Review

Neuropsychopharmacology (2013) 38, 2555-2567
© 2013 American College of Neuropsychopharmacology. Al rights reserved 0893-133X/13

@

www.neuropsychopharmacology.org

Volatile Solvents as Drugs of Abuse: Focus on the

Cortico-Mesolimbic Circuitry

Jacob T Beckley"2 and John ) Woodward*'2

'Department of Neurosciences, Medical University of South Carolina, Charleston, SC, USA; “Center for Drug and Alcohol Programs, Department
of Psychiatry/Neurosciences, Medical University of South Carolina, Charleston, SC, USA

Volatile solvents such as those found in fuels, paints, and thinners are found throughout the world and are used in a variety of industrial
applications. However, these compounds are also often intentionally inhaled at high concentrations to produce intoxication. While
solvent use has been recognized as a potential drug problem for many years, research on the sites and mechanisms of action of these
compounds lags behind that of other drugs of abuse. In this review, we first discuss the epidemiology of voluntary solvent use
throughout the world and then consider what is known about their basic pharmacology and how this may explain their use as drugs of
abuse. We next present data from preclinical and clinical studies indicating that these substances induce common addiction sequelae
such as dependence, withdrawal, and cognitive impairments. We describe how toluene, the most commonly studied psychoactive
volatile solvent, alters synaptic transmission in key brain circuits such as the mesolimbic dopamine system and medial prefrontal cortex
(mPFC) that are thought to underlie addiction pathology. Finally, we make the case that activity in mPFC circuits is a critical regulator
of the mesolimbic dopamine system'’s ability to respond to volatile solvents like toluene. Overall, this review provides evidence that
volatile solvents have high abuse liability because of their selective effects on critical nodes of the addiction neurocircuitry, and
underscores the need for more research into how these compounds induce adaptations in neural circuits that underlie addiction

pathology.

Volatile organic solvents are ubiquitous commodities in the
modern world and used primarily for industrial purposes.
Many of these chemicals are naturally abundant, found in
geological formations and plants where they are extracted
for commercial use. Volatile solvents are widely encoun-
tered by the general population because of their use in
adhesives, cleaning agents, lacquers, and paints. They are
also commonly used as fuels and in industrial extraction
processes. The occupational exposure to volatile solvents is
regulated in most countries, and there are numerous reports
on the health effects of low-level exposures to solvents. The
focus of this review, however, is on the voluntary use of
inhalants for their psychoactive and rewarding properties.
This is prompted by a growing appreciation that solvents
have significant and selective effects on ion channels
(Bowen et al, 2006), and neural circuits that subserve
complex behaviors including those involved in reward and
cognition. Thus, despite the previous conventional wisdom
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that solvents affect the nervous system via non-selective
breach of lipid membrane integrity, recent findings show
that these agents have features in common with other major
classes of addictive drugs.

Volatile solvents are a subgroup of compounds organized
under the umbrella drug class of abused inhalants. Table 1
lists the different subtypes of abused inhalants with specific
examples of each category. The common link between these
chemicals is their low vapor pressure and high volatility at
room temperature that supports their use as euphorigenic
inhaled agents. There are some broad differences between
each subcategory. Volatile anesthetics like isoflurane are
used primarily in surgical settings and their predominant
mechanism of action is probably because of an enhancement
of GABAergic neurotransmission (Mihic and Harris, 1996;
Mihic et al, 1997) and inhibition of glutamatergic ion
channels (Ogata et al, 2006). Nitrous oxide is in a category of
its own; it is currently used as an adjunct anesthetic to
promote relaxation, and is commonly found in aerosol
propellants, which give it the street names of ‘laughing gas’
and ‘whippets,’ respectively. Nitrous oxide has broad
actions, including inhibition of NMDA glutamate receptors,
stimulation of opioidergic and GABAergic transmission and
possibly via imitation of nitric oxide (Emmanouil and
Quock, 2007). Alkyl nitrites, sometimes known by their
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Table | Abused Inhalants Classification

Category Chemicals Most common sources
Volatile solvents
Aromatic Toluene Adhesive, spray paint, thinner,
hydrocarbons  Ethylbenzene lacquer, leather tanner,
Xylene disinfectant, cleaner, petroleum,
octane booster
Halocarbons Trichloroethylene (TCY) Degreasing agent, coffee
decaffeination
I,1,I-trichloroethane (TCE) Film cleaner, correction fluid
Tetrachloroethylene (PERC)  Dry cleaning agent, degreasing
agent
n-Propyl Bromide (nPB) Metal cleaner, adhesive
Aliphatic Propane Domestic and industrial fuel
hydrocarbons ~ Butane Lighter fluid
n-Hexane Adhesive
Iso-octane Automotive fuel
Inhaled anesthetics
Halogenated Isoflurane
ethers Desflurane General anesthetic
Sevoflurane

Nitrous oxide Nitrous oxide Adjunct anesthetic,

aerosol propellant

Vasodilator, heart disease
treatment, air freshener,
electronics cleaner, cyanide
poisoning antidote

Alkyl nitrites Amyl nitrite
Isobutyl nitrite

Isopropyl nitrite

street name ‘poppers,” are strong vasodilators, an effect that
explains their medical use in the treatment of heart disease.
Nitrites possibly work by stimulating the release of nitric
oxide and the concomitant activation of cyclic GMP,
although it is unclear whether this mechanism is responsible
for their intoxicating properties (Balster, 1998). While agents
in all of these categories are intentionally used for
intoxication, volatile solvents are cheap and easy to obtain
and are the most commonly used class of abused inhalants.
The vast majority of solvent products used for inhalation
contain a mixture of volatile compounds. This is illustrated
in the analysis of the U.S. Poison Control data from 1993 to
2008 that reported over 35000 cases of excessive solvent
inhalation. These cases involved over 3000 different
products that contained a putative abused inhalant
(Marsolek et al, 2010). However, some volatile solvents, like
toluene, are the dominant chemical in products such as glues
or thinners that are widely used for intoxication. Toluene is
also strongly psychoactive and has a well-researched
pharmacological profile. Most basic research studies on
inhalants have investigated the actions of a single volatile
solvent at a time and in a majority of cases, toluene is the
solvent of choice.

