits such an

interaction in electrophysiological as well as in [3H]GR65630

binding studies (Kooyman et al., 1993); this antagonism was

supposed to take place at the cation recognition site of the 5-

HT3 receptor pharmacophore (Kamato et al., 1995).

NMDG was the only sodium substitute that (like choline)

increased the maximum effect of 5-HT but that (unlike choline

and the other organic cations) did not reduce the potency of 5-

HT. NMDG showed no affinity for the 5-HT3 receptor,

neither in [14C]guanidinium flux experiments nor in

[3H]GR65630 binding studies. Accordingly, the potency of 5-

HT was identical in sodium and NMDG buffer. Nevertheless,

the maximum 5-HT-induced [14C]guanidinium flux was about

two times higher in NMDG than in sodium buffer. This

enhancing effect might again be due to the fact that NMDG

penetrates much slower than sodium through the 5-HT3

receptor channel (Yakel et al., 1990; Robertson & Bevan,

1991), and thus may also produce less desensitization (within

the first 2min) than sodium. The favourable properties of

NMDG compared to those of sodium were also observed for

the calcium ion flux through the 5HT3 receptor pore

(Hargreaves et al., 1994). Thus, NMDG seems to be an ‘ideal’

sodium substitute to increase the signal-to-noise ratio in 5-HT-

mediated [14C]guanidinium flux studies of 5-HT3 receptors.
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BRÜSS, M., BARANN, M., HAYER-ZILLGEN, M., EUCKER, T.,
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