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1 The e�ects of the organotin, tri-n-butyltin (TBT), on N-methyl-D-aspartate (NMDA) induced
membrane currents were investigated in order to evaluate possible neuronal actions of this toxic
environmental pollutant. Experiments were conducted on neurons acutely dissociated from the rat
dorsal motor nucleus of vagus (DMV) using the nystatin-perforated patch clamp recording
technique.

2 In Mg2+-free physiological recording solutions, the application of NMDA to single DMV
neurons held at a holding potential (VH) of 740 mV evoked an inward current which rapidly
reached a peak before declining to a steady-state inward current. This was followed, immediately
after NMDA washout, by a transient outward current. TBT (100 nM) reversibly caused a slight
reduction in the inward currents and greatly increased the amplitude of the outward currents.

3 The reversal potential of the NMDA-induced outward current in the presence of TBT was
786.7 mV, close to the theoretical K+ equilibrium potential of 785.7 mV.

4 The NMDA-induced outward current was completely blocked when the K+ in the internal
solution was replaced with equimolar Cs+. Under these conditions, the NMDA induced current was
more sustained and was una�ected by TBT.

5 The NMDA-induced outward current was markedly inhibited by 5 mM tetraethylammonium
chloride and 300 nM charybdotoxin, and it was abolished by removal of extracellular Ca2+,
suggesting that the outward current was due to the activation of Ca2+-activated K+ channels by
Ca2+ in¯ux through NMDA receptors.

6 In conclusion, in rat DMV neurons, TBT potentiates the Ca2+-activated K+ current induced by
NMDA application without having any direct e�ects on the NMDA-induced inward current. Given
the signi®cant role of NMDA receptor mediated excitation in various physiological and pathological
processes, the modulation of this response by TBT may have an important in¯uence on neuronal
function.
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Introduction

Organotins, like tri-n-butyltin (TBT), have been widely used
in a variety of consumer and industrial products including
agricultural pesticides, antifouling paints for ship hulls and

stabilizers for polyvinyl-chloride plastics (Luijten, 1971;
Ohhira et al., 1999). Despite the use of TBT being prohibited
in Japan since 1990, marine pollution by this highly toxic

contaminant has continued (Yamamoto, 1994; Harino et al.,
2000). As TBT accumulates in edible mollusks and ®shes
(Shim et al., 1998; Harino et al., 2000), it represents a
potential danger for human health.

The immunotoxic actions of TBT have been well
documented and the underlying mechanisms intensively

investigated (Snoeij et al., 1987; Ghoneum et al., 1990;
Ra�ray & Cohen, 1993; Whalen et al., 1999). TBT is also
toxic to the developing rat nervous system (O'Callaghan &

Miller, 1988; Ema et al., 1991a, b) and in dissociated rat
cerebellar neurons, at nanomolar concentrations, increases
intracellular Ca2+ ([Ca2+]i) by both increasing membrane

Ca2+ permeability and releasing Ca2+ from intracellular
stores (Oyama et al., 1993; Ueha et al., 1996). An increase
in [Ca2+]i a�ects a wide range of cellular proteins, including
the functions of various receptor-ionophore complexes (Inoue

et al., 1986; Balasubramanian et al., 1996; De-Koninck &
Mody, 1996; Kyrozis et al., 1996). Therefore, we investigated
the e�ect of TBT on the membrane currents induced by N-

methyl-D-aspartate (NMDA) in acutely dissociated rat dorsal
motor neurons using nystatin-perforated patch recordings
(Horn & Marty, 1988; Akaike & Harata, 1994).
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Methods

Preparation

Neurons were dissociated from the dorsal motor nucleus of
the vagus nerve (DMV) of rats, as described previously (Doi
et al., 1999). Brie¯y, 10 ± 16-day old Wistar rats (Japan

Charles River Laboratory, Shizuoka, Japan) were decapitated
under pentobarbital sodium anaesthesia under the `Guiding
Principles for the Care and Use of Laboratory Animals'

approved by the Japanese Pharmacological Society. The
brain was quickly removed from the skull and then sliced at a
thickness of 400 mm with a microslicer (DTK-1000, Dosaka,