Research on the abuse potential and addictive properties
of volatile solvents has lagged behind that of other illicit
drugs of abuse. In this review, we make the case that due to
their epidemiology, pharmacology, and effects on mesocor-
tical and mesolimbic circuitry, volatile solvents are harmful
products that have a high abuse liability and should receive
additional research attention.
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CLINICAL PERSPECTIVES

The intoxicating effects of abused inhalants have been
recognized for two centuries. In the mid-19th century, ‘gas
frolics’ were popular recreational events where paying a fee
enabled one to inhale nitrous oxide, ether, or chloroform, or
watch those who were similarly intoxicated (Garland et al,
2011). However, the intentional misuse of volatile solvents
was not reported in clinical case reports or popular press
until the mid-twentieth century. The first documented case
was in 1946, when a boy, who was being treated for psychotic
symptoms at a hospital, admitted to the attending physician
that he chronically and uncontrollably inhaled gasoline for
its intoxicating effects (Clinger and Johnson, 1951). A decade
later, the press from major American cities started reporting
on the increasingly popular phenomenon of intentional glue
sniffing among youth, and medical professionals started to
become aware that solvents were euphorigenic and could
possibly produce psychological dependency (Glaser and
Massengale, 1962). It is now widely accepted that volatile
solvents are a distinct class of abused drugs, and chronic
solvent use can lead to a substance use disorder (abuse or
dependence), as defined by DSM-IV. In one study of frequent
solvent users, 35% of subjects met the criteria for substance
abuse while 28% met the criteria for dependence. Further-
more, 10.5% of users displayed tolerance to solvents, and
11% showed signs of withdrawal upon cessation of solvent
use (Ridenour et al, 2007). In another study, a cohort of
patients who met the criteria for inhalant dependence used a
questionnaire to report on the interoceptive effects of
inhalants. Users commonly stated that solvents induced
pleasant feelings, or ‘drunkenness;’ that they evoked drug
seeking and moderate psychological withdrawal, with
symptoms like craving and restlessness; and that solvents
could induce psychotic symptoms such as emotional
volatility, hallucinations, and delusions (Miyata et al, 2004).
While there have not been many clinical observations of
solvent abusers, the available information strongly suggests
that volatile solvents can be profoundly intoxicating and that
chronic use produces addiction pathology similar to other
abused drug classes, like cocaine or opiates.

Volatile solvent abuse can also lead to major cognitive
impairment (Dingwall and Cairney, 2011). Chronic abusers
of solvents show impairments in short-term memory,
attention, response inhibition, and problem solving, and
these impairments often persist even after long periods of
abstinence (Dingwall et al, 2011; Fornazzari et al, 1983;
Hormes et al, 1986; Kamran and Bakshi, 1998; Ryu et al,
1998; Takagi et al, 2011; Yiicel et al, 2008). This may be due
to solvent-induced loss of white matter volume throughout
the brain (Rosenberg et al, 1988) with a particularly high
level of white matter abnormalities found in the frontal and
temporal lobes (Yiicel et al, 2010), regions that are critical
mediators of higher-order cognitive tasks (Curtis and
D’Esposito, 2003; Curtis and Lee, 2010; Dalley et al, 2004).
Chronic solvent users also show comorbidity with other
mental impairments such as mood disorders like major
depression and antisocial personality disorder (Sakai et al,
2004; Zubaran et al, 2010). The likelihood of comorbidity
with mood or personality disorders was significantly higher
in individuals who tried inhalants before the age of 13
(Wu and Howard, 2007). The overall consensus of these
data is that intentional solvent misuse causes serious CNS



disturbances including addiction pathology and cognitive
impairments, with these effects persisting even after long
periods of abstinence.

