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1 Toluene is a representative example of a class of industrial solvents that are voluntarily inhaled
as drugs of abuse. Previous data from this lab and others has shown that toluene modulates the
function of N-methyl-D-aspartate (NMDA), g-aminobutyric acid (GABA) and glycine receptors at
concentrations that do not a�ect non-NMDA receptors.

2 We utilized two-electrode voltage-clamp and whole cell patch-clamp techniques to assess the
e�ects of toluene on neuronal nicotinic acetylcholine receptors expressed in oocytes and cultured
hippocampal neurons. Toluene (50 mM to 10 mM) produced a reversible, concentration-dependent
inhibition of acetylcholine-induced current in Xenopus oocytes expressing various nicotinic receptor
subtypes. The a4b2 and a3b2 subunit combinations were signi®cantly more sensitive to toluene
inhibition than the a4b4, a3b4 and a7 receptors.

3 Receptors composed of a4 and b2(V253F) subunits showed a4b4-like toluene sensitivity while
those containing a4 and b4(F255V) subunits showed a4b2-like sensitivity.

4 In hippocampal neurons, toluene (50 mM to 10 mM) dose-dependently inhibited ACh-mediated
responses with an IC50 of 1.1 mM.

5 Taken together, these results suggest that nicotinic receptors, like NMDA receptors, show a
subunit-dependent sensitivity to toluene and may represent an important site of action for some of
the neurobehavioural e�ects of toluene.
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Introduction

Volatile solvents including toluene and related compounds

represent one of the largest classes of abused inhalants. These
solvents are found in many household and commercial
products including gasoline, paint thinner, glues and other
adhesives. The voluntary inhalation of these substances

(`hu�ng' or `bagging') is a world-wide drug problem and is
especially prevalent among adolescent males. It is among the
most common form of substance abuse in countries such as

Japan, Mexico, and Colombia and inhalant abuse in the US
and Canada is rising. About 6% of children in the United
States have tried inhalants by the time they reach fourth

grade and 15 ± 20% of junior-high and high school students
report using abused inhalants at least once (NIDA, 1988).
Rates of inhalant abuse are even higher in native American

populations.

Behavioural studies have shown that toluene causes

psychomotor impairment (Bowen & Balster, 1996), has
anti-convulsant and anti-anxiety e�ects (Wood et al., 1984)
and shows ethanol and barbiturate-like e�ects in drug
discrimination tests (Rees et al., 1987a, b). Based on these

®ndings, it has been hypothesized that abused inhalants like
toluene may share sites and mechanisms of action with other
better characterized CNS depressants.

Recent studies examining the e�ects of volatile solvents on
native and recombinant ion channels support this hypothesis.
For example, toluene and other alkylbenzenes dose-depen-

dently inhibited the function of NMDA but not non-NMDA
receptors expressed in Xenopus oocytes (Cruz et al., 1998;
2000). The NR1/2B receptor subtype was more sensitive to

toluene inhibition than either NR1/2A or NR1/2C with IC50

values for toluene of (in mM) 0.17, 1.4 and 2.1, respectively
(Cruz et al., 1998). Toluene potentiated the e�ects of GABA
and glycine on oocytes injected with GABAA or glycine

receptor subunits and shifted the agonist dose response
curves for these receptors left-ward similar to that seen for
barbiturates and benzodiazepines (Beckstead et al., 2000).

These results suggest that toluene and other abused solvents
may target ligand-gated ion channels that are also sensitive to
ethanol and other CNS depressants.
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One such class of receptors is the family of nicotinic
acetylcholine receptors (nAChRs) that are widely distributed
throughout the central and peripheral nervous systems.