Osaka, Japan). The slices were preincubated in the well-
oxygenated standard external solution containing
0.1 mg ml71 pronase (Sigma Chemical Co.) for 40 min at

318C, followed by the standard external solution containing
0.1 mg ml71 thermolysin (Calbiochem-Novabiochem Co.,
Darmstadt, Germany) for 20 min at 318C. Thereafter, the
DMV region was micropunched out from the slice,

transferred to a culture dish (Primaria 3801, Becton
Dickinson, NJ, U.S.A.) and individual neurons were
dissociated mechanically with a ®re-polished Pasteur pipette.

The dissociated DMV neurons subsequently adhered to the
bottom of the dish within 20 min.

Electrical measurements and data analysis

Single DMV neurons were voltage-clamped using the

nystatin-perforated patch recording mode as described
previously (Horn & Marty, 1988; Akaike & Harata, 1994).
Patch electrodes were fabricated from glass capillaries (G-1.5,
Narishige, Tokyo, Japan) using a vertical puller. The

standard patch pipette (internal) solution contained (in mM)
K-methanesulphonate 70, KCl 80, HEPES 10. The pH was
adjusted to 7.2 with Tris base. In some experiments, K-

methanesulphonate and KCl were replaced with 70 mM Cs-
methanesulphonate and 80 mM CsCl. Nystatin (Sigma) was
®rst dissolved in methanol (10 mg ml71) before being added

to the pipette solution at a ®nal concentration of 200 mg ml71

just before use. The resistance between the patch pipette ®lled
with the internal solution and reference electrode in the
standard solution was 5 ± 8 MO.
Dissociated neurons were visualized with a phase-contrast

inverted microscope (Diaphot-TMD, Nikon, Tokyo, Japan).
Currents were recorded, and voltage controlled, using a patch

clamp ampli®er (CEZ-2300, Nihon-Kohden, Tokyo, Japan).
After stable patch perforation, the series resistance ranged
from 10 to 25 MO, and was compensated in the same manner

as previously described (Doi et al., 1999). Membrane currents
were monitored on both a storage oscilloscope (Textronix
5111A, Sony, Tokyo, Japan) and a pen recorder (Recti-Horiz

8K, Nippondenki San-Ei, Tokyo, Japan). Both membrane
potential and current signals were stored using a digital audio
tape recorder (RD-130TE, TEAC, Tokyo, Japan). Membrane
currents were ®ltered at 1 kHz, digitized at 4 kHz, and stored

on a computer using pCLAMP software (Axon Instruments
Inc., CA, U.S.A.). All experiments were performed at room
temperature (21 ± 248C). Numerical values were provided as

the mean+s.e.mean). Statistical analysis was performed using
Student's paired two-sample t-test. Values of P50.05 were
considered signi®cant.

External solutions and reagents

The standard external solution contained (in mM) NaCl 150,

KCl 5, CaCl2 2, MgCl2 1, HEPES 10 and glucose 10. The pH
was adjusted to 7.4 by adding an appropriate amount of Tris
base (Sigma Chemical Co., MO, U.S.A.). For analysing the
NMDA-induced current, MgCl2 was removed from the

standard external solution and 1 mM glycine was added. In
Mg2+-free external solutions, the maximal NMDA-induced
inward current in rat spinal cord dorsal horn and nucleus

tractus solitarii neurons is obtained in the presence of 5 ±
10 mM glycine (Shirasaki et al., 1990). However, concentra-
tions of glycine above 3 mM activates Cl7 currents in rat

DMV neurons (Doi et al., 1999) and strychnine has been
reported to elicit Ca2+-dependent K+ currents in rat dorsal
ganglion cells (Aibara et al., 1991) and hippocampal CA1

neurons (Ebihara & Akaike, 1992). Therefore, in the present
study, all recordings were performed in a Mg2+-free external
solution containing 1 mM glycine.

