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ABSTRACT 

This dissertation represents some of the first work to associate the behavioral stimulant and 

electrophysiological effects of the putative psychotropic component of many inhalants of 

abuse, the organic solvent toluene, with changes in mesolimbic dopamine (DA) 

neurotransmission. To test if the locomotor stimulant properties of toluene are dependent 

on mesolimbic DA neurotransmission, rats received focal injections of 6-hydroxydopamine 

(60HDA) or vehicle into the NaCC, and following recovery received injections of toluene, 

amphetamine, scopolamine, and vehicle. In 60HDA-treated animals, the locomotor 

hyperactivity evoked by toluene and amphetamine, but not scopolamine or vehicle were 

reduced, and the DA concentration in the NaCC declined ~90%. To test if toluene directly 

stimulated ventral tegmental area (VTA) neuronal activity, rat in vitro brain slices containing 

the VTA were superfused with behaviorally relevant concentrations of toluene. Regions 

outside the VTA were either mildly stimulated or inhibited by toluene. Toluene was very 

efficacious at activating DA neurons in the rostral VTA regions, which project to the NaCC. 

These stimulatory efiTects appeared unrelated to NMDA receptors, and persisted in ACSF 

media designed to inhibit synaptic transmission. To examine the effects of repeated 

exposure to toluene, locomotor hyperactivity in response to daily injections of either toluene 

or vehicle was assessed. Toluene-induced hyperactivity progressively declined over the 7 

days of exposure suggesting the development of tolerance. To determine if these changes 

involved alterations in the mesolimbic DA system, the same rats were challenged with 
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amphetamine, cocaine and scopolamine. Aninuds tolerant to toluene were also cross-toloant 

to cocaine and amphetamine, but not to scopolamine. Brain slices fixim similarly treated 

animals revealed comparatively increased numbers of spontaneously active non-DA neurons 

with an -<400 fold increased sensitivity to stimulation by NMD A. In contrast, both the firing 

rates and the number of spontaneously active VTA DA cells were reduced. VTA DA cells 

also exhibited hyperpolarized action potential waveforms and a significantly reduced 

sensitivity to toluene. Taken together it appears that the abuse potential of inhalants 

containing toluene may stem from the stimulatory actions of this solvent on the mesolimbic 

dopamine system, a circuit intimately tied to the rewarding effects of most drugs of abuse. 

ABBREVIATIONS: CNS, central nervous system; VTA, ventral tegmental area; NaCC, 

nucleus accumbens; PFC, prefrontal cortex; DA, dopamine; GABA, y-aminobutyric acid; 

ACh, acetylcholine; MFB, medial forebrain bundle. 
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Chapter 1 

GENERAL INTRODUCTION 

1.1 Rationale 

at treatment and prevention of substance abuse consume an 
estimated $75 billion per year of public money, exacts an estimated $70 
billion a year from consumers, is responsible for nearly 50 per cent of the 
million Americans who are today in jail, and occupies an estimated 50 per 
cent of the trial time of our judiciary.** 

— National Review Feb 12,1996 

While numbers do not accurately convey the distress brought about by drug abuse, the 

economic impact can be calculated. The recognition of substance abuse as a significant 

problem of national concern has provided an impetus to examine the neural basis of the 

disease. While both drug abuse and addiction certainly possess a social aspect, ±ere is now 

clear scientific evidence indicating that the potential mechanistic "causes" underlying these 

patterns of behavior are rooted within specific brain circuits. This discovery has fueled the 

hope that there may ultimately therefore be a cure for substance abuse and addiction. 

Acute administration of virtually every drug — be it PCP, heroin, cocaine, or 

amphetamine - appears to increase either the neuronal activity and/or the release of the 
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neurotransmitter dopamine in a specific region of the brain, the nucleus accumbens. This 

increase in dopamine secretion is believed to be a critical element in what constitutes acute 

drug-taking behavior. However, chronic administration of most drugs of abuse initiates 

counteradaptive responses (i.e., tolerance) in brain systems, which likely reflect homeostatic 

attempts by the body to counterbalance the chronic effects of the drug. It is not yet clear 

exacdy which changes in the brain constitute the switch in state, volimtary drug use to 

the compulsive drug-seeking behavior that constitutes addiction. Nevertheless, because the 

acute and chronic administration of drag produce changes in both the brain structure and 

function which coincide temporally with many of the behavioral development of addiction, 

it is believed they are important participants in this process. 

Research into nearly all drugs of abuse has identified potential neiux>transmitter 

receptor and neuronal targets by which such substances alter brain function and thus 

potentially precipitate abuse. A conspicuous exception to this rule, however, is a very 

prevalent class of abused substances commonly referred to as inhalants or sometimes, 

volatile solvents. Historically, these compounds have been hypothesized to result fi-om 

"non-specific" mechanisms or effects. That is, in a fashion somewhat similar to general 

anesthetics such substances may produce their effects via a random disruption of the lipid 

constituents of brain cells. This idea was largely based upon a correlation between anesthetic 

potency and lipid partition coefficients. More current experiments however, indicate that the 

general anesthetics do indeed possess "specific" mechanisms of action involving restricted 
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associations with protein constituents of (nerve) cells, including specific interactions with 

receptors which play a large role in synaptic transmission (Miller, 1985; Franks and Lieb, 

1990; Grant, 1994). Thus, it is very possible that inhalants also have a "specific" mechanism 

of action. 

The general purpose of this woric was to address the prevalence of abused inhalants, 

and if possible provide a mechanistic explanation for their popularity. A prototypical abused 

inhalant is the organic solvent toluene. By using both behavioral and electrophysiological 

endpoints, we seek to identify the fimctional consequences, both physiological and 

pathphhysiological, of acute and repeated exposure to toluene on the same neurotransmitter 

pathway, the mesolimbic DA system, which appears to be imderlie the abuse of most 

substances. 

1.2 Drug Reward and Dopamine 

An object said to be reinforcing can be defined operationally as any event that increases the 

probability of response. Reward is often defined similarly but with affective coloring such 

as pleasure or hedonism. This review adopts the later definition of reward; reward is 

associated with any event for which an animal will perform an operant response. In human 

terms drug reward refers to a pleasurable effect or "high" produced by a drug which makes 

the user wish to do it again and again. Drugs have been abused throughout history though 

until recently science had progressed little if any in its understanding of the mechanism 
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driving this compulsion. One discovery in particular however contributed to what is 

considered the field of drug abuse. 