Unlike nAChRs located on skeletal muscle that contain four
di�erent subunits, neuronal nAChRs are composed of a and
b subunits that are distinct from their muscle-type counter-
parts. These receptors can be classi®ed as either heteromeric

(a/b) or homomeric (a) and two major brain subtypes are the
a4/b2 and the a7 receptors. Homomeric a7 receptors are
calcium permeable and blocked by a-bungarotoxin while

heteromeric nAChRs show little calcium permeability and are
insensitive to a-bungarotoxin. Nicotinic receptors have been
implicated in regulating various aspects of synaptic neuro-

transmission and may be involved in cognition and memory
(Albuquerque et al., 1997; Colquhoun & Patrick, 1997).
Although nAChRs are best known as targets for nicotine

delivered from tobacco smoking, a variety of CNS
depressants including volatile anaesthetics and alcohols have
also been shown to modulate nicotinic receptor function. For
example, heteromeric neuronal nAChRs containing the b2
subunit are sensitive to general anaesthetics such as halothane
(Violet et al., 1997; Yamakura et al., 2000). In addition,
alcohols produce bi-phasic e�ects on native and recombinant

heteromeric neuronal nAChRs with short-chain alcohols such
as ethanol producing potentiation and long-chain alcohols
causing inhibition (Coverton & Connolly, 1997; Cardoso et

al., 1999; Aistrup et al., 1999; Godden et al., 2001). Based on
the e�ects of volatile anaesthetics and alcohols on neuronal
nicotinic nAChRs, we hypothesized that toluene would also

a�ect the function of these channels. The results show that
nAChRs are inhibited by toluene in a subunit-dependent
manner. Some of this work has been presented in preliminary
form (Bale et al., 2000).

Methods

Synthesis of mRNA

cDNA clones of the rat nAChRs (a4, a3, b2, a7 provided by
Dr J. Patrick, b4 provided by Dr MW Nowak, b2(V253F),
b4(F255V) provided by Dr RA Harris) were linearized
downstream from the coding sequence with restriction

enzymes, and puri®ed by phenol/chloroform extraction. The
extracts were precipitated in ethanol and resuspended in
diethyl pyrocarbonate-treated water. The mMessage machine

kit (Ambion, Austin, TX, USA) was used to synthesize
mRNA from the linearized transcripts.

Preparation of oocytes

Oocytes were prepared as previously described by Cruz et al.

(1998). Brie¯y, adult Xenopus laevis female frogs were
purchased from Xenopus I (Ann Arbor, MI, USA) and were
housed in a de-chlorinated water compartment and fed twice
weekly with beef liver. Frogs were anaesthetized in a 0.25%

MS-222 (Sigma-Aldrich, St. Louis, MO, USA) solution and
oocytes were surgically removed and placed in OR-2 bu�er
(in mM: NaCl 82, KCl 2, HEPES 5, MgCl2 1, pH 7.3).

Oocytes were treated with collagenase (1 mg ml71) in OR-2
bu�er for 1 h to remove the follicular membrane just prior to
mRNA injection.

mRNA injections

Oocytes (stage V and VI) were injected with 1 ± 30 ng (with a

total volume of 41.4 nl per oocyte) each of various nAChR
subunit mRNAs (1 : 1 ratio unless otherwise noted) and
maintained in 0.56L-15 Leibovitz media (pH 7.4) supple-
mented with 10 mg l71 penicillin G, 10 mg l71 streptomycin

and 15.5 mg l71 gentamycin. Oocytes were incubated at 188C
for up to 7 days before recording.

Neuronal cell culture

Hippocampal cell cultures were prepared as previously

described by Smothers et al. (1997). Brie¯y, hippocampi
were excised from 18-day-old Sprague-Dawley rat foetuses.
The tissue was trypsinized in 0.125% trypsin for 3 min and

triturated with a narrow-bore pipette. The resulting dis-
sociated cells were distributed onto sterile poly-L-lysine-
coated sterile 35 mm culture dishes. The plating media for
these cells consisted of Eagle's minimal essential medium

(MEM) supplemented with 10% foetal calf serum, 10% heat-
inactivated horse-serum and 2 mM L-glutamine. After 24 h of
incubation at 378C (95% CO2/5% O2), the plating media was

replaced with MEM supplemented with 5% heat-inactivated
horse-serum and 2 mM L-glutamine (feeding media). One
week after neuronal plating 0.13 mg ml71 of 5-¯uoro-2'-
deoxyuridine (FdU) and 0.3 mg ml71 uridine were added to
the feeding media to control astrocyte overgrowth. Cultures
were incubated at 378C (95% CO2/5% O2) and the feeding

media was changed at least once a week. Neurons were
recorded from after 4 ± 6 weeks in culture.