Tri-n-butyltin (TBT) chloride (Tokyo Kasei Co., Tokyo,

Japan) was dissolved in dimethyl sulphoxide (DMSO),
resulting in a 100 mM stock solution. Although the purity of
TBT was 98%, the contaminants, such as di-n-butyltin and

mono-n-butyltin, are less toxic than TBT (Snoeij et al., 1987),
suggesting that they do not contribute to TBT's toxicity to a
large extent. Apamine, charybdotoxin and iberiotoxin

(Peptide Institute, Osaka, Japan) were dissolved in distilled
water to give a 100 mM stock solution. Tolbutamide (Wako,
Tokyo, Japan) was dissolved in 0.1 N NaOH, to give a

100 mM stock solution. The stock solutions were added to
the external solution just before to give the desired
concentrations. The ®nal concentration of DMSO never
exceeded 0.1%, which had no e�ect on the membrane

currents. Rapid application of solution to the dissociated
neurons was achieved using a `Y-tube' perfusion system, as
described previously (Murase et al., 1990).

Results

Effects of TBT on NMDA-induced membrane currents

As shown in Figure 1A, the application of NMDA to

dissociated DMV neurons held at a potential (VH) of
740 mV elicited an inward current which was followed by
an outward current, evident immediately upon washout of

NMDA. The amplitude of the inward current, and
subsequent outward current, were dependent on the NMDA
concentration. The half-maximum e�ective concentration

(EC50) for activation of the inward current was 21.2 mM,
and the current reached its maximum amplitude at a NMDA
concentration of 300 mM or more (Figure 1B).

The e�ect of 100 nM TBT on currents induced by 100 mM
NMDA was examined at a VH of 740 mV. TBT was applied
1 min before the ®rst application of NMDA, since prolonged
application of 100 nM TBT to isolated neurons sometimes

induced an irreversible, large inward current (Kishimoto et
al., 2001). TBT itself induced a small outward current in rat
DMV neurons (note the change in holding currents in Figure

2A), slightly decreased the amplitude of the NMDA-induced
inward current and, most notably, markedly increased the
subsequent outward current (Figure 2).
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Ionic nature of the outward currents

To determine the ionic basis of the NMDA-induced outward
current which was potentiated by TBT, we investigated the

current-voltage (I ±V) relationship of this current between
740 and 7110 mV using voltage ramps (Murai et al., 1997).
As shown in Figure 3A, the voltage ramp was applied both
before the application of NMDA and immediately after

washing out of NMDA, all in the continued presence of
TBT. The reversal potential of the NMDA-induced outward
current was 787.6+2.9 mV (n=4), close to calculated K+

equilibrium potential of 785.7 mV. We further investigated
the ionic basis of this current by replacing the K+ in the
internal pipette solution with Cs+. As shown in Figure 3B,

the outward current was completely suppressed under these
conditions. Both these experiments clearly demonstrates that
the outward current is mediated by e�ux of K+ ions,

implicating the involvement of K+ channels. Furthermore,
under these experimental conditions where the outward
current was suppressed, TBT had no e�ect on the NMDA-
induced inward current.

Identification of the outward current as Ca2+-activated
K+ current

The high Ca2+ permeability of the NMDA channels (Meyer
& Westbrook, 1987) raised the possibility that the outward
K+ current described above is a Ca2+-activated K+ current

(IKCa). Thus, to explore this possibility, we performed the
following experiments. Firstly we investigated the NMDA-
induced outward current in TBT-treated neurons in the
absence of extracellular Ca2+. As shown in Figure 4A, the

outward current was completely suppressed under these
conditions. Furthermore, the outward current was fully
suppressed by 300 nM charybdotoxin (a blocker for large

and intermediate conductance IKCa) and 5 mM tetraethylam-
monium (a nonspeci®c blocker for IKCa), but not by 1 mM
apamin (a blocker for small conductance IKCa), 300 nM

iberiotoxin (an blocker for intermediate conductance IKCa)
or 300 mM tolbutamide (a blocker for ATP-sensitive K+

current) (Figure 4B,C). These results indicate that TBT
increases the amplitude of an NMDA-induced charybdotox-

in-sensitive IKCa.

