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Abstract

Rationale Because the toxicity of many inhalants precludes
evaluation in humans, drug discrimination, an animal
model of subjective effects, can be used to gain insights
on their poorly understood abuse-related effects.
Objectives The purpose of the present study was to train a
prototypic inhalant that has known abuse liability, 1,1,1-
trichloroethane (TCE), as a discriminative stimulus in mice,
and compare it to other classes of inhalants.

Materials and methods Eight B6SJLF1/J mice were trained
to discriminate 10 min of exposure to 12,000 ppm inhaled
TCE vapor from air and seven mice were trained to
discriminate 4,000 ppm TCE from air. Tests were then
conducted to characterize the discriminative stimulus of
TCE and to compare it to representative aromatic and
chlorinated hydrocarbon vapors, volatile halogenated anes-
thetics as well as an odorant compound.

Results Only the 12,000 ppm TCE versus the air discrim-
ination group exhibited sufficient discrimination accuracy
for substitution testing. TCE vapor concentration- and
exposure time-dependently substituted for the 12,000 ppm
TCE vapor training stimulus. Full substitution was produced
by trichloroethylene, toluene, enflurane, and sevoflurane.
Varying degrees of partial substitution were produced by the
other volatile test compounds. The odorant, 2-butanol, did
not produce any substitution for TCE.

Conclusions The discriminative stimulus effects of TCE
are shared fully or partially by chlorinated and aromatic
hydrocarbons as well as by halogenated volatile anesthetics.
However, these compounds can be differentiated from TCE

K. L. Shelton (P<))

Department of Pharmacology and Toxicology, Virginia
Commonwealth University School of Medicine,

P.O. Box 980613, Richmond, VA 23298-0613, USA
e-mail: klshelto@vcu.edu

both quantitatively and qualitatively. It appears that the
degree of similarity is not solely a function of chemical
classification but may also be dependent upon the neuro-
chemical effects of the individual compounds.
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Introduction

Many abused inhalants such as toluene, ethylbenzene, and
xylene are volatile aromatic hydrocarbons used as solvents
in household and industrial products like printing inks,
paints, paint thinners, and glues. A second class of solvents
includes the chlorinated hydrocarbons such as perchloro-
ethylene (PERC) and trichloroethylene (TRI) which are
used in the dry cleaning industry and as spot removers and
1,1,1-trichloroethane (TCE) which was once an ingredient
in typewriter correction fluid among other uses. Other
abused hydrocarbons such as gasoline are mixtures of
primarily aliphatic hydrocarbons. While inhalants can
easily be grouped according to their chemical classification,
it is unclear what degree of relevance these broad chemical
categories have in regard to their behavioral and by
extension neurochemical effects, especially those related
to abuse.

The neurochemical effects of inhalants are believed to
be quite complex (Balster 1998; Bowen et al. 2006). In
vitro studies have shown that inhalants can allosterically
modulate many different ion channels including GABA,,
N-methyl-pD-aspartate (NMDA), glycine, potassium, and
acetylcholine (Bale et al. 2002; Beckstead et al. 2000,
2001, 2002; Cruz et al. 1998, 2000; Del Re et al. 2006;
Riegel and French 2002). A few in vitro experiments have
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compared inhalants from different chemical classes, show-
ing that they can be differentiated from one another based
on their effects on recombinant receptors (Beckstead et al.
2000, 2001; Ogata et al. 2006). While it is intriguing that
these molecular techniques can make very fine distinctions
between the cellular actions of inhalants, evidence that
volatile chemicals from the same family differ in their
effects at native receptors has not yet been produced (Bale
et al. 2005).