Preparation of drug solutions

Drug solutions for Xenopus oocyte studies were prepared
using a barium-containing extracellular solution (in mM:

NaCl 115, KCl 2.5, HEPES (4-2-(hydroxyethyl)-1-piperazine-
ethanesulfonic acid) 10, BaCl2 1.8 at a pH of 7.2). Barium
was used as the divalent cation to prevent activation of any

endogenous calcium-dependent chloride currents. Atropine
(10 mM) was added to block endogenous muscarinic receptors
expressed by the oocyte. In the whole cell patch clamp
studies, drugs were prepared in a recording solution (in mM:

NaCl 135, KCl 5.4, CaCl2 1.8, HEPES 10, glucose 10,
pH 7.4). The solution was adjusted to 325 mOsm with
sucrose. Tetrodotoxin (TTX; 100 nM) was added to prevent

spontaneous activity and atropine was included to block
muscarinic receptor responses. In both studies, solutions
containing 3 mM toluene or less were made by dissolving

toluene directly in bu�er and were prepared fresh daily.
Solutions containing greater than 6 mM toluene were made
by mixing toluene and the vehicle, emulphor at a 1 : 1 ratio

and diluting this suspension to the desired concentration with
the extracellular bu�er (Cruz et al., 1998).

Two-electrode voltage-clamp recordings

Oocytes were placed in a 200 ml recording chamber and
continually perfused with extracellular solution at a ¯ow rate

of approximately 8 ± 10 ml min71. Microelectrodes ®lled with
3 M KCl (0.5 ± 3.0 MO) were used to voltage clamp oocytes
at a membrane potential of 780 mV using a GeneClamp 500
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ampli®er (Axon Instruments Inc., Foster City, CA, USA).
The nAChRs were stimulated by applying a solution
containing ACh (either 1, 1, 5, 30 or 150 mM for a4b2,
a4b4, a3b2, a3b4 and a7 respectively). Oocytes were
pretreated for 30 s in extracellular solution containing
toluene before agonist plus toluene was applied. Following
the toluene exposure, oocytes were perfused with extracellular

solution for a period of 5 ± 10 min before a second control
ACh stimulation was performed. For the current-voltage
(I-V) studies, current amplitudes (generated from agonist)

were measured in the presence and absence of 1 or 3 mM

toluene as membrane voltage was stepped from 7120 to
+80 mV in 400 ms intervals. Currents generated from

oocytes were ®ltered at 10 Hz, digitized with a 16-bit
analogue-to-digital interface (Instrutech, Port Washington,
NY, USA) and recorded on a Macintosh computer running

under the IGOR-Pro graphics platform (Wavemetrics, Lake
Oswego, OR, USA).

Whole cell patch-clamp recordings

Neurons were continually perfused with extracellular
recording solution as described above. Patch pipettes

(4 ± 6 MO) were ®lled with an internal solution (in mM:
N-methyl glucamine 100, CsCl 40, MgCl2 2, ethylene
glycol-bis(b-aminoethyl ether)-N,N,N',N'-tetraacetic acid

(EGTA) 10, ATP 2 and HEPES 10, pH 7.4, osmolarity
adjusted to 325 mOsm with sucrose). The cell membrane
potential was clamped at 750 mV using an Axon 200B

ampli®er (Axon Instruments Inc., Foster City, CA,
USA). Control responses were obtained by rapidly
(510 ms) switching the extracellular solution to one
containing 3 mM ACh using a SF-77A stepper (Warner

Instruments, Hamden, CT, USA). Toluene was applied
for 1 min before stimulating the neuron with solution
containing ACh and toluene. ACh was re-applied after a

3 ± 5 min washout of the toluene-containing solution to
obtain a second control response. Currents from neurons
were ®ltered at 5 kHz, digitized using an Instrutech

analogue-to-digital interface, and collected on a Macin-
tosh G3 computer with the Igor Pro software program
(Wavemetrics).

