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Abstract
Effects of the neurotoxic organic solvent toluene on human neuronal nicotinic acetylcholine (nACh) and gaminobutyric acid type A (GABAA) neurotransmitter receptors were investigated in whole-cell voltage-clamped IMR32 neuroblastoma cells. Ion currents evoked by near maximum effective concentrations of 1 mM acetylcholine (ACh)
and 1 mM g-aminobutyric acid (GABA) are inhibited by toluene in a concentration-dependent way. Concentration /
effect curves of toluene yield IC50 values of 2769/26 and 399/6 mM and slope factors of 1.49/0.2 and 0.89/0.1 for
inhibition of the ACh- and GABA-induced ion currents, respectively. The results demonstrate the selective inhibition of
human GABAA receptors by toluene at concentrations comparable with brain concentrations associated with
occupational exposure.
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1. Introduction
Exposure to toluene, a major constituent of
organic solvent mixtures, has been associated with
a variety of neurotoxic effects ranging from subtle
alterations in neurobehavioral parameters to gross
neuropathological changes (for review see
Schaumburg, 2000). Acute exposure to high levels
of toluene by abusive inhalation of solvents
induces central nervous system excitation followed
by depression (Balster, 1998). While the central
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nervous system is regarded to be the primary
target organ of toluene toxicity, the mechanisms
by which toluene exerts its complex neurotoxic
effects remain to be established.
Neuronal activity recorded from various rodent
brain slices showed increased neuronal activity at
micromolar and sub-millimolar concentrations of
toluene (Ikeuchi et al., 1993; Beckstead et al., 2000;
Riegel and French, 2002). In addition, higher
concentrations of toluene produced a pronounced
inhibition in brain slices (Ikeuchi et al., 1993;
Magnusson et al., 1998; Riegel and French, 2002).
In vivo administration of toluene to rats produced
a dose-dependent locomotor hyperactivity, which
was attenuated by the dopamine D2 receptor
antagonist remoxipride (Riegel and French,
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2002). These authors further suggested that the
effects within the ventral tegmental area may
underlie the abusive potential of toluene.
The fine-tuning of in vivo systems such as
dopaminergic pathways hinders the elucidation
of a specific molecular target for toluene. However, possible targets have been put forward by in
vitro studies. In rat PC-12 cells, toluene (30 /300
mM) evoked vesicular catecholamine release induced by an influx of extracellular Ca2 through
voltage-activated Ca2-channels (Westerink and
Vijverberg, 2002). Studies of receptors, heterologously expressed in Xenopus oocytes, show that
millimolar concentrations of toluene inhibit various heteromeric types of rat N -methyl-D-aspartate (NMDA) type but not a-amino-3-hydroxy-5methylisoxazole-4-propionic acid (AMPA)/kainate type glutamate receptors (Cruz et al., 1998).
Toluene (420 mM) has also been reported to
potentiate responses mediated by human g-aminobutyric acid type A (GABAA) and glycine
receptors expressed in oocytes (Beckstead et al.,
2000). The potentiating effect on GABAA receptors is associated with a small left shift of the
GABA concentration /effect curve (Beckstead et
al., 2000). However, effects of toluene on receptors
natively expressed in cell systems are lacking.
Human IMR-32 neuroblastoma cells express
multiple neuronal nicotinic acetylcholine (nACh)
receptor subunits (a3, a4, a5, a7, b2, and b4;
Groot-Kormelink and Luyten, 1997) and GABAA
receptor subunits (a1, a3, a4, b1, b3, g2, and d;
Noble et al., 1993), resulting in heterogeneous
populations of functional nACh receptors (Gotti
et al., 1995) and GABAA receptors (Sapp and Yeh,
2000). Here, we report effects of toluene on
GABAA and nACh receptors native to IMR-32
human neuroblastoma cells.

units ml1 penicillin, 100 mg ml 1 streptomycin,
and 1% non-essential amino acids. Cells were
plated in 25 cm2 plastic tissue culture flasks (6 /
105 cells per flask). After 7 days, cells were
harvested and subcultured in 35 mm diameter
dishes (16 /103 cells per dish). Flasks and dishes
were coated with mouse collagen type IV. The
culture medium was refreshed every 2 /3 days.
Cells were used for experiments starting from 3
days after subculture.
2.2. Solutions
External solution contained (in mM): 125 NaCl;
5.5 KCl; 1.8 CaCl2; 0.8 MgCl2; 20 HEPES; 25
glucose; and 36.5 sucrose (pH 7.3 with NaOH).
The pipette solution contained (in mM): 20 NaCl;
50 KCl; 70 K-gluconate; 6 MgSO4; 5 EGTA; 0.25
CaCl2; 10 HEPES; and 5 Na2ATP (pH 7.2 with
KOH). Stock solutions of 1 M acetylcholine
(ACh) chloride and 0.5 M g-amino-n -butyric
acid (GABA) in distilled water were kept frozen
at /20 8C until use. Toluene (97.7%) was dissolved in 100 ml of external solution by overnight
stirring in a tightly closed glass bottle to produce a
saturated stock solution (6.3 mM in water; Eastcott et al., 1988). Aliquots of stock solutions of
ACh, GABA, and toluene were mixed with
external solution immediately before the experiments.
2.3. Voltage-clamp