Drug discrimination studies comparing inhalants are also
very limited, being almost exclusively composed of cross-
tests of inhalants in animals trained to discriminate injected
drugs from vehicle (Balster 1998). These studies have
shown that toluene and TCE produce some degree of
pentobarbital, PCP, ethanol, or diazepam-like discrimina-
tive stimulus effects (Bowen and Balster 1997; Bowen et al.
1999; Rees et al. 1985, 1987a, b). These cross-test data
have been informative but are limited in that they only
directly compared the discriminative stimulus effects of
inhalants to those of the injected training drugs, not to the
discriminative stimulus of other inhalants (Evans and
Balster 1991). Aside from studies using inhalants in odor
discrimination procedures, only three studies have trained
an abused inhalant using typical drug discrimination
methods. In two of these studies, injected toluene was
trained as a discriminative stimulus (Knisely et al. 1990;
Rees et al. 1987c). Those studies found that methohexital,
oxazepam, and pentobarbital but not chlorpromazine or
morphine produced toluene-like discriminative stimulus
effects. Neither of these studies attempted to compare the
discriminative stimulus of injected toluene to other inha-
lants. In a more recent study from our laboratory, we trained
6,000 ppm toluene vapor as a discriminative stimulus
(Shelton 2007). We found that a second aromatic hydro-
carbon vapor, ethylbenzene, produced partial substitution
for toluene whereas the halogenated ether anesthetic vapor,
isoflurane, did not have toluene-like discriminative stimulus
effects.

Although toluene is perhaps the best behaviorally
characterized of the commonly abused inhalants (Bowen
et al. 2006), it is closely followed in that regard by TCE
(Bowen and Balster 1996, 1998a, b; Moser and Balster
1985, 1986; Moser et al. 1985; Wiley et al. 2002). Like
toluene, numerous deaths have been associated with TCE
abuse (Flanagan and Ives 1994; Guberan et al. 1976; King
et al. 1985; Ramsey et al. 1989; Troutman 1988; Winek et
al. 1997). Due to its ozone-depleting effects, the manufac-
ture and use of TCE has largely been abandoned in the
developed world but it remains the most well characterized
of the chlorinated hydrocarbons in terms of its central
nervous system (CNS) effects. As such, TCE remains an
important research tool given that many other chlorinated
hydrocarbons like PERC and TRI are still widely used and
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have also been linked to abuse and abuse-related deaths
(Isenschmid et al. 1998; Jones and Singer 2008; King et al.
1985; Michaux and Delevay-Le Gueut 1980).

The goals of the present study were to train a
discrimination based on TCE vapor and then compare the
discriminative stimulus of TCE to representative inhalants
from several chemical classes. We hypothesized that the
discriminative stimulus effects of TCE might be shared by
other chlorinated hydrocarbons, but dissimilar to those of
inhalants from other chemical classes. We chose to train
two different concentrations of TCE as discriminative
stimuli. A 12,000 ppm TCE concentration was chosen as
the high concentration training stimulus since concentrations
in this range have been reported to produce pronounced
CNS-mediated behavioral effects (Bowen and Balster 1996,
1998a). We selected a concentration of 4,000 ppm TCE
vapor as the low concentration training stimulus since this
concentration is in the range reported to be just above the
threshold for altering locomotor activity and rates of
operant responding in mice (Bowen and Balster 1996,
1998a). It was our hypothesis that these two discrimination
conditions might produce different substitution profiles
much as has been shown with high and low ethanol
training doses (Grant and Colombo 1993a, b; Grant 1999).

Materials and methods
Subjects

Fifteen adult male B6SJLF1/J mice (Jackson Laboratory,
Bar Harbor, ME, USA) served as subjects. We have
previously used this strain in our laboratory for drug
discrimination studies with ethanol as well as toluene
(Shelton 2007; Shelton et al. 2004). The mice were
individually housed on a 12-h light/dark cycle (lights on
at 7 AM). Feeding was adjusted to maintain a healthy, stable
weight of between 25 and 31 g for the duration of the study.
These studies were reviewed and approved by the Institu-
tional Animal Care and Use Committee of Virginia
Commonwealth University.