Materials

Collagenase, tricaine methanesulphonate (MS-222), acetyl-

choline chloride, atropine and other reagents were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). TTX was
purchased from RBI (Natwick, MA, USA). HPLC grade

toluene was purchased from Aldrich (Milwaukee, WI, USA).
Alkamuls EL-620 (emulphor) was obtained from Rhone-
Poulenc (Princeton, NJ, USA). The mMessage machine kit

was purchased from Ambion (Austin, TX, USA)

Data and statistical analysis

Current amplitudes were analysed using Axograph version
4.0 software (Axon Inc. Software, Foster City, CA, USA).
The response obtained in the presence of toluene was

divided by the average control response to give the per cent
inhibition of receptor response. Dose response curves were
generated using Prism 2.0a (GraphPad Software Inc., San

Diego, CA, USA). IC50 values and 95% con®dence limits
were calculated using least squares linear regression analysis,
followed by calculation of the con®dence limits (Bliss, 1967).

IC50 values for toluene between nAChRs were considered
signi®cant only if there was not an overlap of the 95%
con®dence limits.

Results

Acetylcholine induced large and reproducible inward
currents in oocytes expressing various nicotinic receptor
subunits. As previously reported, toluene itself had no

e�ects on resting membrane currents at concentrations
below 20 mM (Cruz et al., 1998). However, toluene
signi®cantly inhibited ACh-induced responses from all the

heteromeric nAChRs tested (Figure 1). The concentration
of ACh used in the toluene experiments was based on the
approximate EC50 value reported for each subunit
combination (Colquhoun & Patrick, 1997; Yamakura et

al., 2000). Toluene inhibition was rapid in onset and was
fully reversible upon washout of the toluene-containing
solution. At 1 mM, toluene inhibited a4b4 receptors by

30% and a3b4 receptors by 40%. This inhibition increased
to approximately 80% for the a4b2 and a3b2 receptors.
Atropine (10 mM) was typically used to block endogenous

muscarinic receptor activity in the oocyte. Atropine has
been shown to cause subunit-dependent alterations in
nicotinic acetylcholine receptors (Zwart & Vijverberg,

1997). To test whether atropine a�ected the degree of
toluene inhibition, toluene-mediated inhibition (1 mM) of
a4b2 and a4b4 nAChRs was assessed in the presence of
0.1 mM atropine or 10 mM atropine. In the presence of

0.1 mM atropine, toluene inhibited a4b4 and a4b2 receptors
by 27% (+10.08) and 77.32% (+3.10) respectively (n=5).
These values did not signi®cantly di�er from those obtained

in the presence of 10 mM atropine (a4b4, 29.70+6.37%;
a4b2, 74.04+2.79%).
Figure 2 shows the dose-response curves for toluene

inhibition of a4b2, a3b2, a4b4, and a3b4 receptors. Inhibition
was calculated as a percentage of the averaged control value
for each oocyte tested and was determined using current
amplitudes measured at the end of agonist application when

currents were stable. Calculated IC50 values (95% con®dence
limits in parentheses) for toluene inhibition are listed in Table
1. The rank order of toluene sensitivity was a4b24a3b24a3-
b44a4b4.
Figure 3a shows representative traces from a Xenopus

oocyte expressing a7 nAChRs during stimulation with

150 mM ACh in the absence and presence of 300 mM toluene.
Toluene inhibited ACh-induced currents by approximately
30%. The a7 receptor response recovered fully following

washout of the toluene solution. Figure 3b shows the
concentration response curves for toluene inhibition of peak
and steady state a7 currents. As shown in Table 1, the IC50

values for toluene inhibition of peak and steady state a7
currents were not di�erent.
Figure 4 shows the e�ects of the holding potential on

toluene's inhibition of heteromeric (a4b2, a3b2) and homo-

meric (a7) receptors. Data were expressed as a ratio of the
leak-subtracted current obtained in the presence and absence
of 1 mM toluene at each voltage tested. Slight di�erences in
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the magnitude of toluene inhibition at the di�erent holding
potentials were observed for a4b2, a3b2 and a7 receptors
although these were not statistically signi®cant (ANOVA

with repeated measures, P40.05). There was a small
reduction in the toluene inhibition of a3b2 receptors at
7120 mV, but this was not signi®cantly di�erent from the

values obtained at the other holding potentials. Overall, these
data suggest that the degree of toluene inhibition of
recombinant nicotinic acetylcholine receptors is similar over
a physiological range of membrane holding potentials.