2. Methods

IMR-32 cells were voltage-clamped at /80 mV
in the whole-cell configuration (Hamill et al., 1981)
using an EPC-7 patch-clamp amplifier and borosilicate glass patch pipettes with a resistance of 3 /6
MV. The liquid junction potential was compensated before each experiment and remained constant within 1 mV. Experiments were performed at
room temperature (21 /23 8C).

2.1. Cell cultures

2.4. Cell superfusion

IMR-32 cells (ATCC #CCL-127) were cultured,
at 37 8C in a humidified atmosphere containing 5%
CO2, in a-minimum essential medium supplemented with 10% heat-inactivated fetal calf serum, 100

Voltage-clamped cells were continuously superfused through a glass capillary with a diameter of 1
mm positioned within 0.5 mm from the cell with
external solution (1.5 ml min1) with or without
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agonists and toluene for adjustable periods using a
servomotor-operated valve. Between successive
ACh or GABA responses cells were washed with
external solution for 4 min to reverse receptor
desensitization. To avoid cumulative effects, cells
were exposed to a single concentration of toluene
only.
2.5. Data analysis
Membrane currents were low-pass filtered (Bessel, 8 pole, /3 dB at 300 Hz), digitized (12 bits;
1024 points/30 s record), and stored on disc for
off-line analysis. Peak amplitudes of ion currents
in the presence of toluene were normalized to the
average peak amplitude of control responses
evoked before application and after washout of
toluene. Concentration /effect curves were fitted
by nonlinear regression using SigmaPlot 5.0 software.

3. Results
Superfusion of voltage-clamped IMR-32 cells
with 1 mM ACh, a near maximum effective
agonist concentration for nACh receptors, generally induced a transient inward current. Effects of
toluene were investigated on cells with a sufficiently large initial peak inward current amplitude
(range 88 /330 pA with a median value of 153 pA;
n /18). Cells were superfused with an external
solution containing 30 /3000 mM toluene for 3/4
min before applying ACh together with toluene.
Toluene reduced the amplitude of ACh-induced
current starting at a concentration of 100 mM and
the inhibition was half-maximal at about 300 mM
and was nearly complete at 1000 mM toluene. The
effect of toluene rapidly reached equilibrium and
was readily reversed by washing with external
solution (Fig. 1A). Analysis of ACh-induced ion
currents before, during, and after the exposure to
toluene showed that toluene does not cause
detectable changes in the kinetics of the AChinduced ion current. This is illustrated by the
superimposed traces in Fig. 1A.
On superfusion of 1 mM GABA, a near maximum effective agonist concentration for GABA
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receptors in IMR-32 cells, less than 10% of the
cells responded with a transient inward current ]/
100 pA. Many cells showed currents 5/50 pA and
in few cells GABA application did not induce a
detectable inward current. The peak amplitudes of
GABA responses in the cells selected to investigate
the effects of toluene ranged from 49 to 616 pA
with a median value of 254 pA (n /16). Like
nACh receptor-mediated inward current, toluene
rapidly inhibited GABAA receptor-mediated inward current and the effect rapidly reversed on
washing with external solution. Toluene causes a
measurable inhibition of the GABA responses in
IMR-32 cells already at a concentration of 10 mM,
and the GABA-induced inward current was 50%
inhibited by 30 mM toluene (Fig. 1B). The superposition of the control currents and those recorded
in the presence of toluene (Fig. 1B) show that
toluene did not measurably affect the kinetics of
GABA-induced inward currents.
The concentration /effect curves of the inhibitory effects of toluene on ACh- and GABAinduced inward currents are shown in Fig. 2.
Both curves were obtained from fitting the data
on the effects of five different concentrations of
toluene each of which was tested on 3 /5 different
cells. The concentration /effect curve fitted to the
data obtained with ACh yielded an IC50 of 2769/
26 mM toluene and a Hill coefficient of 1.49/0.2
(mean9/SE of fit). From the concentration /effect
curve for the inhibition of GABA-induced inward
currents, an IC50 of 399/6 mM toluene and a Hill
coefficient of 0.89/0.1 were obtained. Fig. 2
demonstrates that toluene inhibits GABAA receptor-mediated inward current in IMR-32 cells with
a seven times higher potency than that to inhibit
nACh receptor-mediated inward current.