EPIDEMIOLOGY
Volatile Solvents in America

Abused inhalants are voluntarily inhaled for their euphori-
genic effects by a surprisingly high proportion of American
adolescents. According to the 2013 Monitoring the Future
study, the 30-day prevalence rate for intentional volatile
solvent use among American 8th graders, or mostly 12- to
14-year-olds, was 2.7%. This prevalence is higher than all
usage rates for all other illicit drugs except marijuana, and
this trend has held steady for the past two decades
(Johnston et al, 2013; Figure 1). Moreover, the true
prevalence of solvent use may be higher due to incorrect
self-reporting of inhalant use. To wit, in a longitudinal
study, 49% of 7th graders who admitted to volatile solvent
misuse recanted the following year, and the researchers
predicted that the vast majority of recanters were actual
solvent users (Martino et al, 2009). Volatile solvents are
most commonly misused by young adolescents, with an age
at peak use of 14 years (Marsolek et al, 2010; Nonnemaker
et al, 2011). Caucasian and Native American populations
have the highest voluntary exposure frequency among
American adolescents, with African-Americans well below
average prevalence (Beauvais et al, 2002; Wu et al, 2011).
There is some evidence that volatile solvent misuse is
highest among those living in isolated communities
(Lubman et al, 2008). For example, the incidence of
intentional volatile solvent use among adolescents in rural
Alaska is higher than all other drugs except alcohol (Driscoll
et al, 2012). Intentional solvent inhalation is also likely
more common among those living in poverty, as the odds of
an adolescent initiating solvent use has been shown to be
inversely proportional to total family income (Nonnemaker
et al, 2011). Delinquency, antisocial behavior, and self-
inflicted harm are also likely good predictors of volatile
solvent misuse. For example, in a survey among incarcer-
ated youth, users, and those who met the DSM- IV criteria
for inhalant abuse or dependence had much higher rates of
attempted suicide (30.2 and 63.3%, respectively) than those
who had not misused solvents (17%, (Freedenthal et al,
2007). Notably, among members of the American military,
volatile solvent prevalence mirrors the general population,
whereas the use of other drugs such as marijuana, cocaine,
and amphetamine is much lower (Lacy and Ditzler, 2007).
This is likely a result of the use of random drug screens
by the military that includes most illicit drugs, but not
volatile solvents.

Volatile Solvents Worldwide

Volatile solvents are ubiquitous worldwide especially in
industrialized nations, and the demand is increasing due to
the growth of rapidly emerging markets in developing
countries. As such, the intentional inhalation of volatile
solvents is a global phenomenon. In some countries, the
prevalence is lower in the United States. For example, while
American 8th to 12th graders have a lifetime prevalence of
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Figure | Trends in 30-day prevalence for voluntary use of various drugs

among American 8th grade students. Solvents are indicated by triangles
with the final point being encircled. Data from Johnston et al (2013).

10% (Johnston et al, 2013), the rate among Canadian 12- to
17-year-olds is around 3 to 5% (Weir, 2001), and among
Japanese equivalent 1st to 12th grader, the rate is 1.2%
(Kikuchi and Wada, 2003). Annual prevalence for volatile
solvent misuse among high school students in Mexico City,
Mexico is 4.1% (Villatoro et al, 2011) and among Bogota,
Colombia students, the rate is 3.4% (Lopez-Quintero and
Neumark, 2011), both cases being slightly lower than annual
incidence among high school students in the United States
(4.6%, (Johnston et al, 2013). However, prevalence of
volatile solvent misuse is likely much higher among street
children in Mexico City, and probably throughout Latin
America. (Villatoro et al, 2011). Brazil has perhaps the
highest prevalence of intentional solvent use among the
general population, as the past month prevalence rate
among high school students is 10.3% (Hynes-Dowell et al,
2011). Overall, volatile solvent incidence in South American
countries is higher than much of the world, and the peak
use occurs among 18-year-olds in Bolivia, Brazil, Colombia,
and Peru (Hynes-Dowell et al, 2011), a pattern of use that is
in striking contrast to American epidemiological patterns.
Marginalized populations worldwide, whether impover-
ished or living in isolated communities, likely have the
highest rates of volatile solvent misuse. For example, among
the Roma people of Eastern Slovakia, the incidence of
chronic inhalant abuse is around 2% for all people over 10
years of age (Vazan et al, 2011), and in some Australian
indigenous communities, over 10% of people over the age of
12 are chronic inhalant abusers (Cairney et al, 2002).
Overall, findings from epidemiological studies are clear and
consistent and show that the intentional misuse of volatile
solvents is a global phenomenon, and is concentrated
among adolescents. This is particularly concerning as
inhalation of solvents at extremely high vapor concentra-
tions negatively impacts the nervous system and behavior,
and these effects may be magnified when misuse occurs
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during adolescence due to the profound behavioral,
cognitive, and neural development that occurs during this
stage in life.

PHARMACOLOGY

The predominant route of administration of volatile
solvents is through inhalation of fumes, known in street
terms as ‘huffing, or ‘chroming’ (Lubman et al, 2008).
Toluene is detectable by humans at concentrations as low as
11 p.p.m. (World Health Organization, 2000), and a low-
detectable concentration is probably common among other
volatile solvents. In contrast, those who intentionally inhale
volatile solvents for intoxication usually expose themselves
for a short duration (around 15min) to extremely high
vapor concentrations, up to 15000 p.p.m. (Hathaway and
Proctor, 2004).

Toluene likely has the most well-documented pharmaco-
logical profile of all the volatile solvents studied. While the
majority of the toluene vapor exhaled is unchanged, the rest
enters the bloodstream through the alveoli and distributes
throughout the body (Garcia, 1996). Ten minutes following
initiation of vapor inhalation, the blood concentration of
toluene in rats reaches about 60% of maximum, and then
drops to around 30% of maximum 40min following
cessation of inhalation (Benignus, 1981). Due to excretion
from lungs and metabolism, it is estimated that about 3% of
the original vapor concentration of toluene reaches the
brain (Benignus et al, 1981).