Additional studies were conducted with all receptor

subtypes to test whether toluene is a competitive antagonist
at the ACh-binding site. In these studies, the e�ects of
toluene (1 or 3 mM) were tested in the presence of increasing
concentrations of acetylcholine. If toluene competes with

acetylcholine at its binding site, the degree of inhibition
should decrease at higher agonist concentrations. As shown
in Figure 5, increasing ACh up to 100 times the EC50 for

each subunit combination did not signi®cantly a�ect toluene's
inhibition of ACh-induced currents.

Toluene's di�erential inhibition of heteromeric nAChRs

was similar to that previously reported for certain general
anaesthetics, including nitrous oxide and iso¯urane. As with
toluene, these compounds produced greater inhibition of b2

Figure 1 E�ects of toluene on a4b2, a3b2, a3b4 and a4b4 nAChRs expressed in Xenopus oocytes. Representative traces are shown
for each receptor subtype in response to ACh (1 ± 30 mM) with and without toluene. Each set of the three traces comes from a
separate oocyte voltage clamped at 780 mV.

Figure 2 Concentration-response curves for toluene-inhibition of
ACh-induced currents in oocytes expressing di�erent nAChR
subtypes. Each point represents the per cent inhibition of the steady
state response by toluene and is the mean (+s.e.mean) from 5 ± 12
oocytes from at least two separate frogs. The IC50 values for the
nAChRs are listed in Table 1.

Table 1 The mean and 95% con®dence limits for toluene
IC50 values for the nAChRs tested in this study

nAChR IC50 (nM) 95% confidence limits

a4b2 0.242 0.210 ± 0.278
a4b4 (F255V) 0.347 0.289 ± 0.417
a3b2 0.445 0.371 ± 0.533
a3b4 1.059 0.833 ± 1.345
a7 (peak) 1.218 0.570 ± 2.610
a7 (ss) 1.313 0.726 ± 2.377
a4b4 1.789 1.401 ± 2.284
a4b2 (V253F) 2.129 1.308 ± 3.465

IC50 and 95% con®dence limits were calculated from the
dose response curves shown in Figures 2, 3 and 7.
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subunit containing receptors as compared to those containing

the b4 subunit (Yamakura et al., 2000). A single amino acid
in the TM2 domain of the b subunit was found to be a
critical determinant of this e�ect. Expression of mutant b2
(V253F) subunits, resulted in receptors with anaesthetic
sensitivities similar to that of b4-containing receptors. The
corresponding mutation in the b4 subunit (F255V), increased
the anaesthetic sensitivity of these receptors to that of b2-
containing receptors. In the next series of experiments in the
present study, toluene sensitivity of these mutant receptors
was determined.

Figure 6a shows representative traces from an oocyte
expressing a4b4 (F255V) receptors. The EC50 of ACh for
this receptor was higher than its wild-type counterpart and

therefore a higher ACh concentration (10 mM) was used.
ACh-induced currents from these receptors were inhibited
by 80% in the presence of 1 mM toluene, similar to the

per cent inhibition observed with the a4b2 nAChR.
Toluene (1 mM) inhibited a4b2(V253F) receptors by
approximately 25%, similar to that observed for a4b4
receptors (Figure 6b). Figure 7 shows the concentration-

response curves for toluene inhibition of a4b2(V253F) and
a4b4(F255V) receptors. Dose response curves for wild-type
receptors are shown for comparison and are taken from

Figure 2.

Finally, the e�ect of toluene on native nAChRs expressed in
brain neurons was determined. In the majority of hippocam-

pal neurons tested, ACh elicited rapidly desensitizing currents
consistent with the expression of a7 nicotinic receptors (Jones
& Yakel, 1997). Non-desensitizing currents indicative of

heteromeric receptors were occasionally seen but were too
few to obtain a full dose-response relationship. Toluene itself
did not alter resting membrane currents in hippocampal
neurons but signi®cantly inhibited ACh-induced currents

(Figure 8a). This inhibition was fully reversible upon washout.
Due to the highly desensitizing nature of these currents,
toluene inhibition was measured at the peak of the ACh

response. As shown in Figure 8b, toluene dose-dependently
inhibited ACh-induced currents in hippocampal neurons with
an estimated IC50 value of 1100 mM (650 ± 1900 mM).