Compounds

Anhydrous—99.5%, 1,1,1-trichloroethane (TCE) HPLC
grade toluene, 99% o-xylene, and 2-butanol were purchased
from Sigma-Aldrich Chemicals (Milwaukee, WI, USA);
99+% stabilized trichloroethylene (TRI) and 99% tetra-
chloroethylene (PERC) were supplied by Fisher Scientific
(Acros Organic, NJ, USA). Enflurane was obtained from
Abbott Laboratories (North Chicago, IL, USA). Isoflurane
and sevoflurane were purchased from Webster Veterinary
Supply (Charlotte, NC, USA).
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Apparatus

Drug discrimination sessions were conducted in standard 2-
lever mouse operant conditioning chambers equipped with
0.01 ml liquid dippers and housed in sound attenuating
cubicles (Med-associates model ENV-307AW, St. Albans,
VT, USA). A single 5-W incandescent houselight was
located at the top center of the chamber rear wall. Drug
discrimination schedule conditions and data recording were
accomplished using a Med-associates interfacing and
software (Med-Associates, St. Albans, VT, USA). The milk
solution reinforcer consisted of 25% sugar, 25% nonfat
powdered milk, and 50% tap water (by volume).

The static vapor chambers and general procedures used
to expose the mice to TCE vapor prior to drug discrimina-
tion testing have been previously described (Shelton 2007;
Shelton and Balster 2004). Closed-loop recirculation of
chamber atmosphere through a single wavelength IR
spectrometer indicated that TCE vapor concentration in
the chambers reached equilibrium in less than 1 min for all
tested concentrations and did not decrease by more than
10% over the course of the 10-min exposure period [see
(Shelton 2007) for more details of this procedure].

Discrimination training

Daily 15-min training sessions were conducted 5 days per
week (M-F). Both lever lights and the houselight were
illuminated for the duration of the session. During initial
lever-press training, there were no differential stimuli other
than reinforcer presentations with which to associate the
active lever. The mice were first reinforced for responding
on only one of the two levers on a fixed ratio 1 response
(FR1) schedule for several daily sessions. Upon completion
of the FR requirement, the dipper cup was available for 3 s.
Responses occurring while the dipper was elevated did not
count toward completion of the next ratio requirement.
Responding on the inactive lever reset the FR requirement
on the correct lever. Once the animals were reliably
responding at FR1 on either lever, the operant session
length was decreased to 5 min and discrimination training
was initiated. During each 5-min TCE or air discrimination
training session, the correct lever was determined by
whether the subject received a 10-min exposure to TCE
vapor or air immediately before the discrimination training
session. For seven mice, the discrimination was between
4,000 ppm TCE vapor and air and for the remaining eight
mice the discrimination was between 12,000 ppm TCE
vapor and air. Training exposures were presented according
to a double alternation schedule (i.e., two TCE vapor days
followed by two air days). Over the course of 10 to 20
sessions, the response requirement was increased to FR12.
These training conditions were in effect for the remainder

of the study. Animals were determined to have acquired the
TCE vapor versus air discrimination when the first FR was
completed on the correct lever, prior to the completion of a
FR on the incorrect lever, in eight out of ten consecutive
training sessions. Additionally, the mice were required to
emit greater than 80% of responses on the correct lever
during all ten of these sessions.

Substitution test procedure

Following acquisition, substitution tests were conducted on
Tuesday and Friday, providing that the mice continued to
exhibit accurate stimulus control on the Monday, Wednes-
day, and Thursday training sessions. Test sessions were
temporarily suspended if an animal did not emit the first FR
on the correct lever and produce greater than 80% correct-
lever responding during all training sessions since the last
test session. Substitution tests with all vapors were
preceded by a 10-min exposure to a single concentration
of vapor with the exception of the TCE exposure-time
experiment in which the animals were tested following 1, 3,
7, and 10 min of 12,000 ppm TCE exposure. Following
exposure, each animal was immediately removed from the
exposure chamber and placed into the operant conditioning
chamber for a 5-min test session. On test days, both levers
were active and completion of the FR requirement on either
lever resulted in dipper presentation. Vapor concentrations
were generally administered in an ascending order. Each
condition was tested once without regard for the prior
days training condition (TCE vapor or air). Prior to each
concentration—effect curve, two control substitution test
sessions were conducted, one with the training concentration
of TCE vapor and the second with air. Control test sessions
were also conducted on Tuesday and Friday. No other
substitution tests were conducted on a control test day.