In 1954 two investigators examined whether intracranial electrical self-stimulation 

(ICSS) of the rat reticular activating system could increase attention and learning (Olds and 

Milner, 1954). During an experiment they made an important observation, and noticed one 

rat repeatedly returned to where it had received the small electrical charge. Curious, the two 

researchers discovered the electrode, accidentally placed in the anterior commissure, had 

stimulated within the lateral hypothalamus the MFB providing iimervation to other brain 

structures including the septal nucleus and amygdala. The MFB acts as a conduit for a large 

number of neurotransmitter tracts (i.e., serotonin, norepinephrine, dopamine). They 

concluded these areas of the brain may produce pleasurable sensations. 

Subsequent experiments attempted to correlate the changes with individual 

neurotransmitters irmervating the forebrain such as serotonin or norepinephrine. Ultimately, 

it became clear that electrodes placed anywhere along the MFB would support robust ICSS 

behavior in rats, but was critically dependent on dopamine. This mechanism appears 

universal throughout the living world: Homo sapiens, dogs, monkeys, goldfish, dolphins. 

Later studies reconfirmed this hypothesis showing that dopamine agonists facilitated ICSS 

while lesions of DA neurons in the midbrain and the nucleus accumbens (NaCC), 

dramatically reduced ICSS (for a review see Wise and Rompre, 1989). As described below, 

this substrate is not equally disbursed throughout the brain, but rather segregated into discrete 
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tracts. 

U Anatomy of Dopamine Systems 

Dopamine along with norepinephrine and epinephrine belongs to a class of 

neurotransmitters knovm as catecholamines because of their catechol nucleus (a benzene ring 

with two adjacent hydroxyl substituents). In 1960s, a fluorescent histochemical method 

capable of visualizing the location of catecholamine cell bodies and fibers throughout the 

brain was perfected (Falck et ai, 1962). This technological advancement was refined and 

incorporated into other techniques in the following decades, and ultimately demonstrated that 

there are several distinct dopaminergic projections within the central nervous system. The 

location of their cell bodies and coiresponding projections are shown in Fig. 1.1 (Ungerstedt, 

1971a; Thierry e/a/., 1973; Lindvall and Bjoridund, 1974; Bergere/a/., 1976; Jacobowitz, 

1978). 

Beginning with the A8 group these DA cells in the ventrolateral midbrain tegmentum 

give rise to axons which continue rostrally through the cerebral peduncles of the midbrain 

and join axons fi'om cells in A9 group that are located mostly in the zona compacta of the 

substantia nigra. The dorsal (nigrostriatal) component of this system sends fibers to the 

corpus striatum (composed of the caudate, putamen and globus pallidus) with a ventral 

component terminating in the NaCC and olfactory tubercles. 

Cell bodies of AlO DA neurons are found in the midline of the ventral tegmentum 
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just above the interpeduncular nucleus and within the decussation of the superior cerebellar 

peduncle. Axons of these cells also course rostrally and join what is referred to as the 

mesolimbic projection pathway; a projection defined by fibers originating within the ventral 

tegmental area projecting through the MFB and innervating limbic-related structures. These 

fibers terminate in forebrain areas such as the nucleus accumbens, olfactory tubercle, the 

interstitial nucleus of the stria terminalis, the septum and the nucleus of the diagonal band 

of Broca, all areas presumed to mediate primitive reactions to olfactory stimuli. More 

recendy nerve fibers have been found by more sensitive histofluorescence methods to extend 

in this pathway (along with some fibers in A9) to the fix>ntal cortex (Lindvall and Bjoiidimd, 

Figure 1.1 Dopamine pathways in the rat brain. From the zona compacta of the substantia 
nigra (A9), nigrostriatal fibers project to the caudate nucleus. From the ventral tegmentum 
(AlO), mesolimbocortical dopamine axons project to forebrain structures such as the nucleus 
accumbens (NaCC), the olfactory tubercles, and cortical areas (after Ungerstedt, 1974b; 
Lindvall and Bjorklimd, 1974). 
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1974). This constitutes the dopaminergic mesocortical pathway. The mesolimbic system 

with its mesocortical extensions is collectively referred to as the mesolimbocortical 

dopamine pathway, a system which for several reasons are classically associated with drug 

reward. Additional dopamine pathways emanate from cells in A11, which is a nuclear group 

dorsolateral and more anterior to AlO and is foimd in the posterior hypothalamus. The A12 

group is found in the arcuate nucleus of the hypothalamus and forms the tuberoinfimdibular 

tract that projects to the median eminence and the pituitary gland. A13 appears to be a 

rostral extension of A11 and gives rise to an incertohypothalamic system that projects to the 

dorsal and anterior hypothalamic areas (Bjorklurd et al., 1975). Making up another part of 

the incertohypothalamic tract are fibers from A14, a covered cluster of cells found along the 

midline as part of the rostral portion of the paraventricular nucleus of the hypothalamus; A14 

fibers project into the diencephalon. These systems probably are all involved in the confrol 

of secretion of pituitary hormones and provide a strong and significant linkage between 

neuronal and hormonal systems (Lindvall and Bjorlurd, 1974). 

The tracing of the location of catecholamine cell bodies and nerve terminals within 

the brain provided additional evidence suggesting a role for DA in behavior, psychiatric 

illnesses such as schizophrenia, and addiction (Seeman et al., 197S). Continuing research 

of the sort shown below suggested that while drugs of abuse invariably effect dopamine 

electrophysiology, this often occurs indirectly through a complex variety of processes. 
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1.4 Factors Regulating the Electrophysiology of Dopaminetgic Systems 

Early studies suggested that the neurotransmitter DA by virtue of its appearance in 

limbic and cortical regions of the CNS may be involved in drug reward. However, the 

factors controlling dopamine neurotransmission are complex and even at the present only 

partly understood. The VTA contains a variety of receptors including the derived 

neuropeptides proneurotensin, procholecystokinin, preproenkephalin, prodynorphin, 

preprotachykinin, the biogenic amines, amino acids, a well as serotonin and acetylcholine 

(for review see Kalivas, 1993). Multiple lines of evidence, however, indicate that the actions 

of three neurotransmitters in the VTA, dopamine, GABA and glutamate, appear especially 

prone to modulation by abused drugs. 