Figure 3 Inhibitory e�ects of toluene on the a7 nAChR. (A)
Representative traces from an oocyte expressing a7 receptors. The
lines above each current represent the length of time that the oocyte
was perfused with either 150 mM ACh or 300 mM toluene. At this
concentration, ACh-mediated responses were inhibited by 20% in
comparison to control. (B) Concentration response curves were
generated for the inhibition of the a7 receptor at both the peak and
steady state portions of the current. Each point represents the per
cent inhibition of the response by toluene and is the mean
(+s.e.mean) from 5 ± 8 oocytes from at least two separate frogs.
IC50 values for the inhibition at both these portions are listed in
Table 1 and do not di�er signi®cantly.

Figure 4 E�ects of toluene on current-voltage (I-V) relationships of
nAChRs expressed in Xenopus oocytes. Toluene inhibition for a4b2
(A), a3b2 (B), and a7 (C) nAChRs was calculated at each voltage
(n=4±5 oocytes) and plotted. None of the values were signi®cant
with respect to each other (one-way ANOVA).
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Discussion

The major ®nding of this work is that toluene inhibits

recombinant and native neuronal nAChRs in a concentra-
tion-dependent and reversible manner. Toluene caused
inhibition of nAChRs at concentrations that did not

signi®cantly alter the resting membrane conductance of
oocytes or hippocampal neurons. These results suggest that
the e�ect of toluene on nAChRs was not due to a non-

speci®c disruption of membrane integrity. Additionally,
toluene's inhibition of ACh-mediated currents was not
signi®cantly altered by the holding potential used and was

una�ected by increasing agonist concentrations.
Heteromeric nAChRs containing the b2 subunit were more

sensitive to toluene inhibition than those containing b4
subunits or those generated by the a7 subunit. For example,

a4b2 receptors were approximately 8 fold more sensitive to
toluene than a4b4 receptors. A similar, although less marked
e�ect was observed between the a3b2 and a3b4 receptors.

The sensitivity of the a4b2 receptors to toluene was reduced
when the a4 subunit was co-expressed with a mutant
b2(V253F) subunit while a4b4 sensitivity was increased by

the complementary b4(F255V) mutation. These mutations
have been previously shown to modulate the sensitivity of
neuronal nAChRs to nitrous oxide, pentobarbital and

hexanol, but not ketamine (Yamakura et al., 2000). Thus,
Valine-253 in the second transmembrane domain of the b2
subunit may represent an important site of action for an

array of centrally active compounds. However, although the
b2-V253 site appears to regulate the anaesthetic/toluene
sensitivity of heteromeric nicotinic receptors, it seems unlikely

that it may be an actual binding site for these compounds
since occupation of this site with a thiol derivative, in a
cysteine-substituted mutant, did not alter the anaesthetic

sensitivity of the receptor (Yamakura et al., 2000).
The concentration-dependent inhibition of recombinant

nAChRs by toluene in oocytes was also observed in
hippocampal neurons grown in culture. The IC50 value for

toluene in neurons was similar to the IC50 value obtained for
the a7 receptors expressed in oocytes. Previous data has
shown that these rapidly desensitizing currents are blocked by

a7-subunit speci®c antagonists (a-bungarotoxin and methyl-
lycaconitine; Jones & Yakel, 1997; Alkondon et al., 1998),
and a-bungarotoxin binding sites in the rat contain only a7

Figure 5 Per cent inhibition of nAChRs by toluene in the presence of increasing ACh concentrations. Oocytes expressing the
indicated nAChR were exposed to 1 mM (a4b2, a3b2, a3b4, a7) or 3 mM (a4b4) toluene at di�erent ACh concentrations. Values
represent the per cent inhibition of the corresponding control current by toluene and are the mean (+s.e.mean) from 5 ± 8 oocytes
from at least two separate frogs.
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subunits (Chen & Patrick, 1997). These results suggest that
the responses measured in the present study were mediated
mainly via a7 receptors.