Toluene acts as a central nervous system depressant, and
it is likely that all volatile solvents act similarly, although
potency and sites of action may differ between solvent
type. Like ethanol, the most commonly used CNS
depressant, toluene, benzene, m-xylene, ethylbenzene and
1,1,1-trichloroethane (TCE) dose-dependently and rever-
sibly inhibit NMDA receptors, with a higher potency on
GluN1/2B than GIuN1/2A receptors (Cruz et al, 1998,
2000). Toluene, TCE, and trichloroethylene (TCY) also
enhance GABA, and glycine receptor function (Beckstead
et al, 2000, 2001). In the hippocampal CAl synapses,
toluene enhances GABAergic neurotransmission by in-
creasing the intracellular calcium concentration in the
presynaptic terminal, leading to an increased release of
GABA (Maclver, 2009). While volatile solvents pharmaco-
logically inhibit NMDARs and enhance GABA, activity,
prolonged exposure to inhalants leads to a homeostatic
process whereby NMDA-mediated currents are enhanced
and GABA, currents are diminished (Bale et al, 2005).
NMDA and GABA, receptor subunit expression follows
this homeostatic response as well, with an increase in
GluN1 expression in the medial prefrontal cortex (mPFC),
GIuN2B in the NAc and VTA, and a decrease in GABA, o1
subunit expression in the VTA and substantia nigra
(Williams et al, 2005). Therefore, toluene and likely other
volatile solvents bi-directionally affect inhibitory and
excitatory synaptic transmission depending on whether
exposure is acute or chronic.

While toluene’s action on the GABA and glutamate
neurotransmitter systems likely underlies much of its CNS
depressant effects, toluene has also been shown to act on a
number of other ion channels and modulatory processes.

Neuropsychopharmacology

Thus, toluene affects synaptic signaling by increasing
intracellular levels of calcium in both glutamatergic and
GABAergic neurons, and this action is blocked by
dantrolene, a ryanodine receptor antagonist, or thapsigar-
gin, a SERCA inhibitor (Beckley and Woodward, 2011;
Maclver, 2009), suggesting an interaction with intracellular
receptors that gate calcium stores. Toluene also dose-
dependently inhibits nicotinic acetylcholine receptors, with
042 and 32 subtypes being particularly sensitive (Bale
et al, 2002). Toluene, along with TCE and TCY and ethanol,
also enhances serotonin 5HT3 function (Sung et al, 2000;
Lopreato et al, 2003). Toluene’s effect on 5HT3 receptors
may be important in mediating its rewarding properties, as
5HT3 activation synergizes with systemic administration of
ethanol in enhancing extracellular DA in the NAc (Campbell
and McBride, 1995), and in alcohol-dependent individuals,
ondansetron, a 5HT3 antagonist, reduces BOLD changes
due to alcohol cues in the ventral striatum (Myrick et al,
2008). In contrast to ethanol, toluene inhibits the calcium-
activated potassium BK channel and also the G-protein
coupled inwardly rectifying potassium channel GIRK2 (Del
Re et al, 2006). On the other hand, ethanol, anesthetics,
toluene, TCE, and tetrachloroethylene, also known as
perchloroethylene (PERC), all inhibit voltage-sensitive
calcium current-mediated voltage-gated calcium channels
(Shafer et al, 2005; Tillar et al, 2002). Toluene also inhibits
voltage-gated sodium channels, with cardiac subtypes being
more sensitive than those expressed in neurons (Cruz et al,
2003; Gauthereau et al, 2005). This mechanism may relate to
an abuser’s development of ‘Sudden Sniffing Death
Syndrome,” which is a form of cardiac failure resulting
from acute, high concentration exposure to volatile solvents
(Kurtzman et al, 2001). Toluene has a complex interaction
with ATP-sensitive P2X receptors, producing inhibition of
P2X2 and P2X4 receptors activated by low, but not
maximal, ATP concentrations, and potentiating currents
in P2X3 receptors at all tested ATP concentrations
(Woodward et al, 2004). Other effects of toluene include
inhibition of gap junction connexin channels involved in
intercellular communication (Del Re and Woodward, 2005).
These diverse actions are summarized in Figure 2 and
illustrate the wide range of potential targets for toluene in
the CNS. Based on these findings, it can be hypothesized
that toluene and other volatile solvents would have
profound effects on fast synaptic transmission mediated
by calcium-dependent release of neurotransmitters and
activation of ligand-gated ion channels with less effect on
axonal conduction. Differences in the expression of toluene-
sensitive and insensitive targets between brain regions and
during development would also be expected to determine
the sensitivity of various behaviors or brain processes to
volatile solvents. As discussed below, some of these actions
have been examined wusing animal models of drug
discrimination/reinforcement and single neuron electro-
physiological approaches.

PRECLINICAL PERSPECTIVES
Drug Discrimination

The broad range of pharmacological targets of abused
inhalants has made determining which receptor-mediated
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Figure 2 Toluene dose-dependently alters the activity of a wide range of ion channels. Color bar indicates relative range of concentrations of toluene with
odor threshold and huffing concentration indicated. Position of ion channel along the x-direction indicates relative sensitivity of individual ion channels to
toluene while position along the y-direction indicates inhibition (below dotted line) or potentiation (above dotted line). Toluene has no appreciable effect on
ion channels that overlay the dotted line. Underline indicates data collected in the author’s laboratory.

effects underlie their specific behavioral responses complex.
Fortunately, the drug discrimination paradigm is an
effective way to interrogate the involvement of specific
receptors in drugs’ interoceptive properties. In the earliest
drug discrimination studies, rodents were trained to
discriminate between saline and a drug of abuse, such as
ethanol, on a two-lever operant task. Following training,
subjects were then exposed to a volatile solvent and
responses on the saline and ethanol levers were measured
as an indication of whether the solvent was ethanol-like.
Results from these studies confirmed that volatile solvents
such as toluene and TCE have interoceptive CNS depressant
effects and show full substitution for ethanol (Rees et al,
1987b) and pentobarbital (Rees et al, 1985, 1987a).
Toluene’s ability to substitute for 1g/kg ethanol is nearly
abolished when vapor concentrations reach 5400 p.p.m., but
this may reflect overall motor impairment as animals that
could respond still chose the lever associated with ethanol.
The time course for the ethanol discriminative stimulus
effect of toluene and TCE parallels the rapid pharmacoki-
netic profile of these solvents as responding on the
appropriate lever is nearly abolished 20 min post-inhalation,
confirming that volatile solvents have a much shorter half-
life than ethanol. Toluene also partially substitutes for
amphetamine (Bowen, 2006), suggesting that toluene
produces alterations in DA activity.