Dopamine neurons and dopamine receptors 

The overwhelming majority (~80%) of the neurons found within the VTA contain 

dopamine (Kalivas, 1993). These midbrain DA neurons are spontaneously active even in the 

absence of any synaptic input, and thus do not possess a true ''resting" membrane potential 

(Grace and Bunney, 19841a,b). They exist in two states, spontaneously depolarized or 

transiently silent and hyperpolarized. Extracellular electrophysiological recordings from DA 

soma indicate that when active, DA cells may exhibit either a single-spike or bursting mode 

(Grace and Bimney, 19841a,b). The single spike mode consists of a relative regular (or 

pacemaker) firing pattern with an average firing frequency of 4-6 Hz, whereas the bursting 
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mode consists of clusters of 3-10 action potentials each, with a decrease in spike amplitude 

and an increase in interspike intervals as bursting progresses (Grace and Bunney, 19841a,b). 

Dopamine and GABA 

Accumbens 

V. Pallidum 

GABA 

DA 

OUT LGABA-A 

Chloride 
•ATP DA Potassium 

GABA 
Cell 

ABA-A.B 

DA Potassium 

Figure 1.2. Schematic of the cellular events accompanying the regulation of dopamine cells 
and GABA intemeurons by dopamine and GABA. Somatodendritically released dopamine 
acts on D2 receptors to open ATP-sensitive potassium channels via G/Gg coupling. D1 
receptors are located primarily to descending afferents, many of which are GABAergic. 
Stimulation of D1 receptors augments GABA release and stimulates the firing fi-equency of 
intemeurons. The descending GABAergic efferent firom the nucleus accumbens and ventral 
palladium to the VTA synapse preferentially on GABA-B receptors on dopamine and 
innervate both GABA-A and GABA-B receptors on non-dopamine cells (after Kalivas, 
1993). 
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These DA neurons are known to contain a number of neurotransmitter receptors 

including DA. There exist five subclasses of the dopamine receptor (Dl-DS) though all 

belong to the same G-protein coupled superfamily. Their intracellular mechanisms vary 

depending on the subtype, for instance the Dl-like subfamily (including D1 and D5) 

stimulate adenylyl cyclase activity and cAMP formation while the D2-like subfamily 

(including D2, D3 and D4) potentiate Ca '̂̂ -evoked release of arachidonic acid, increase 

channel opening and hypeipolarize the cell membrane (for a review see Braun et aL, 1997.). 

Their distribution also varies depending on the subtype (see Fig. 1.2). DI-like receptors 

appear strictly localized to descending (i.e., GABAergic) axon terminals, unlike the D2-like 

receptors which are as suggested by mRNA expression studies more broadly localized 

throughout the VTA (Mansour et ai, 1992). A number of 60HDA (6-hydroxydopamine) 

lesion, electrophysiological and neurochemical studies place D2 receptors in very high 

density on both DA and no/i-dopaminergic neurons (Mansour et al., 1992; Kalivas et ai, 

1983). 

Cocaine is an example of a commonly abused drug whose rewarding properties 

appear to stem fix>m interactions with the dopamine transporter in terminal structures (i.e., 

nucleus accumbens (NaCC)) and will be discussed more later. Cocaine, however, also 

influences mesolimbic DA neuronal firing through interactions with D2 receptors, and hence 

when administered systemically or iontophoretically actually lowers the firing of VTA DA 

neurons (Henry et al., 1989). The inhibition is conjectured to result fi'om a stimulation of 
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somatodendritic D2 autoreceptors located on dopamine neurons which when stimulated by 

locally released (dendritic) DA inhibit DA cell firing (Henry et aL, 1989). 

Non-dopamine (putative GAB A) neurons and GABA receptors 

GAB A is the most ubiquitous inhibitory neurotransmitter in the mammalian brain, and 

is used extensively in short moment-to-moment types of synaptic communication. 

Immunocytochemistry for both GABA and the enzyme responsible for the conversion of L-

glutamic acid to GABA, glutamic acid decarboxylase (GAD), reveal the presence of 

GABAergic neurons within the VTA (Nagai et ai, 1983). More specifically, GAD mRNA 

studies indicate that these neurons not only make up 20% of the total neurons in the VTA, 

but synapse almost exclusively onto dopamine cells (Kalivas et ai, 1992). 

The GABA neurons are known to express a number of neim>transmitter receptors 

including that for GABA (Kalivas, 1992) (see Fig. 1.2). Also, there exist two distinct types 

of GABA receptors; both are inhibitoiy and when activated depresses neuronal excitability 

by hyperpolarizing the membrane (Goodchild, 1993). The GABA-A receptor subtype is an 

ionophore composed of a combination of multiple polypeptide subunits which when 

stimulated, for instance by the GABA-A agonist muscimol, tends to increase CI' conductance 

ifCl) (Goodchild, 1993). The GABA-B receptor mediates an increase in or a decrease 

in via second messenger systems (Goodchild, 1993).GABA-A receptors are located at 

all levels of the VTA but are thought to reside primarily on no/i-DA neurons since the 
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destructioii of dopamine cells with 6-hydoxydopaniine (6-OHDA) does not significandy 

reduce [^H]miiscimol binding density (Churchill et ai, 1992) (see Fig. 1.2). Studies indicate 

that GABA-B receptor localization likely follows an identical distribution (Churchill et al., 

1992). As already mentioned GABA intemeurons synapse on dopamine cells and the flow 

of information from one neuron to another is postulated to be controlled by GABA-A 

receptors. 

Evidence in support of this supposition, though only mentioned in brief here, comes 

from both in-vivo and in-vitro studies. Two examples may illustrate this point. For instance 

the spontaneous hyperpolarizing membrane potentials measured from dopamine cells in 

VTA slices are known to be mediated by GABA-A CI' channels (Johnson et al., 1992). 