Concentrations of toluene that inhibited neuronal nicotinic
receptors in the present study cause acute behavioural e�ects
in man and animals. For example, blood levels measured in

toluene-intoxicated humans from one study were between
150 ± 200 mM (Hobara et al., 2000). Brain levels of toluene are
highly correlated with blood levels and are generally 2 ± 3

times higher. Brain toluene concentrations obtained during
autopsy in humans after accidental exposure range from

approximately 100 ± 900 mM (Ameno et al., 1992; Winek &
Collom, 1971; Takeichi et al., 1986).
Several studies have measured brain and blood concentra-

tions of toluene after exposure of experimental animals to

toluene vapor. In one study, Benignus et al. (1981) found
brain levels of toluene of approximately 200 mM after a two
hour exposure to 575 p.p.m. toluene. Those authors did not

comment on whether this level of exposure produced any
signi®cant behavioural e�ects. In fact, there are few studies
that have directly correlated brain levels of toluene with

vapour concentrations that produce behavioural e�ects. In a
recent study with mice, Warren et al. (2000) showed that
locomotor activity increased at brain concentrations of

trichloroethane between 500 and 1500 mM and decreased at
higher concentrations. Trichloroethane has been shown to
produce e�ects on NMDA and GABAA receptors that are
generally similar to those produced by toluene (Cruz et al.,

2000; Beckstead et al., 2000).
Overall, these data suggest that brain concentrations of

toluene and other abused solvents between 50 ± 1000 mM
represent a relevant range with respect to the use of these
compounds as drugs of abuse. It is not as clear, however
what speci®c behavioural e�ects result directly from toluene's

inhibition of nicotinic receptors.
Toluene causes anaesthesia (Tegeris & Balster, 1994),

memory impairment (Evans & Balster, 1991) and has
anti-anxiety and anti-convulsant e�ects (Wood et al.,

Figure 6 E�ects of toluene on a4b2(V253F) and a4b4(F255V)
nAChRs expressed in Xenopus oocytes. Representative traces are
shown for each receptor subtype in response to ACh (1 or 10 mM)
with and without 1 mM toluene. Each set of the three traces comes
from a separate oocyte voltage-clamped at 780 mV.

Figure 7 Concentration-response curves for toluene-inhibition of
ACh-induced currents in oocytes expressing mutant nAChR
subtypes. Each point on the curve represents the per cent inhibition
of the steady state response by toluene and is the mean (+s.e.mean)
from 5 ± 7 oocytes from at least two separate frogs. Concentration-
response curves for the corresponding wild type nAChR (a4b2 and
a4b4) receptors are displayed as dashed lines and are taken from
Figure 2. The IC50 values for the mutant nAChRs are listed in
Table 1.

Figure 8 Toluene inhibition of ACh-mediated currents in cultured
hippocampal neurons. (A) A representative set of currents generated
from one neuron. Traces represent currents induced by ACh (3 mM)
in the absence and presence of toluene (3 mM) from a neuron
voltage-clamped at 750 mV. The line above each current indicates
the speci®ed treatment (3 mM ACh or 3 mM ACh/3 mM toluene). (B)
A dose response curve for the toluene-inhibition of ACh-induced
currents in hippocampal neurons is shown. Each point represents the
per cent inhibition of control currents by toluene and is the mean
(+s.e.mean) from 5 ± 9 neurons. The IC50 value of toluene for the
ACh response was 1.1 mM (0.65 ± 1.9 mM).
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1984) similar to that observed for other CNS depres-
sants. Recent data has suggested that inhibition of
heteromeric nicotinic receptors may contribute to the

sedative e�ects produced by volatile anaesthetics such as
iso¯urane and nitrous oxide (Flood et al., 1997;
Yamakura et al., 2000). In addition, more selective
nAChR antagonists such as mecamylamine and dihydro-

b-erythrodine (DHbE) interfere with cognition in animals
(Levin & Simon, 1998) but do not show anti-convulsant
properties as do NMDA antagonists and GABAA

agonists. These results suggest that toluene's inhibition
of neuronal nicotinic receptors may contribute to the
sedative and cognitive impairments observed during

toluene intoxication.
In summary, we have shown that toluene inhibits nAChR

function when expressed in oocytes and in hippocampal

neurons. This inhibition is concentration-dependent and
reversible upon washout. Based on these ®ndings, the nAChR
family of ligand-gated ion channels may represent an

important target for the actions of toluene and other abused
solvents.
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