Blood TCE level analysis

The same eight mice trained to discriminate 12,000 ppm
TCE versus air were used to examine TCE blood levels
following 0, 1, 3, or 10 min of 12,000 ppm TCE exposure.
To yield an n=4 for each of the four TCE exposure
durations, two blood samples were taken from each mouse
with at least 2 weeks between each sample. TCE exposure
conditions prior to blood sampling were identical to drug
discrimination exposure conditions except that rather than
being tested in the discrimination procedure each mouse
was briefly restrained and approximately 0.1 ml of blood
was obtained from the submandibular vascular bundle
using a 5-mm lancet (Golde et al. 2005). Blood was
captured in a microcollection tube containing EDTA (BD
lavender top Microtainer). A 20-pul blood sample was
placed into a 20-ml headspace vial to which 980 ul of
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type 1 ultrapure water had been previously added. The
blood sample was then immediately tested for TCE
concentration using a Hewlett Packard model 5890A gas
chromatograph equipped with a flame ionization detector, a
2-m 5% Carbowax 20M 80/120 mesh packed column
(Restek, Bellefonte, PA, USA), and CTC Combi-Pal
headspace autosampler.

Data analysis

Since the behavioral effects of some of the tested inhalants
were expected to dissipate rapidly, potentially resulting in
switching of responding between levers, only the choice of
the lever upon which the first fixed ratio was completed
was used to assess TCE-like discriminative stimulus effect.
Response rates during the first minute of each test session
were used to assess the inhalants effects on operant
performance. Group means (+SEM) were calculated for
first fixed ratio responding as well as response rate. Any
vapor concentration that suppressed response rates to the
extent that the animal did not complete at least 1 FR during
the first minute of the test session resulted in the exclusion
of that mouse’s datum point from the group lever selection
analysis, although that animal’s datum point was included
in the response rate determination. A criterion of 80% or
greater mean TCE vapor-appropriate responding was
selected to indicate full substitution for the training
concentration of TCE vapor. Mean TCE vapor-lever
responding between 20% and 79% was defined as partial
substitution. Mean TCE vapor-lever responding of less than
20% was considered evidence of no substitution. When
possible, ECs, values (and 95% confidence limits) for TCE
vapor-lever selection and response rate suppression were
calculated based on the linear portion of each mean dose—
effect curve using a Microsoft Excel spreadsheet based on
SAS Pharm/PCS version 4 (Tallarida and Murray 1986).
ECsq values for individual concentration effect curves were
considered significantly different from each other when
their respective 95% confidence limits did not overlap.

Results

The mice trained to discriminate 12,000 ppm TCE versus
air rapidly acquired the discrimination, requiring a mean of
27 (+1.8) sessions at FR12 to reach the acquisition criteria.
Despite up to 116 training sessions, only three of seven
mice in the 4,000-ppm TCE discrimination reached
acquisition criteria, and these animals did not exhibit
sufficient reliability to permit substitution testing. Based
on these data, training of the 4,000 ppm TCE versus air
group was terminated and subsequent substitution results
are from only the 12,000 ppm TCE training group.
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TCE vapor concentration-dependently substituted for the
12,000 ppm TCE vapor training concentration (Fig. 1,
upper panel) with an ECs, value of 2,887 ppm (CL 2,051—
4,064 ppm). The control tests following 10 min of exposure
to air and 12,000 ppm TCE produced 0% and 100% TCE-
lever responding, respectively. TCE vapor produced con-
centration-dependent suppression of operant responding
(Fig. 1, lower panel) with an ECsq of 19,998 ppm (CL
17,824-22,437 ppm).