Similarly, low doses of a GABA-A agonist administered systemically consistently stimulated 

the firing frequency of dopamine neurons while simultaneously inhibiting the neighboring 

/to/i-dopamine cells (Waszczak et al., 1980). Possibly the most practical example of this 

event can be found in the euphoric effects produced by alcohol, the most commonly abused 

drug today. Ethanol administered to either VTA tissue slices or parenterally in whole 

animals results in increased DA cell activity—a phenomena thought to stem from the 

GABA-A agonist-like properties of the drug facilitating hyperpolarization of non-DA 

intemeurons through changes in IqI (Waszczak et al., 1980). Interestingly GABA-A 

antagonists decrease the ability of ethanol to produce release of punished responding as well 

as ataxia and anesthesia (Frye, 1982; Liljequist and Engel, 1982). 
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Recent studies indicate the VTA likdy contains both GABA intemeurons and GABA 

projection neurons. Tracing studies have demonstrated that VTA neurons innervate both die 

forebrain and allocortex, and both DA and non-DA neurons fiom the VTA project to these 

targets (Fallon and Moore, 1978; Simon et al.. 1979). Retrograde tracing studies have 

confirmed projections of both DA- and noit-DA-containing neurons to common forebrain 

structures (Berger et al., 1978; Walaas and Fonnum, 1980). These neurons have been 

recently identified as constituting a mesolimbic GABA projection to the nucleus accumbens 

(Van Bockstaele and Pickel, 199S). 

Figure 1.3. Summary of the electrophysiological and pharmacological parameters 
associated with VTA neurons. From rî t to left the action potential waveforms, 
identification parameters, and connectivity are shown. The white box on the inset cartoon 
represents the tissue remaining in a VTA in vitro brain slice. See text for details. 
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In the brain slice preparation these neurons can distinguished by their 

electrophysiological properties and responses to bath-applied drugs. DA hyperpolarizes DA 

neurons or 1° cells via Dj receptors in the VTA (Fig 1.3) (Lacey et ai, 1987; Johnson and 

Noth 1992). The neurons tend to fire at very low (0.5 Hz) firing rates and are insensitive to 

5-HT (Fig 1.3) (Cameron et al., 1997). GABA intemeurons or 2° cells are also 

spontaneously active, fire at a higher fiiequency, and have a shorter duration action potential 

and smaller afterhyperpolarization (Fig 1.3). Unlike the DA cells, these neurons do not 

exhibit 4, and fail to respond to DA (Fig 1.3) (Johnson and North, 1992; Lacey et ai. 1989). 

In contrast, putative GABA projection neurons or 3° cells hyperpolarize to DA and 5-HT, 

fire at higher firing rates (~3 Hz), and possess a longer action potential duration (> 2 Hz) (Fig 

1.3) (Cameron et ai, 1997; Johnson and North, 1992; Lacey et ai, 1989). 

Excitatory amino acid (EAA) projections and their receptors 

Although the classical neurotransmitters such as dopamine are extremely important 

in synaptic transmission they are used by a relatively small proportion of the neurons in the 

brain. Accimiulating evidence indicates that the most widely used neurotransmitters belong 

to a class of compounds referred to as amino acids. This section focuses almost entirely on 

one particular excitatory amino acid, glutamate. 

Glutamate is synthesized in neuronal tissue by either additions of amino acids to a-

ketoglutarate or as metabolic byproduct of the ionized form of glutamic acid, glutamine. 
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Due in part to its ubiquitous nature and a lack of good visualization methods, early attempts 

to localize the neuronal pathways using excitatory amino acids as their transmitter moved 

Excitatory Amino Acids 

PPN 
Prefrontal 

Cortex Subthalamic 

NMOA 
or 

Non-NMOA 
GABA 

GABA 
Cell 

Na 
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Chloride Na Calcium Na 

Figure 1.4. Schematic of modulation of dopamine cells via excitatoiy amino acids. A 
hypothetical scheme is presented whereby afferents from the prefrontal cortex utilize 
aspartic acid to preferentially innervate NMDA receptors on the dopamine neurons. This 
is an effort to account for the large role of prefrontocortical afferents play in regulating 
NMDA-dependent burst firing. Also illustrated is the observation that bursting induced by 
NMDA receptor stimulation arises from increased sodium influx and corresponding 
activation of Na/K'̂ -ATPase. In contrast to the prefix)ntal cortex, it is proposed that other 
sources of EAA input to the VTA utilize glutamic acid which would also stimulate non-
NMDA receptors and not elicit burst firing (after Kalivas, 1993). 
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relatively slowly. More recent immunohistochemical techniques have however successfully 

circumvented previous problems and it is now apparent that the VTA receives considerable 

excitatory glutamatergic input emanating from three principle brain structures, the medial 

prefrontal cortex, the subthalamic nuclei and pedunculopontine region (Conti et al., 1987; 

Carter, 1982; Clements et al., 1991; Kita and Kitai, 1987). 

These tracts in part provide a mechanism by which anterior neocortical structures may 

alter firing and the release of DA fixnn distal DA neurons in the VTA. lmmuno<^ochemistry 

for glutaminase, a synthetic enzyme of glutamic acid, indicates that glutamatergic neurons 

are located in the VTA and are colocalized with dopamine and GABAergic neurons (Kandco 

et ai, 1988) (see Fig. 1.4). The localization of such receptors in part explains the 

electrophysiological effects of glutamatergic drugs on DA neuronal activity (see Fig. 1.4). 

When administered iontophoretically in-vivo or to tissue slices both glutamic acid and 

NMDA stimulate the firing and bursting fi^uency of dopamine neurons (Grace and Bunney, 

1986; Johnson and North, 1992). Conveisely the local administration of the EAA antagonist, 

kynurenic acid, inhibits the burst firing of VTA DA cells (Charlety et al., 1991). 