4. Discussion
The results show that the human GABAA
receptors natively expressed in IMR-32 neuroblastoma cells are almost one order of magnitude more
sensitive than the human nACh receptors expressed in the same cell line. The presently found
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Fig. 1. Toluene inhibits nACh receptor-mediated ion currents and GABAA receptor-mediated ion currents in human IMR-32 cells.
(A) Traces illustrating the effect of 100 mM toluene and of 300 mM toluene on 1 mM ACh-evoked inward current. (B) Traces
illustrating the effect of 10 mM toluene and of 30 mM toluene on 1 mM GABA-evoked inward current. Each set of traces represents the
control inward current evoked before the application of toluene, the current in the presence of toluene, at the concentration indicated
and the reversal of the effect of toluene by washing with external solution in the same cell. The fourth column shows the control current
and superimposed the current in the presence of toluene scaled to the same amplitude. The superimposed traces demonstrate the
absence of effects of toluene on kinetics. Note that the superimposed responses in (A) have been enlarged horizontally.

threshold effect for the inhibition of GABAinduced ion current in IMR-32 cells of 10 mM
toluene shows that the human GABAA type
receptors are the more sensitive target of this

neurotoxic solvent presently known. Analogous
to other neurotoxic agents, e.g., heavy metals
(Vijverberg et al., 1994), toluene may exert multiple, selective effects on neuronal signaling. In this
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Fig. 2. Concentration /effect curves for the inhibition of AChand GABA-induced ion currents by toluene. Each point
represents the mean relative inhibition (9/S.D. bar) obtained
from three to five cells. Concentration /effect curves, fitted
according to the Hill equation, yield IC50 values of 276 mM for
nACh receptors and 39 mM for GABAA receptors. Significant
inhibition is observed at ]/100 mM toluene (two-tailed t -test,
P /0.03) for nACh receptors and at ]/10 mM toluene (P/
0.01) for GABAA receptors.

respect, it is interesting to note that the hypothesis
that neuronal degeneration may relate to the
potential of agents to disturb the balance of
excitation and inhibition in interrelated glutamatergic and GABA-ergic pathways in the central
nervous system (Olney et al., 2000) is beginning to
find support from experimental evidence.
The advantage of IMR-32 cells is that they
express native human neurotransmitter receptors.
However, multiple nACh receptor and GABAA
receptor subtypes are expressed (see Section 1),
which is a confounding factor for mechanistic
studies. The shallow slope of the concentration /
effect curve for inhibition of GABA-induced ion
current (Fig. 2) may be due to the presence of a
heterogeneous population of GABAA receptors
with slightly different sensitivities to inhibition by
toluene. The steep slope of the concentration /
effect curve for inhibition of ACh-induced ion
current indicates that nACh receptors expressed in
IMR-32 cells have a similar sensitivity to inhibition by toluene. The inhibitory effect of toluene on
natively expressed human GABAA receptors, presented here, contrasts with the potentiation of
human GABAA receptors, heterologously ex-
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pressed in Xenopus oocytes, by 420 mM toluene
(Beckstead et al., 2000). Although the GABAA
receptor subunits studied in oocytes (a1, b1, and
g2L) are also expressed in IMR-32 cells (see
Section 1), it is unknown which specific receptor
subtypes mediate GABA-induced ion current in
IMR-32 cells. Whether an inhibitory effect of
toluene on the GABAA receptors is involved in
the potent enhancement of the amplitude of the
population spike of guinea pig hippocampal
granule cells (Ikeuchi et al., 1993) and in producing the hyperactivity of neurons within the
ventral tegmental area (Riegel and French, 2002)
also remains to be established. Some of these
questions might be answered by systematically
investigating the subunit and species dependence
of toluene effects on GABAA/nACh receptors.
However, presynaptic effects of toluene leading
to neurotransmitter release (Westerink and Vijverberg, 2002) might contribute to neurotoxic effects
induced by toluene.
Human exposure to ambient air levels of 33 /66
ppm toluene for 7 /8 h leads to venous blood
concentrations of 5/14 mM toluene (Laparé et al.,
1993). These exposure levels are similar to the
current time-weighted-average threshold limit value (TWA-TLV) of 50 ppm toluene (Schaumburg,
2000). Acute occupational intoxication is associated with blood concentrations of 9 /44 mM
toluene (Brugnone et al., 1983; Meulenbelt et al.,
1990) and acute intoxication caused by glue
sniffing may be associated with blood concentrations as high as 90 mM toluene (King, 1982). Since
the human brain:blood partition coefficient of
toluene is close to 3 (Fiserova-Bergerova et al.,
1984), prolonged exposure to toluene will lead to
proportionally higher brain concentrations. Thus,
the present results show that human GABAA
receptor function will be reduced under conditions
of occupational exposure to toluene at ambient air
levels not exceeding the current regulatory limits.
However, a causal relation between neurologic
effects of toluene and GABA receptor function has
not been established and effects observed on
exposure to high levels of toluene may involve
multiple targets within and outside the nervous
system.
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