Exposure to 12,000 ppm TCE vapor time-dependently
substituted for the 10-min training exposure (Fig. 2).
Exposure to 12,000 ppm of TCE vapor for 1 min produced
37% TCE-lever responding and a mean TCE blood
concentration of 109 (+7) pg/ml. Three minutes of
12,000 ppm TCE vapor exposure resulted in 62% TCE-
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Fig. 1 Concentration—effect curve for inhaled 1,1,1-trichloroethane
(TCE) vapor in eight mice trained to discriminate 12,000 ppm inhaled
TCE from air. Mean (#SEM) percentages TCE-lever responding is
shown in the upper panel (filled squares/solid line). Mean (=SEM)
response rates in responses per second during each test session are
shown in the bottom panel. Open circle above air and filled square
above TCE represent the results of the control test sessions
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Fig. 2 Mean percentage TCE-lever responding and TCE blood levels
for eight mice exposed for increasing durations to 12,000 ppm inhaled
TCE vapor. Mean (:SEM) percentage TCE-lever responding is shown
by the filled squares and solid line. TCE blood level in microgram per
milliliter is shown by open circles and dashed line. Open circle above
air and filled square above TCE represent percentage TCE-lever
responding during control test sessions which were preceded by
10 min of air or 12,000 ppm TCE vapor exposure, respectively

lever selection and a mean TCE blood concentration of 140
(#12) pg/ml. Ten minutes of exposure to 12,000 ppm TCE
vapor produced 100% TCE-lever responding and a mean
TCE blood concentration of 160 (+4) pug/ml.

TCE, PERC, and TRI all produced concentration-
dependent increases in TCE-lever selection (Fig. 3, upper
panel). TCE fully substituted for the 12,000 ppm training
condition with an ECsy, of 4,036 ppm (CL 3,329-
4,894 ppm). TRI also fully substituted for TCE vapor with
an ECs of 4,031 ppm (CL 3,012-5,395 ppm). In contrast,
PERC did not fully substitute for TCE, producing an ECsq
for substitution of 1,277 ppm (CL 896-1,820 ppm) which
was significantly lower than the ECso for either TCE or
TRI. TCE showed little effect on rates of operant respond-
ing but both TRI and PERC produced concentration-
dependent reductions in rates of operant responding
(Fig. 3, lower panel). The ECs(’s for rate suppression were
5,621 ppm (CL 5,005-6,313 ppm) and 2,434 ppm (CL
2,084-2,841 ppm) for TRI and PERC, respectively.

The three aromatic hydrocarbons; toluene, ethylbenzene,
and o-xylene, produced varying degrees of substitution for
TCE (Fig. 4, upper panel). Toluene fully substituted for TCE
vapor with an ECsq of 2,632 ppm (CL 1,963-3,529 ppm).
Both ethylbenzene and o-xylene produced concentration-
dependent partial substitution for TCE vapor. The ECs for
o-xylene vapor substitution for TCE was 3,530 ppm (CL
1,883-6,617 ppm). Toluene and ethylbenzene had less
pronounced rate suppressing effects than o-xylene, which
concentration-dependently suppressed operant responding
with an ECsq of 7,080 ppm (CL 5,064-9,898 ppm).

All three halogenated hydrocarbon anesthetic vapors
produced dose-dependent substitution for the 12,000 ppm
TCE training concentration (Fig. 5, upper panel). Enflurane
and sevoflurane fully and isoflurane partially substituted for
TCE. The ECsq’s for enflurane and sevoflurane substitution
were 4,387 ppm (CL 2,883-6,676 ppm) and 7,663 ppm
(CL 6,308-9,309 ppm), respectively. None of the three
volatile anesthetics produced pronounced response-rate
suppressing effects at the tested concentrations with the
exception of 18,000 ppm sevoflurane (Fig. 5, lower panel).
The ECs for response rate suppression by sevoflurane was
15,887 ppm (CL 12,904-19,560 ppm). None of the tested
concentrations of 2-butanol produced any TCE-lever
selection in any of the mice tested (Table 1). Concurrent
exposure to 30 ppm, 2-butanol also had no effect on the
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Fig. 3 Concentration—effect curves for inhaled TCE, trichloroethylene
(TRI), and perchloroethylene (PERC) in mice trained to discriminate
12,000 ppm inhaled TCE from air. Mean (+SEM) percentage TCE-
lever responding for TCE (filled circles/solid line), TRI (filled
squares/dashed line) and PERC (filled triangles/solid line) are shown
in the upper panel. Mean (xSEM) response rates in responses per
second are shown in the bottom panel. Open symbols above air
represent the results of air exposure control sessions. Filled symbols
above TCE represent the results of 12,000 ppm TCE exposure control
sessions
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Fig. 4 Concentration—effect curves for inhaled toluene, ethylbenzene,
and o-xylene in mice trained to discriminate 12,000 ppm inhaled TCE
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(filled circles/solid line), ethylbenzene (filled squares/dashed line),
and o-xylene (filled triangles/solid line) are shown in the upper panel.
Mean (£SEM) response rates in responses per second are shown in the
bottom panel. Open symbols above air represent the results of air
exposure control sessions. Filled symbols above TCE represent the
results of 12,000 ppm TCE exposure control sessions