Figure 1 NMDA-induced currents in rat DMV neurons. The
holding potential (VH) was 740 mV. (A) Typical traces of currents
induced by increasing concentration of NMDA. Closed bars above
the current traces show the period of application of NMDA. (B)
Concentration-response relationship for NMDA-induced inward
(open circle) and outward currents (®lled circle). The amplitude of
the current induced by each NMDA concentration was normalized to
the amplitude of the inward current induced by 100 mM NMDA.
Symbol and error bars are mean and s.e.mean of four experiments.
Error bars are sometimes obscured by the symbols.

Figure 2 E�ects of TBT on NMDA-induced currents. (A) NMDA-
induced currents in control conditions, 1 and 5 min after the
application of TBT, and after wash-out of TBT. Filled bars indicate
the period of application of 100 mM NMDA. Note the outwardly
shifted holding current during TBT application. (B) Time course of
the changes in peak inward and outward currents during the
application of TBT. NMDA (100 mM) was applied every 2 min.
Symbol and error bars are the mean and s.e.mean of four
experiments.
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Discussion

TBT is a highly toxic organotin pollutant that, despite its
prohibition, continues to contaminate the marine environ-

ment in Japan and other countries. It has been reported to
accumulate in mollusks and ®sh at concentrations of, for
example, 27 ± 202 ng g71 in ®sh muscle and 54 ± 223 ng g71 in

®sh liver (Shawky & Emons, 1998). Higher total concentra-
tions of butyltin compounds including mono-, di- and
tributyltin are accumulated further up the food chain in
various wild animals; e.g., 115 ± 1007 ng g71 for common

cormorants (Guruge et al., 1996), 8.5 ± 2610 ng g71 for river
otters (Kannan et al., 1999), and 1200 ± 2200 ng g71 for
dolphins (Kannan et al., 1996). It seems likely then, that

concentrations of TBT (molecular weight=290) accumulated
in the organs of some animals will equal or exceed the
concentration of TBT (100 nM) used in the present study.

Although it is di�cult to assess the concentration of TBT in
human brains, a shopping basket survey of Japanese market-
goers resulted in an estimate for the human daily intake of

TBT of 2.29 mg (Sekizawa, 1998). Thus, it is quite possible
that TBT may accumulate in some human organs to the
nanomolar concentrations with potential toxic actions.

TBT at the concentration of 100 nM seemed to inhibit the
NMDA-induced inward current when the neurons were
perfused with standard pipette solution containing 150 mM

K+, and it augmented the outward current that is clearly
observed after washing-out of NMDA in rat DMV neurons
(Figure 2). On the other hand, when the Cs+ internal
solution was used (Figure 3B), TBT had no e�ect on the

NMDA-induced inward current and the NMDA-induced
outward current was deleted completely. Thus, the suppres-
sion of the NMDA-induced inward current observed with the

standard pipette solution might be due to the potentiating
e�ect of TBT on the NMDA-induced outward current.

The reversal potential of NMDA-induced outward current

in the presence of TBT was close to the EK (Figure 3A),
calculated with the Nernst equation and the given external
and internal concentrations of K+. The present study used
the nystatin-perforated patch recording technique. Nystatin

Figure 3 Contribution of K+ channels to the outward current. (A)
Current-voltage (I ±V) relationship of NMDA-induced outward
current in the presence of TBT. The holding potential was ramped
from 740 to 7100 mV at a rate of 45 mV s71. The current traces
labelled a and b were in response to voltage ramps applied before
and immediately after, the application of NMDA, as indicated in the
inset. (B) E�ect of TBT on the NMDA-induced inward current. The
outward current carried by K+ was completely suppressed by
substitution of K+ in the pipette solution with Cs+. Under these
conditions there is no e�ect of TBT on the NMDA-induced inward
current. The holding potential was 740 mV. TBT was applied 1 min
before the NMDA application.