To attempt to hone in on the channels and specific
binding sites that are necessary for the intoxicating
properties of volatile solvents, researchers have shifted
from using other drugs of abuse as training compounds for
the use of the abused inhalant as the discriminative stimulus
and then testing these animals with selective receptor
agonists. Mice will fully discriminate vaporized toluene
from air at concentrations between 4000 and 12000 p.p.m.,
and the discriminative time course mirrors the falling blood
concentration after vapor concentration (Shelton and
Slavova-Hernandez, 2009). Similarly, TCE can act as a
discriminative stimulus, and other volatile solvents like
toluene, ethylbenzene, o-xylene, TCY, and PERC all
substitute for TCE (Shelton, 2009). In terms of selective
channel agonists or antagonists, the benzodiazepine (BZ)
midazolam partially substitutes for TCE, an effect that is
blocked by the BZ-site antagonist flumazenil. Interestingly,

flumazenil does not block the discriminative stimulus
effects of TCE (Shelton, 2010). Zaleplon, a BZ-site positive
modulator with strong selectivity for GABA, channels
containing the ol subunit, has a lower substitution level
(39%) than midazolam, indicating that TCE may preferen-
tially act on ol-lacking GABA, receptors (Shelton and
Nicholson, 2012). Interestingly, neither the competitive
NMDA antagonist CGS-19755 nor the non-competitive
NMDA antagonists phencyclidine or MK-801 substitute
for TCE, implying that, despite the fact that TCE is a NMDA
antagonist, this site of action may not be necessary for its
interoceptive properties.

Reward Related Animal Models

The reinforcing effects of toluene have been probed by
using various animal models associated with different
aspects of drug addiction. Locomotor effects of drugs have
been commonly studied due to the fact that increased
mesolimbic dopamine activity, historically thought of as the
‘reward pathway,” induces hyperlocomotion. As for other
CNS depressants, the locomotor effects of toluene follow a
inverted U-shaped dose-response curve, with concentra-
tions around 700-1000 p.p.m. inducing hyperlocomotion,
an effect attributable to increased dopamine release in the
nucleus accumbens (Lo et al, 2009; Riegel and French, 1999;
Riegel et al, 2003). Relatedly, repeated toluene exposure
produces locomotor sensitization, an effect that cross-
sensitizes with the hyperlocomotive effects of cocaine
(Beyer et al, 2001). Intriguingly, both the acute hyperloco-
motion and locomotor sensitization effects of toluene are
more pronounced in adolescent rats (Batis et al, 2010),
suggesting that, compared with adults, toluene exposure
during adolescence may induce a larger DA surge in the
striatum. Beyond locomotion, both rats and mice show
conditioned place preference to toluene, providing evidence
that even passive exposure to toluene vapor is rewarding
(Funada et al, 2002; Gerasimov et al, 2003; Lee et al, 2006).
Furthermore both mice and non-human primates will
self-administer intravenous or vaporized toluene, respec-
tively (Blokhina et al, 2004; Weiss et al, 1979), indicating
that toluene has reinforcing properties that subjects
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will work to obtain, a signature characteristic of addictive
drugs.

TOLUENE AND THE MESOCORTICOLIMBIC SYSTEM
Toluene and Mesolimbic DA

The preclinical findings corroborate the clinical evidence
and firmly establish toluene as a positive reinforcer, but the
mechanism as to how toluene induces prolonged synaptic
adaptations that could potentially trigger addictive pathol-
ogy have not been completely elucidated. Nevertheless,
similar to other drugs of abuse (Di Chiara and Imperato,
1988), toluene dose-dependently increases extracellular
dopamine levels in the nucleus accumbens and the PFC
(Gerasimov et al, 2002; Riegel et al, 2007). These effects are
dose-dependent, as concentrations below 3000 p.p.m. do not
alter dopamine release, but 7000 p.p.m. toluene produces
robust DA and norepinephrine release in the PFC and NAc.
The enhancement of DA in the NAc lasts for over 1h
following a 30 min vapor exposure, while the increase in
PFC DA levels returns to basal levels within 45min
(Gerasimov et al, 2002; Koga et al, 2007). These increases
may reflect enhanced firing of VTA DA neurons during
toluene exposure. In rat slices, Riegel et al (2007) showed
that toluene, at a concentration as low as 370 pm, increased
tonic firing of putative DA neurons located within, but not
outside of the VTA. This concentration is far lower than the
concentration required to increase extracellular DA levels in
the NAc. This is likely because much higher toluene
concentrations are needed to switch DA neurons from
tonic to burst firing mode, the firing pattern required to
increase DA in the NAc and to produce conditioned
place preference (Tsai et al, 2009). It is still not understood
how toluene or other solvents actually increase VTA DA
neuron activity, and this has been difficult to pinpoint due
to the wide variety of sites of action. It is likely that these
effects result both from direct actions of toluene on
processes that regulate the intrinsic activity of VTA DA
neurons and indirectly via modulation of inhibitory and
excitatory inputs that impinge upon these neurons.