Observations such as these support the commonly held belief that the transition from 

pacemaker to burst firing is driven by an excitatory glutaminergic projection arising from the 

prefrontal cortex (Charlety et al., 1991). 
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1.5 Psychostiinulaiits and the NaCC 

Psychostimulants 

All abused drugs (cocaine, amphetamine, heroin, nicotine, alcohol, marijuana, PCP and 

caffeine) which produced psychotropic effects in humans also increased locomotor activity 

in animals (Koob, 1992). These increases are not the undirected running, jumping, crashing 

into obstacles, and so fourth seen with some pure motor stimulants such as strychnine, but 

rather an organized sensorimotor activation characterized by enhanced forward locomotor 

activity with rearing, mild snifBng, and head bobbing (Segal and Kuczenski, 1994; Koob, 

1992). Higher doses of the same drugs, however, paradoxically depressed locomotion and 

rearing (Koob, 1992). Locomotion is in fact replaced by more focused stereotypes 

(repetitive, seemingly aimless behaviors performed in a relatively invariant manner) confined 

to a small area of the cage floor. Thus, there exists a correlation between psychostimulant 

use, altered rates of reinforced lever pressing and enhanced DA levels, and interactions with 

brain dopamine (Koob, 1992). 

The NaCC 

Drawing upon anatomical woric of Falck (1962) it was speculated that another structure, 

the NaCC via reciprocal (DA and GABA) connections with the VTA is important for drug 

reward. Electrophysiological and microdialysis studies indicate that the amount of DA 

released from the terminal axon of a DA neuron is proportional to changes in firing and 
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bursting per spike of DA neurons in the VTA (Westerink et al., 1996). The differential 

effects of high versus low doses of drugs induces activity reflects activation of DA in two 

different brain structures, the nucleus accumbens for enhanced locomotor activity and the 

caudate for stereotypic behavior (for a review see Schultz, 1997). 

The woiic supporting this hypothesis is extensive, but for the sake of brevity can be 

illustrated with a few examples. For instance that either commonly abused drugs (i.e., 

cocaine) or DA injected directly into the NaCC and caudate evoke locomotor activity and 

stereotypy, respectively (for review see Le Moal and Simon, 1991). Conversely, chemical 

(6-OHDA) lesions of the NaCC and caudate, block drug-induced locomotor and stereotypic 

activity, respectively (Le Moal and Simon, 1991). Finally, microinjection of the DA receptor 

blocker haloperidol into the NaCC (but not the caudate) antagonize drug (i.e., cocaine) 

stimulated locomotor behavior (Koob, 1992). Current research is now benefited with a 

number of relatively selective agonists and antagonists with demonstrated effects on DA 

activation and motoric behavior. A common example being the selective D2-antagonist 

remoxipride which shows no measurable afiBnity for D1 like receptors. Its selectivity for the 

D2-receptor, however, is significant (dissociation constant, K, in nM for D2, D3, D4 is 300, 

2300, 2000, respectively) (Feldman et aL, 1997). 

A universal neural mechanism supporting most drug abuse behavior is well 

established, though it is not clear if people abuse inhalants for the same reason that they 

abuse other drugs (e.g., inhalants modulate dopamine neurotransmission). Indirect evidence 
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suggests that inhalants are rewarding or at least veiy popular. According to the most recent 

National Institute on Drug Abuse survey, as many as 23 percent of S"* graders in the United 

States say th^ have sniffed or "huffed" inhalants. Because inhalants can cause rapid and 

degenerative damage, determining a neural mechanism for their actions would have 

important implications for treating their abuse as a brain disease. Though it remains to be 

determined if inhalants modulate the same neural mechanism as other abused drugs, the 

results of current experiments preformed in our laboratory suggest that they do. 

1.6 Inhalant Abuse — Scope of the Problem 

The inhalation of substances to produce euphoria or hallucinations can be traced to 

the ancient Greeks where a priestess to Apollo voluntarily induced visions at the oracle of 

Delphi by inhaling carbon dioxide (Nagle, 1968). The practice was rediscovered in the late 

18"* century where at carnivals the public could experience the mind-altering effects of a new 

hypnotic gas, nitrous oxide. Fifty years later the use of chlorofoim and ether as euphoriants, 

stimulants and depressants brought attention to and eventually helped win their approval as 

surgical anesthetics. The 20"* century brought with its discovery of gasoline another and 

more devastatingly popular phase of inhalant abuse, and the abuse of solvent containing 

products quickly replaced nearly all other forms of inhalant abuse. In the 19S0s the news 

media reported that large numbers of young people were seeking a cheap "high" by snifiBng 

commonly found products such as glue. Inhalants only recently reached "drug behavior" 
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status in the 1960s and gained momentum in the early 1980s with specific reviews 

addressing particular solvents such as toluene, trichloroethylene (TCE), and dichloromethane 

(DCM) (Annau, 1981; Winneke, 1981). The National Institute of Drug Abuse (NIDA) and 

the World Health Organization (WHO), however, only addressed the potential large scale 

hazards associated with volatiles in 1977 and 1985, respectively. Periiaps because of the 

label, inhalant abuse, unfortunately, continues even today to be perceived as an innocuous 

teen behavior, rather than a dangerous form of drug of abuse. 

Presently there exist, at minimimi, 50,000 chemicals in commerce, and so it is maybe 

not surprising that the term "inhalant user" is often incorrectly (mis)applied to all inhalants 

(National Research Council, 1984). At other times the term is unconsciously used to refer 

to a specific type of inhalant. Though not universally defined there exists by convention 

three prominent classes of inhalants: volatile solvents, anesthetic gases and nitrites. The later 

two are often, though not exclusively, abused by relatively small subpopulations (medical 

personnel and male homosexuals, respectively). Their pharmacological effects and relative 

fi'equency of abuse differs fi'om those of volatile solvents per se, and thus will not be 

discussed further here. Their associated hazards have, however, been reviewed elsewhere 

(Havericos and Dougherty, 1988). 

With the increasing popularity of inhalants, their consequences have become 

increasingly obvious. Physicians regularly report a variety of lasting symptoms including 

a predisposition toward seizures, cognitive deficiencies, pemianent damage to liver, kidney. 
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heart and cranial nerves, cerebral, cerebellar and brainstem atrophy, neuropathies, 

dependence, psychosis and often death (for a review see Arlien-Soborg, 1992). Early reports 

suggesting that these effects may somehow be random appear unlikely; there is little 

individual variability in the deficits associated with individuals exposed to equivalent doses 

of solvents for equivalent duration's of time (Rosenberg and Sharpe, 1992). 