ability of 10 min of exposure to 12,000 ppm TCE to
produce full substitution.

Discussion

Most, if not all volatile compounds, have odor thresholds
well below concentrations at which they produce CNS
effects. For this reason, tests designed to assess the relative
importance of olfactory cues versus CNS effects as
controlling variables over discriminative stimulus perfor-
mance are important. In our prior experiment using 10 min
of exposure to 6,000 ppm toluene vapor as a discriminative
stimulus, we demonstrated that 1 and 3 min of 6,000 ppm
toluene exposure did not substitute for the 10-min training
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exposure (Shelton 2007). This finding, as well as other
control tests demonstrating that injected liquid toluene
substituted for inhaled toluene, strongly suggested that the
discriminative stimulus of toluene in that experiment was
mediated by CNS mechanisms. In the present study the
extremely rapid absorption kinetics of TCE made it
uncertain if we could conduct a similar exposure duration
experiment to assess the importance of olfactory versus
CNS cues. Significant TCE blood levels in humans have
been detected with as little as 10 s of TCE vapor exposure
(Astrand 1975) and blood pressure changes were observed
in dogs after only 15 s of exposure (Herd et al. 1974).
Indeed, our TCE blood concentration data confirm the rapid
uptake of TCE in mice (Warren et al. 2000) with 1 min of
exposure producing 68% of the level associated with
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Fig. 5 Concentration—effect curves for inhaled isoflurane, enflurane,
and sevoflurane in mice trained to discriminate 12,000 ppm inhaled
TCE from air. Mean (+SEM) percentage TCE-lever responding for
isoflurane (filled circles/solid line), enflurane (filled squares/dashed
line), and sevoflurane (filled triangles/solid line) are shown in the
upper panel. Mean (:SEM) response rates in responses per second are
shown in the bottom panel. Open symbols above air represent the
results of air exposure control sessions. Filled symbols above TCE
represent the results of 12,000 ppm TCE exposure control sessions
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Table 1 1,1,1-trichloroethane (TCE) lever responding following
10 min of exposure to 2-butanol vapor

% TCE-lever
responding (+SEM)

2-Butanol concentration

Air control 0 (0)
12,000 ppm TCE control 100 (0)
12,000 ppm TCE + 30 ppm 2-butanol 100 (0)
1 ppm 2-butanol 0 (0)
10 ppm 2-butanol 0 (0)
30 ppm 2-butanol 0 (0)
100 ppm 2-butanol 0 (0)

10 min of exposure. Despite this rapid uptake, the exposure
time—effect curve showed that it required at least 7 min of
12,000 ppm TCE exposure to fully substitute for the 10-
min training exposure. If odor alone were sufficient to
produce the discriminative stimulus effect of TCE, then one
might expect much shorter exposures to have yielded full
substitution.

Our results showing that 10 min of exposure to a low
concentration of TCE failed to produce a reliable discrim-
ination is probably not surprising if odor was not
controlling behavior. It is also possible that the mice simply
could not detect the odor of 4,000 ppm TCE whereas
12,000 ppm TCE was above their odor threshold and
therefore discriminable. The olfactory threshold for TCE
has not been assessed in mice, so this hypothesis cannot be
completely discounted. However, the odor threshold for
TCE in humans has been reported to be as low as 100—
140 ppm (Amoore and Hautala 1983; Torkelson and Rowe
1981) and humans report that 350-450 ppm TCE causes
dizziness, excitation, and eye irritation (Salvini et al. 1971).
Mice have over three times the number of functional
olfactory receptor genes compared to humans and are
generally assumed to have equal or greater olfactory ability
(Young et al. 2002). The low training concentration of
4,000 ppm TCE was far in excess of the odor threshold in
humans suggesting the odor was likely detectable by the
mice, providing additional circumstantial evidence that the
olfactory effects of TCE probably played at best a minor
role in its discriminative stimulus under the present training
conditions.