Toluene and Mesolimbic Plasticity

Along with increasing extracellular dopamine levels in the
nucleus accumbens, abused drugs of all classes also induce a
prolonged enhancement of glutamatergic synaptic strength
on VTA DA neurons (Heikkinen et al, 2009; Mansvelder and
McGehee, 2000; Saal et al, 2003; Ungless et al, 2001). For
cocaine, this is likely due to a postsynaptic insertion of
GluA2-lacking, calcium-permeable AMPA receptors (Argilli
et al, 2008). Drug-induced adaptations in glutamatergic
synaptic transmission is thought to be critically important in
the progression from recreational to compulsive drug-
taking, as VTA DA plasticity is necessary for synaptic
alterations in the downstream NAc medium spiny neurons
(Mameli et al, 2009). For most drugs, it is not clear how long
this alteration persists, as previous experiments have
generally recorded from putative DA neurons randomly
selected in the VTA. However, there is a building apprecia-
tion that VTA DA neurons are heterogeneous and
exhibit biochemical and physiological diversity that reflects
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their specific anatomical connections (Bjorklund and
Dunnett, 2007; Ford et al, 2006; Lammel et al, 2008). For
example, using a targeted recording approach, it was
shown that the altered glutamatergic plasticity of mesoac-
cumbens medial shell projecting DA neurons persists for
at least 21 days following a single cocaine injection (Lammel
et al, 2011).

Research from the author’s lab has shown that rats
exposed in vivo to 5700 p.p.m., but not 2850 p.p.m. toluene,
increased the AMPA/NMDA ratio in mesoaccumbens core
projecting DA neurons for at most 6 days. This effect, like
that observed for cocaine, appears to be due to insertion of
calcium-permeable GluA2-lacking AMPA receptors. Intrigu-
ingly, 5700 p.p.m. toluene enhanced the AMPA/NMDA ratio
in mesoaccumbens medial shell projecting DA neurons for
at least 21 days (Beckley et al, 2013, Figure 3). Differential
effects of drugs on NAc medial shell and core projecting
neurons have been demonstrated previously, as cocaine
more robustly enhances extracellular DA concentration in
the medial shell compared with the core (Aragona et al,
2008). Differences in sensitivity of NAc projecting DA
neurons to abused drugs may reflect the underlying circuitry
that link reward and motor output pathways. The basal
ganglia brain regions are interconnected in partially
rectified, yet reciprocating hierarchical loops, with the
mesostriatal component following the same pattern
(Everitt and Robbins, 2005; Haber et al, 2000). The NAc
medial shell is on the ventromedial axis of the basal ganglia,
receives stronger input from and has more output to limbic
regions than the core (Groenewegen et al, 1993; Humphries
and Prescott, 2010; Ikemoto, 2007; Maurice et al, 1999;
Usuda et al, 1998). Because of this anatomy, the drug-
induced alteration of excitatory transmission onto mesoac-
cumbens medial shell neurons may be more pronounced
after a single use. Then, following continued drug use,
neurons located closer to the dorsolateral axis, such as
nigrostriatal DA neurons, may be more robustly affected,
leaving the machinery that encodes goal-directed behavior
biased towards the drug of abuse. This hypothesis is
strengthened by research showing that while a single cocaine
injection has no effect on synaptic transmission onto
nigrostriatal neurons (Lammel et al, 2011), repeated drug
exposures strongly engage the dorsal striatum. The dorso-
lateral striatum is critical for habit formation (Balleine et al,
2007; O’Doherty et al, 2004) and is necessary for compulsive
cocaine-taking rats to show resistance to devaluation
of a reward; a sign of habitual behavior (Everitt and
Robbins, 2005). While further research is needed to
determine the impact of toluene and other volatile solvents
on the dorsolateral components of the basal ganglia, it is
clear that toluene engages the mesolimbic system like other
drugs of abuse.

Toluene and the mPFEC

In contrast to mesoaccumbens DA neurons, a single
administration of cocaine or toluene does not alter
excitatory synaptic strength onto mesocortical DA neurons
(Beckley et al, 2013; Lammel et al, 2011). While this suggests
that a mesocortical circuit is not actively involved in
mediating the acute actions of drugs of abuse, recent
findings from our laboratory suggest that mPFC neurons
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Figure 3 Toluene enhances excitatory transmission onto mesolimbic neurons. (a) Example of a VTA neuron that expresses red retrobeads.
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6 days (*p <0.05). (iii) Representative AMPA and NMDA traces from mesoaccumbens core neurons. (d) Summary of effects on mesolimbic shell neurons.
(i) Toluene’s effect on AMPA/NMDA ratio persists at least 2| days (¥p <0.05). (i) Representative AMPA and NMDA traces from mesolimbic shell neurons.