The notion that inhalants may be the 1990s **bargain" drug of choice for juveniles to 

"get high" is particulaily distressing because of the r^id onset of serious side effects. Unlike 

some other drugs of abuse (ethanol, heroin, marijuana) whose effects may only incapacitate 

the user after years or decades of abuse, inhalants strike early, within weeks to months of 

abuse. The fact that inhalants so consistently debilitate a relatively large population of 

preteen or teen age children may explain why high school drop out rates are more prevalent 

among inhalant abusers. 

Worse yet, current figures likely underrepresent the true magnitude of the problem. 

Medical examiners in the United States typically attribute deaths fi-om inhalant abuse to 

suffocation, suicide or accidents, and there exists no national system for gathering data on 

the extent of inhalant-related injuries. An ongoing epidemiological study suggests, however, 

that inhalant abusers come fi'om all socioeconomic levels of American youth and that this 

behavior may be chronic and progressive (Delva et al., 1997). A National Institute of Drug 

Abuse (NIDA) report recently revealed that inhalant use in the 6-18 year old age group was 

higher than nearly all other forms of drug of abuse and rivaled the lifetime fi-equency for 
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marijuana (Mathias, 1997). 

1.7 Evidence for a toluene-DA interaction 

To date the relationship between an inhalant's structure and its neurobehavioral 

properties remains pooriy known. While all solvents cause anesthesia this occurs in varying 

degrees independent of exposure concentration and duration (two indices predicting blood 

and brain levels). Emerging evidence argues that solvents appear to have an intrinsic 

specificity. For instance some particular solvents are uniquely pro-convulsant (n-heptane, 

n-hexane, methyl cyclohexane) while others (toluene, m-xylene) exhibit a mixed anti/pro-

convulsant pattern depending on the dose (Wood et ai, 1984). Likewise certain solvents 

(i.e., toluene) ^pear to possess inherent psychoactive properties indicative of antidepressant, 

stimulant and anxiolytic effects (Wood et al., 1984; Rees et al., 1987a.6,c; Geller et al., 

1983). 

For the abuser, the choice of which volatile solvent to inhale may depend on a 

diverse nimiber of factors (i.e., cost), though probably not availability. Abusers can draw 

upon a large nimiber of conmion household products to abuse (Table I.), but consistently 

choose to inhale products of which toluene has been identified as a major component (i.e., 

gasoline, paint thinner or spray paint) or pure toluene when possible (Inoue et ai, 1984; 

Yamanouchi et al., 1995). 
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In fact the removal of key substances such as toluene or entire products fiom the 

maiket place has done little to stop this behavior. In one case the manufactures of Texas 

Shoe Shine, a commonly abused polish (~35% toluene v/v), voluntarily discontinued their 

product fearing potential litigation (Sharp, 1992). Abusers countered the ban, however, by 

Table 1 Products commonly abused by inhalation. 
Inhalant Type Product Major Volatile Components 
volatile solvents airplane glue toluene, ethyl acetate 

paint thinner toluene, hexane, acetone, butanone, esters, xylenes 
correction fluid 1,1,1-trichloroethane 
degreasers toluene, dichloromethane, trichloroethane 
contact glues hexane, toluene, methyl chloride,acetone, ketone 
cements Trichloroethylene 
spray paint toluene, butane, hydrocarbons 
spot remover xylene, toluene, petroleum distillates 
degreaser tetrachloroethylene 
paint remover toluene, acetone, methanol, methylene chloride 

Nitrites poppers isoamyl, isobutyl, isopropyl or butyl nitrite 
Anesthetic gases medical nitrous oxide 

ether ether 
whipped cream nitrous oxide 
whippets nitrous oxide 

simply substituting existing lacquers or spray paints that also contained high percentages of 

the solvent (~ 15-35% toluene v/v). This and numerous other examples highlight the 

possibility that the organic solvent toluene may possess peculiar properties. 

Various reasons have been proposed to account for human use and abuse of 

psychoactive substances—^including inhalants, but whatever the reasons the substances must 

have pharmacological properties that satisfy the user's perceived need. One standard for 
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determining abuse potential is self administration. If an animal will leam to press a lever or 

perfisrm some other operant response to receive a particular substance, then that substance 

is by definition reinforcing. Since nearly all drugs commonly abused by humans (i.e., 

cocaine, PCP, ethanol) will support self administration in animals, it is logical to expect that 

if the rewarding properties of inhalants stem fit>m a particular component, then it too, may 

support self administration. 

Along these lines several groups examined this hypothesis and concluded that 

volatiles will indeed sustain self administration. Using intranasal infusions Yanagita and 

coworicers showed that primates willingly lever press for lacquer thinner (containing toluene) 

as well as chloroform and ether (1970). Rats and mice will also self-administer toluene via 

inhalation or intravenously (Rees et ai, 1987; Blokhina et al., 2001). Other groups 

subsequently confirmed these findings by demonstrating that animals trained to self-

administer nitrous oxide (IS sec, 60% NjO) will also readily woik for toluene vapor (15 sec, 

0.056 to 1.0%) (Wood, 1978). Several groups contend that among all the solvents toluene 

holds the highest potential for abuse (Fredlund et al., 1989; Spence et ai, 1989; Press and 

Done, 1967). 

An overriding theory in drugs abuse studies is that self-administration of drugs of 

abuse by both humans and animals stems fiom fluctuations in mesolimbic DA (Koob, 1992). 

Such a notion is particularly attractive because it attempts to link compulsive variations in 

behavior at the systems level to a particular neurotransmitter within a discrete area of the 
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brain. One established behavioral correlate of enhanced DA neurotransmission is forward 

locomotor activity. Nearly all drugs of abuse possess the ability to stimulate this 

characteristic form hyperactivity, and previous data fix>m our laboratory indicate that toluene-

induces a locomotion which is dependent iqx>n intact dopamine neurotransmission (Riegel 

and French, 1999c). Using photocell-quipped cages 600-1200 mg/kg, ip toluene produced 

an inverted U-shaped dose response (Fig. 1.5). However, in the presence of 5 mg/kg 

remoxipride (RX), a selective D2-dopanune receptor antagonist, toluene (T)-induced 

hyperactivity was reduced by 57% (Fig. 1.5). Microdialysis experiments showing that 
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Figure 1.5. A) Shows the biphasic locomotor stimulant effects of toluene (T-mg/kg). 
Note the inverted "U'' dose-response profile. B) Illustrates that the locomotor stimulant 
effects of toluene (600 mg/kg, ip), but not the cholinergic antagonist scopolamine (Sc) are 
blocked by the D2 DA receptor antagonist remoxipride (RX)— see text for details. 
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toluene inhalation increases DA concentrations in the mesoUmbic terminals regions such as 

the PFC would also appear to support a toluene-DA interaction (Stengard, 1995; Stengard 

etai. 1994;) 

In many instances, drugs of abuse indirectly increase DA levels by stimulating the 

neuronal activity of DA neurons 

projecting to terminal regions. 