With one exception, all of the compounds tested
produced at least partial substitution for TCE. The two
possible interpretations of these data are that each of the
compounds act at least to some degree via common CNS
receptor mechanisms or any strong odor is sufficient to
produce TCE-lever responding. Support for the latter
interpretation is diminished not only by the data discussed
above but also from the results of tests with the secondary
alcohol, 2-butanol. Concentrations of 2-butanol up to 100
times that used in a prior olfactory discrimination study in

mice (Laska and Shepherd 2007) failed to produce any
substitution for 12,000 ppm TCE, nor did the concurrent
exposure of the mice to 30 ppm 2-butanol along with
12,000 ppm TCE effect the ability of the training
concentration of TCE to produce full substitution (Table 1).
One additional test which might be conducted to further
examine if olfactory mechanisms are involved in the
discrimination would be to perform substitution testing in
mice with chemically induced anosmia. However, even this
experiment would not be sufficient to conclusively prove
that the discrimination was based on CNS mechanisms,
given that chemical-induced anosmia does not affect the
trigeminal odor detection system which is almost certainly
activated at the high concentrations of inhalants used in the
present experiment (Cometto-Muniz et al. 2001, 2002).

If one accepts the preponderance of data indicating that
the discriminative stimulus effects of TCE were likely
CNS-mediated, two major questions arise. Firstly, what
neurotransmitter receptor system or systems are responsible
for transducing the discriminative stimulus of TCE.
Although the available data are extremely limited, several
ligand-gated ion channel receptor systems have been
implicated in the neurochemical effects of TCE. TCE is a
positive allosteric modulator of GABA, receptors
expressed in Xenopus oocytes (Beckstead et al. 2000).
TCE also potently inhibits NMDA-induced currents (Cruz
et al. 2000) and PERC inhibits nicotinic acetylcholine
receptors in oocytes (Bale et al. 2005). Finally, TCE
enhances the function of recombinant 5-HT; receptors
(Lopreato et al. 2003). Whether any or all of these
neurotransmitter systems are involved in mediating the
discriminative stimulus effects of TCE is a difficult
question to address from the present data. However, as
previously noted, TCE partially substitutes in mice trained
to discriminate diazepam (Bowen et al. 1999), pentobarbital
(Rees et al. 1987a), or ethanol (Rees et al. 1987b) from
vehicle, supporting the hypothesis that the discriminative
stimulus effects of TCE result from positive allosteric
modulation of GABA, receptors. This hypothesis is
strengthened by the present data showing full substitution
of enflurane and sevoflurane for TCE. Both of these
volatile anesthetic compounds have been shown to act as
positive modulators of GABAergic receptors using in vitro
procedures (Jia et al. 2008; Kelly et al. 2007; Nishikawa
and Harrison 2003).

In contrast, TCE does not substitute in mice trained to
discriminate the noncompetitive NMDA receptor channel
blockers, dizocilpine (MK-801) or phencyclidine from
saline (Bowen et al. 1999; Shelton and Balster 2004).
These findings argue against a NMDA-receptor-mediated
discriminative stimulus, even though TCE has been shown
to inhibit NMDA-induced currents in oocytes (Cruz et al.
2000). Unfortunately, the predictive utility of cross-test data
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for assessing the mechanism of action of a drug with
multiple targets may be seriously limited by the phenomena
of asymmetrical substitution (Kostowski and Bienkowski
1999). As an example, drug discrimination studies have
consistently shown that positive GABA, modulators,
NMDA antagonists, and some subtype-specific 5-HT
agonists will fully substitute in ethanol-trained animals
[for review see (Grant 1999)]. However, when ethanol is
tested for substitution in animals that are trained to
discriminate these classes of compounds from vehicle, it
often produces little or no substitution (Balster et al. 1992;
Butelman et al. 1993; York 1978). Since all of the available
drug discrimination data with TCE, aside from that in the
present study, are from similar cross-test experiments, it is
still premature to rule out NMDA receptor mechanisms
playing a role in transducing TCE’s discriminative stimulus.