From Beckley et al, 2013; with permission from the Journal of Neuroscience.

are critical regulators of drug-induced changes in synaptic
plasticity of mesoaccumbens DA neurons. These experi-
ments showed that pharmacologically enhancing mPFC
activity in rats just prior to vapor exposure completely
blocked toluene’s ability to enhance excitatory transmission
onto mesoaccumbens core neurons. Furthermore, inactivat-
ing the mPFC in animals prior to toluene vapor
exposure converted a previously ineffective concentration
(2850 p.p.m.) of toluene vapor to one that robustly
enhanced the synaptic strength of NAc projecting DA
neurons (Beckley et al, 2013). These findings demonstrate
that the mPFC gates toluene’s actions on mesolimbic
synaptic transmission, presumably through an inhibitory
intermediary. The relationship between mPFC glutamater-
gic neuronal output and VTA DA neuron activity is likely
complex and mPFC stimulation is reported to both excite or
inhibit DA neuron activity (Aston-Jones et al, 2009; Gao
et al, 2007; Lodge, 2011; Tong et al, 1996). This discrepancy
could reflect differences between the studies in recording
sites used as well as the state of DA neuron activity at the
time of PFC stimulation. In a study by Gao et al (2007) that
evaluated basal in vivo activity, a majority of VTA DA
neurons displayed a slow oscillation in firing that was
abolished when tetrodotoxin was applied to the mPFC. The
decrease in firing of DA neurons during these oscillations
was temporally correlated with the initiation of upstates in
mPFC neurons; periods of sustained depolarization were
accompanied by action potential firing. These results are
consistent with an inverse relationship between mPFC
activity and VTA DA neuron firing that implicates an
intermediate inhibitory cell type in this circuit. In non-DA
VTA neurons, PFC upstates and firing showed an in-phase

relationship, consistent with the inverse relationship
between PFC and VTA DA activity. This elegant study
from Gao et al (2007) strongly suggests that, at least in
terms of spontaneous activity in vivo under anesthesia, the
mPFC exerts inhibitory control over VTA DA neurons.

Tract tracing also provides evidence that the mPFC
provides inhibitory tone over the mesolimbic pathway.
Thus, although mPFC sends robust efferents to the VTA
(Gabbott et al, 2005), few of these synapse directly onto
mesolimbic projecting DA neurons (Watabe-Uchida et al,
2012). Instead, mPFC projections terminate onto spines of
mesocortical, but not mesolimbic DA neurons and onto
local and NAc projecting GABA interneurons (Carr and
Sesack, 2000). Within the VTA, GABAergic neurons
inhibit VTA DA neurons (Omelchenko and Sesack, 2009)
and selectively activating VTA GABA neurons using
optogenetics interrupts reward consumption (Van Zessen
et al, 2012) and produces conditioned place aversion (Tan
et al, 2012).

The mPFC can also inhibit mesolimbic dopaminergic
activity through a number of other pathways, with the
corticohabenular tract being potentially critically important
in regulating the mesolimbic DA system. The mPFC densely
innervates the habenula (Hb), with a similar topography as
the basal ganglia (Haber et al, 2000); that is, ventromedial
aspects of the mPFC project to the medial habenula (MHb)
whereas more dorsal components, like the cingulate gyrus,
project to the LHb (Kim and Lee, 2012). The MHD is unique
in that it supplies a dense excitatory cholinergic projection
to the interpeduncular nucleus (IPN (Girod et al, 2000)), a
collection of GABAergic neurons that lie beneath the
cerebral peduncles in the midbrain (Kawaja et al, 1989).
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IPN neurons receive direct input from the vmPFC
(Takagishi and Chiba, 1991) and their output can provide
powerful inhibitory tone in areas including the VTA. IPN
neurons are inhibited by toluene (Riegel et al, 2007),
possibly due to toluene-mediated inhibition of nicotinic
cholinergic receptors (Bale et al, 2002) that are densely
expressed on both presynaptic terminals from the medial
habenula (mHb) and postsynaptic spines on IPN neurons
(Grady et al, 2009). There is strong evidence that the IPN is
a critical limbic brain region with influence over VTA DA
activity. For example, tetrodotoxin injected to the fasciculus
retroflexus, the nerve bundle that carries the habenuloin-
terpeduncular tract (HIT), leads to an increase in DA and
homovanillic acid in the mPFC and NAc, suggesting that
inhibiting the HIT disinhibits VTA DA neuron activity
(Nishikawa et al, 1986). The LHb provides a different
inhibitory route to the mesolimbic DA system, via a dense
projection to the GABA-rich rostromedial tegmental
nucleus (RMTg) (Jhou et al, 2009), also known as the tail
of the VTA (Kaufling et al, 2009). Activation of the RMTg
results in VTA DA neuronal inhibition (Christoph et al,
1986; Ji and Shepard, 2007) and disrupts reward-based
responding (Lammel et al, 2012; Stamatakis and Stuber,
2012). Based on its connectivity with VTA GABA inter-
neurons, the MHb, LHb, IPN, and RMTg, the mPFC provide
strong inhibitory regulation of the mesolimbic DA system
(Figure 4). Ultimately, the PFC’s top-down inhibitory
regulation confers its function in cognition and overall
contribution to goal-directed behavior (O’Reilly, 2006).

Contributing to the notion that the mPFC is a critical target
for drugs of abuse at both the recreational and compulsive
drug-taking stages, these agents appear to alter mPFC activity
directly. Cocaine has been shown to acutely depress the
cortical activity (Trantham-Davidson and Lavin, 2004), and
excessive DA tone on PFC neurons blocks the formation of
LTP via the D2 receptor and protein phosphatase 1 (Xu et al,
2009). While all CNS depressants likely depress cortical
output by pharmacologically inhibiting NMDAR and/or
promoting GABA, activity, toluene produces long-term
depression of AMPA signaling in deep-layer mPFC pyrami-
dal neurons, an effect mediated by endocannabinoids
(Beckley and Woodward, 2011). Corroborating with the
electrophysiology, a single exposure to toluene also produces
dysfunction in a behavioral flexibility task that outlasts its
motor impairment effects (Gmaz et al, 2012).