Toluene may possess a similar 

mechanism of action, since the 

inhalation of abuse-relevant 

concentrations of toluene 

(12,000 ppm) also stimulate the 

firing and bursting of VTA DA 

cells (Fig. 1.6) (Riegel and 

French, 1999a). Midbrain DA 

neurons fire "bursts" of action 

potentials in response to 

sensory stimuU, including those 
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associated with primary reward. Figure 1.6. Toluene inhalation (11,500 ppm) stimulates 
VTA DA cell firing (A) and stimulates bursting (A & B) 

The bursts transmit i>i-vivo(seeRiegelandFrench, 1999afordetails). 

motivational relevant sensory information to the forebrain where they elicit a supra-additive 
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release of DA. Bursting is dependent upon a series of precisely timed cortically regulated 

factor including; (1) EAAergic afferents to DA neurons arising fiom the medial prefrontal 

cortex; (2) NMDA receptor activation (3) activation of calcium and calcium-activated 

potassiimi conductances (Overton and Clailc, 1997). 

Thus, several pieces of evidence indicate that toluene stimulates the mesolimbic 

system. While neither a precise site nor mechanism of action were obvious from these 

studies, the fact that in vivo exposure to toluene stimulates AlO DA cell firing raises the 

possibility of a direct VTA effect That is, toluene could directly stimulate AlO DA cells or 

instead indirectly via a toluene-induced inhibition of non-DA neuronal activity. The 

inhalation of toluene vapor has been shown to inhibit the cell firing of VTA non-DA neurons 

(Riegel and French, 1999b). 

Additional data suggests a toluene-DA interaction. Toluene also produce a 

conditioned place preference (CPP) and increase the frequency of intracranial self-

stimulation (ICSS) responding, two paradigms classically associated with dopamine 

(Yamanouchi et ai, 1995; Yavich and Zvartau, 1994; Yavich et ai, 1994; Waller et ai, 

1986]. Noninvasive human models such as functional magnetic resonance imaging (£MRI) 

also corroborate enhanced DA activity during self administration of addictive drugs like 

cocaine (Breiter, 1997). Furthermore, PET scans indicate that unlike healthy volunteers 

human inhalant abusers exhibit an increased rate of striatal dopamine synthesis without any 

changes in the number of presynaptic terminals or postsynaptic dopamine receptors (Edling 
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et ai, 1997a,b). If the existing neurobehavioral, self-administrative and this unique set of 

PET analysis investigating volatiles, specifically toluene, could be corroborated with a 

precise electrophysiological examination of the effects of toluene on DA neuronal activity, 

then the argument that toluene acts as a unique drug of abuse would be quite strong. 

1.8 How Human Abusers **Hufr* 

Inhalant abuse remains a considerable problem in Tucson and local police regulariy 

encoimter such individuals. Most offenders are approximately 14 years old (range 7-17 yrs) 

and have on average been inhaling or ''hufSng'* for 3 years. Inhalant abuse is illegal in most 

states. So information concerning exactly how adolescents ingest inhalants is by its very 

nature quite limited. Since in this case the police appear to possess unique information not 

found in the literature, a brief synopsis of their anecdotes may be of value. 

Spray paint is the primary and often only inhalant acquired, and it is consumed by 

dispensing approximately 150 ml of metallic spray paint into a 12 oz bottle and then placing 

the bottle into or near the mouth. The volatile components are rapidly inhaled with deep 

breaths and usually exhaled through the nose. A '%ufP' is defined as one sequential series 

of deep, rapid breaths. Adolescents may huff for 20-30 breaths (20-30 sec) followed with 

the inhalation of "clean air*' for 30 sec-1 min. As use progresses, the individual will typically 

huff for shorter periods of time (10-20 breaths) between longer periods of clean exposure (5-

10 min). Juveniles can on average consume approximately 1/3 can of spray paint during a 
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session. This behavior may be repeated upwards of 4-6 days/week. 

Data from our laboratory and others suggests that inhalant abusers likely expose 

themselves to several thousand times current OSHA limits for toluene which is 100 ppm. 

The toluene exposure concentration for glue sniffing for instance exists between 10,000-

30,000 ppm (Longely et ai, 1967). Our laboratory determined that spray paint produced 

similarly high concentrations; ISO ml of spray paint in a 12 oz botde generated a toluene 

exposure concentration >18,000 ppm (Riegel and French, 1997). 

These exposure concentrations, which only in part determine tissue levels, highlight 

the extreme nature of this behavior, but are themselves not a dose. A fundamental premise 

in pharmacology nevertheless holds that there must exist a relationship between the intensity 

of a particular pharmacological effect and the concentration of the substance at the target 

tissue in the organism. As we shall see below numerous factors exists which rule out the 

accumulation of a particular substance within a particular tissue. 

1.9 Toluene Pharmacodynamics 

Detailed analyses of the physiological and biochemical factors dictating kinetic 

patterns of uptake, distribution, metabolism and elimination of inhaled gases have been 

reviewed elsewhere (Andersen, 1981). The following sections attempt instead to discuss the 

factors necessary to understand the human consequences of inhalant abuse as well as to 

interpret any dose or blood concentration-response data. 
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Toluene, a petroleum byproduct, is utilized extensively as a lacquer in the painting, 

pressworic and chemical industries as well as an additive in motor fuels and a raw material 

to produce dyes and synthetic fibers. Extended industrial and occupational contact was 

reported early on to produce harmful CNS effects and so there exist many studies 

investigating the pharmacodynamics of toluene on the human body. Much less is known, 

however, concerning the potential implications of abuser-related doses of toluene in humans. 