The second major question which arises from the present
data is whether the discriminative stimulus of all of the
inhalants tested are mediated by identical, overlapping, or
completely distinct receptor mechanisms. Our present data
suggests that the discriminative stimulus of these com-
pounds is at the very least not identical. For instance, TRI
and PERC are both chlorinated hydrocarbons like TCE but
were not capable of producing the same level of substitu-
tion as TCE itself. In contrast, toluene and enflurane
produced full substitution for TCE in every mouse tested
while the other compounds examined from these chemical
groups did not substitute as robustly. A prior experiment
from our laboratory using toluene vapor as a discriminative
stimulus strengthens the hypothesis that all inhalants are not
functionally equivalent (Shelton 2007). In that experiment,
we found that ethylbenzene vapor produced partial substi-
tution for toluene vapor, but that isoflurane had no toluene-
like discriminative stimulus effects. Whereas in the present
study, toluene produced full substitution while ethylben-
zene and isoflurane only produced partial substitution for
TCE vapor.

A few experiments in humans have directly compared
the subjective effects of inhalants using self-report ques-
tionnaires. Due to the toxicity of many inhalants, these
clinical studies have been by necessity limited to comparing
between volatile and gas anesthetics, but they are nonethe-
less informative. For instance, it has been shown that the
subjective ratings produced by nitrous oxide differ from
those of isoflurane (Zacny et al. 1994) and sevoflurane
(Zacny et al. 1999) but that isoflurane and sevoflurane were
indistinguishable from each other (Beckman et al. 2006).
The authors suggested that the ability to differentiate
between nitrous oxide and the volatile anesthetics was due
to nitrous oxide producing NMDA antagonist effects that
were not present in the volatile anesthetic vapors. This
hypothesis is strengthened by in vitro data showing that
isoflurane strongly enhances GABA 4 receptor currents but
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is a weak inhibitor of NMDA receptor currents in Xenopus
oocytes (Kelly et al. 2007). While we did not test nitrous
oxide, our results are consistent with the human studies in
as much as all three volatile anesthetics we tested produced
at least partial substitution for TCE.

It is certainly possible that the differing effects of the
volatile compounds in the present study were due to
variability inherent in the drug discrimination procedure
or the interfering effects of response rate suppression.
However, there are some data from studies examining ion
channel receptors expressed in Xenopus oocytes suggesting
that our results may be due to selective difference in actions
of these volatile compounds at the neurotransmitter receptor
level. For instance, in the present study, the volatile
anesthetic vapor enflurane produced full substitution for
TCE while the more closely chemically related compound,
PERC, only partially substituted for TCE. In a parallel
finding, glycine receptors expressed in Xenopus oocytes
show a high degree of correlation between those mutations
which affected both enflurane and TCE enhancement of
glycine receptor function (Beckstead et al. 2000), and
several mutations were also noted which affected glycine
receptor sensitivity to toluene and TRI, but not TCE.
Another experiment in recombinant GABA, receptors
demonstrated that a mutation of S2651 resulted in GABA4
receptors which were sensitive to potentiation by both
enflurane and TRI but not by isoflurane (Krasowski and
Harrison 2000). These latter data are consistent with our
findings that both TRI and enflurane produced full
substitution for TCE but that isoflurane only partially
substituted for TCE.

Taken as a whole, the present results support the
conclusion that the discriminative stimuli of inhalants are
not identical. They also suggest that the substitution of a
particular test compound cannot be entirely predicted by
chemical classification. Lastly, the present findings under-
score the importance of examining a variety of different
inhalants using in vivo procedures such as drug discrimi-
nation in order to better understand their unique pharma-
cological effects.
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