Addiction pathology is neurally defined in part by
hypofunction of the PFC, and reduced PFC output is
thought to contribute to the loss of behavioral control to
drug-paired stimuli that accompanies the development of
compulsive drug-seeking behavior (Kalivas and Volkow,
2005). Although not yet studied in solvent-exposed animals,
the intrinsic excitability of mPFC neurons from rodents
who compulsively seek cocaine even in the face of a noxious
stimulus is severely inhibited, and rodents who receive
‘therapy’ by optogenetic excitation of the mPFC during
abstinence show reduced drug seeking (Chen et al, 2013).
Altogether, the evidence points to the mPFC as a critical
node in the addiction neurocircuitry that is altered by both
acute and chronic drug use. In addition, by disinhibiting
mesolimbic DA activity, a hypofunctional mPFC likely
results in leftward shift in the ability of drugs to
promote changes in synaptic plasticity, biasing the reward
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Figure 4 The medial prefrontal cortex inhibits the mesolimbic DA
pathway through several different transsynaptic circuits. This wiring diagram
is overlaying a sagittal section ~ | mm from midline, stained with cresyl
violet Nissl stain (Paxinos and Watson, 2005). Black—glutamate, red—
GABA, blue—dopamine, green—mix (acetylcholine, substance P). IPN,
interpeduncular nucleus; LDTg, lateral dorsal tegmentum; LHb, lateral
habenula; mHB, medial habenula; mPFC, medial prefrontal cortex; NAc,
nucleus accumbens; RMTg, rostromedial tegmentum; VTA, ventral
tegmental area.

pathways to normally sub-threshold concentrations of
abused drugs.

In terms of abuse of volatile solvents and possibly other
abused drugs, we propose that the prefrontal cortex may be
one factor that critically gates the reinforcing effects of solvent
exposure via its control over drug-induced adaptations in
mesolimbic circuitry. A corollary to this hypothesis is that the
state of PFC activity or output corresponds to an individual’s
likelihood of engaging in compulsive drug seeking when
given free access to the abused compound. The PFC does not
fully mature until early adulthood, and the progression of
PEC development can be strongly altered by drugs of abuse,
stress, social relationships, and maternal interactions (Kolb
et al, 2012). Because volatile solvents are most widely abused
by adolescents, a time-period that occurs well before the PFC
is fully developed and solvents may have profound effects on
the ability of the PFC to affect behavioral output.

Alterations in mPFC activity that arise during the
progression from acute drug use to compulsive drug seek-
ing are complex. With acute solvent use, pharmacological
activation of the mPFC blocks toluene-induced adaptations
of mesolimbic dopamine neuron activity (Beckley et al,
2013). Following chronic drug use, the mPFC, and specifi-
cally the corticostriatal pathway, is less dynamic and res-
ponds preferentially to drug-salient cues over neutral cues
(Kalivas et al, 2005). Engaging the PFC early in adolescence
or when there are signs of delayed cognitive development
may be an effective way to slow or stop the potential
progression from acute drug use to habitual chronic abuse.
The PFC receives multi-sensory input, modulates signals
based on the current state and historical representations,
and then sends directed output to promote specific motor



responses. This process is severely impaired in drug addicts
(Kalivas and Volkow, 2005), and there is evidence that it is
already impaired in those who may be vulnerable to drug
addiction pathology. To wit, those dependent on psychos-
timulants and their non-drug-dependent siblings show
impairments in response inhibition and executive function
(Ersche et al, 2012). Similarly, non-alcohol-abusing indivi-
duals that have a family history of alcoholism show impul-
sive responding, with a concomitant elevated activation in
the left anterior insula and inferior frontal gyrus compared
with non-drug abusers with no family history of alcoholism
(Devito et al, 2013). Overall, further research is necessary to
determine how in vivo solvent exposure affects mPFC
function. We would predict that adolescent solvent abuse
leads to an altered mPFC state during adulthood with a
concomitant increase in sensitivity to drug-induced
excitatory synaptic alterations on mesolimbic DA neurons.
We are not aware of any preclinical or clinical studies that
examine the impact of adolescent solvent abuse on adult
behavioral response or mesolimbic system activity due to
drugs of abuse, but this is one of the critical research que-
stions regarding solvent abuse, as it is clear that adolescents
are the predominant abusers of volatile solvents.

CONCLUSION

Compared with other drugs of abuse, funding provided to
support basic and clinical research on volatile solvents is
less despite the worldwide abuse of these compounds for
their intoxicating properties. Furthermore, adolescents are
more likely to abuse volatile solvents than other age groups,
and chronic abuse of solvents may profoundly alter
development of the adolescent brain, particularly the PEC.
Although their pharmacological heterogeneity and volatile
nature make research on solvents somewhat more complex
than that for more selective drugs of abuse like cocaine, the
prevalence of solvent abuse worldwide, strong addiction
liability, and impairment they confer on cognitive proces-
sing make it critical that solvents are given the research
attention that they deserve.

Additionally, the PFC’s ability to regulate the mesolimbic
pathway is likely an important determinant of the
magnitude of drug-induced plasticity. The PFC is involved
in the entire spectrum of voluntary drug-taking, and basal
neuronal activity changes as drug use progresses from acute
intoxication to chronic drug seeking. Because solvents
acutely inhibit PFC output and impair cognitive processing,
exposure to solvent vapor may have a multiplicative impact
on the mesolimbic dopamine system, by (1) directly
enhancing DA neuron activity, and (2) by removing a
major brake on mesolimbic DA pathway output. In sum,
volatile solvents clearly are psychoactive chemicals with
reinforcing properties, and their abuse liability is to due
their ability to induce neuroadaptations in key regions of
the addiction neurocircuitry.
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