Figure 4 Pharmacological characterization of the NMDA-induced
outward current, augmented by TBT. (A) NMDA-induced currents,
in the absence of extracellular Ca2+, in a DMV neuron pretreated
with TBT. The dotted lines show the holding current before the
application of TBT. (B) The e�ect of 300 nM charybdotoxin on the
NMDA-induced currents in a neuron treated with TBT. (C)
Pharmacological characterization of NMDA-induced outward cur-
rent, augmented by TBT. The column height and error bars indicate
the mean and s.e.mean. of four experiments. The dotted line indicates
the control current amplitude in the absence of drug. Asterisks (*)
indicate a signi®cant decrease in the outward current, as compared to
the control (P50.01).
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forms small pores in the membrane under the patch pipette
that allows small monovalent ions to pass, while the large
anions in the cell are not expected to be permeant. This

situation is essentially a Donnan equilibrium. Thus, one can
predict that there will be a di�erence in the K+ concentration
in the pipette and in the cell, and that the junction potential
across the patch membrane may also a�ect the measurement

of reversal potential. Although the junction potential would,
in some instances, hinder the accurate analysis of voltage-
dependent processes, the reversal potential measurements are

not a�ected. At the reversal potential, where there is no net
¯ow of ions, the contribution of the intracellular concentra-
tion would be canceled and the reversal potential is

determined solely from the ratio of intrapipette and
extracellular concentrations (Horn & Marty, 1988).
The outward current induced by NMDA observed after

withdrawal of NMDA in the presence of TBT was identi®ed
as IKCa because it had a reversal potential near the theoretical
K+ equilibrium potential (Figure 3A), was blocked by
internal Cs+ and external charybdotoxin, and was dependent

on Ca2+-in¯ux through the NMDA receptor channels (Figure
4). Insensitivity of the outward current to tolbutamide
con®rms that it is not an ATP-sensitive K+ current.

TBT, at a concentration of 100 nM, causes a small
increases in [Ca2+]i in murine cerebellar neurons and
thymocytes, by both increasing membrane Ca2+ permeability

and by releasing Ca2+ from intracellular stores (Chikahisa &
Oyama, 1992; Oyama et al., 1994; Ueha et al., 1996). In the
present study, the application of TBT by itself produced an

outward shift in the holding current (Figure 2), while the

application of charybdotoxin to a TBT treated neuron
produced an inward shift in the holding current (Figure 4).
Thus, it seems that 100 nM TBT also increases [Ca2+]i in rat

DMV neurons resulting in the activation of IKCa. Increases in
cytoplasmic Ca2+ are normally regulated by ATP-driven
sequestration into intracellular organelles and extrusion into
the extracellular space, by Na+/Ca2+ exchange across the

cytoplasmic membrane, and by binding to intracellular Ca2+-
binding proteins. Dysfunction of any of these factors
hampers and removal of Ca2+ and leads to more prolonged

elevation of cytoplasmic Ca2+. Since triorganotins have been
reported to inhibit the cytoplasmic Ca2+ pump in cardiac
muscle (Kodavanti et al., 1991), we propose that the

potentiation of NMDA-induced IKCa by TBT is caused by
a reduced ability of the neurons to maintain appropriate
cytoplasmic Ca2+ homeostasis.

In conclusion, TBT increases NMDA-induced outward K+

currents in rat brain neurons. The physiological consequences
of this would be to attenuate the excitatory e�ect of NMDA.
Since activation of NMDA receptors is linked to a variety of

physiological and pathological roles in the mammalian brains
(Blandini et al., 1996; Kaczmarek et al., 1997; Fedele &
Raiteri, 1999; Kornhuber & Wiltfang, 1999), the attenuation

of the NMDA response by TBT may have important
implications for neuronal function.

The authors thank Dr A. Moorhouse for critical reading on this
manuscript and correcting English. This study was supported by
Grant-in-Aids from the Sumitomo Foundation (Osaka, Japan) to
N. Akaike.
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