Absorption 

Numerous laboratory studies past and present administer toluene intraperitoneally for 

convenience. The absorption of toluene via the gastrointestinal tract is almost complete, but 

the maximum blood concentration is reached more slowly than that following inhalation 

(Pyykko et ai, 1977). As a drug of abuse toluene containing products are almost exclusively 

inhaled. Absorption by the lungs depends on the concentration in the air, the exposure time, 

the partition coefficient (blood/air), transportation via blood and solubility in tissues 

(Peterson and Bruckner, 1978). Toluene, which in the blood can be detected within 10s of 

exposure, increases rapidly during the first IS min, reaching an asymptote within 60 min 

(Peterson and Bruckner, 1978). The log concentration of toluene in blood is a linear function 

of the log concentration of toluene in the air (Beningus et a/., 1984). 
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Distribution 

The rapid uptake and localization of toluene in die brain following (inhalation) exposure 

is of considerable interest since the CNS effects are related to concentrations in tissues 

(Beningus et a/., 1984). Toluene is rapidly distributed to highly vascularized tissue such as 

brain, kidney and liver and eventually taken up into adipose tissue. The distribution pattern 

of toluene in different brain tissues depends on the lipid solubility (i.e., partition coefficients 

of tissue/blood), perfiision rate to the organ, the extent and duration of exposure and rate of 

elimination (Beningus et a/., 1984). Brain partition coefficients (3.06) are much lower than 

those for adipose (113.16) or red bone marrow (35.43), but because of its high degree of 

perfusion brain lipid receives considerable amounts of solvent The brainstem and midbrain 

consistently exhibit the highest toluene concentrations upon first exposure (Gospe and 

Calaban, 1988). 

The ratio between toluene concentrations in brain and venous blood has been 

calculated to remain constant at 1.56 up to 8 h of exposure (Benignus et aL, 1981). 

Asymptotic blood and brain levels of toluene are achieved after one hour of (inhalation) 

exposure (Benignus et aL, 1981). Since differences in the route of administration do not 

affect the overall pattern of distribution, behavioral work testing the effects of systemic 

administrations (i.p. or inhalation) of toluene have merit (Ameno et aL, 1991). 
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Elimination and metabolism 

While the route of admiiiistration does not influence the overall pattern of distribution 

it does, however, certainly influence the elimination of toluene. The rate of elimination via 

lungs (expired air) is a fimction of ventilation and heart rate, and accoimts for a substantial 

13% of the total volume inhaled (Ailien-Soborg, 1992). Though toluene is excreted by the 

lungs (unchanged), it is also metabolized within the liver by side-chain oxidation to benzoic 

acid (about 80%) via benzyl alcohol and benzaldehyde. Benzoic acid is in tum almost 

completely conjugated with glycine and excreted in the urine as hippuric acid, while only a 

small amount is conjugated with glucuronic acid and excreted in the urine as 

benzoylglucuronide (Arlien-Soborg, 1992). 

Blood levels 

Given a long enough exposure period, both intraperitoneal and inhalation exposure 

to toluene will produce comparably high blood levels though their decay rates differ 

depending on the route of administration. For instance toluene is still detectable in blood at 

24h after intraperitoneal injections (Savolainen, 1978). However when pulmonary exposure 

is stopped, the blood concentrations of toluene in humans and rodents drop rapidly 

(particularly in the first 10 min) and correlate very well with toluene levels in the alveoli 

(Veulemans and Masschelein, 1978). In fact within a few hours only very low 

concentrations are found in either the blood and alveolar air. Complex mathematical models 
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attempting to predict the precise relationship between an inhaled concentration and 

concentration at the target tissue exist, but are subject to widely differing interpretation. 

Thus for my purposes blood levels should be of more immediate use. 

Disproportionately more woric examining human blood levels exists, but they are 

often analyzed hours to days after death and consequently vary considerably. For instance 

Nomiyama and Nomiyama showed blood toluene levels from human abusers of 10-110 

^g/ml taken 2-8 hr postmortem (1978). Takeichi et al. (1986) estimated toluene blood levels 

at 48 ^g/ml in a human worker who was acutely poisoned and fell to his death. Not 

surprisingly very few studies examining toluene in the blood of living humans during 

inhalant abuse exist. In Mexico, however, 6 inmates who regularly abused inhalants by 

subjecting themselves to abrupt (min) exposures of high concentration of toluene (10-30,000 

ppm) for a duration of their choosing agreed to a blood analysis. They reportedly showed 

no signs of distress and appeared pleasantly intoxicated (mild signs of euphoria, ataxia, 

inability to concentrate). Analysis performed within 2-10 min of the cessation of "huflSng" 

revealed a mean toluene level of approximately 30 ^g/ml (~300^^f) (range 20-35 ^g/ml) 

(Garriott, et aL, 1981). The simple correlation between toluene blood levels and volimtary 

human self administration of abuser relevant exposure concentrations makes this study 

arguably one of the most relevant studies to human inhalant abuse. The lethal limit for such 

exposures in humans remains undetermined, but in rats the LDSO for i.p. and inhalation 

exposures are calculated to be 1.6 g/kg and 12,200 ppm for 120-150 min of exposure. 
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respectively (Kojima and Kobayashi, 1973). 

At levels similar to those obtained in abusing humans (250-350 |iM) (Ganiott et ai, 

1981; Miyazaki, et al 1990) or self-administering primates (300 (xM) (Weiss, 1994), toluene 

augments lever pressing for 

food and water reinforcement 

(60-981 nM) (Wood and Cox, 

1995), and it produces obvious 

signs of CNS excitation (390 

^M) (Kishi, 1988) such as 

locomotor hyperactivity (90-

900 nM) (Wada, 1999; Molnar 

et al 1986; Riegel and French, 

1999c). In vivo exposure to the 

solvent increases the firing rate 

human Eg-

• Conccnliatioii range of 
toluene (o be tested in the 

brain<«Iice preparation 
{Mack box) 

LOso 
2653 mM 

• 2H 4M IN UC 1«M 12N 14l« IMt IMI »N 
ftokiene] in Mood (|jM) 

Figure 1.7. Drug-abuse relevant effects of toluene in 
humans, monkeys, and rats are strongly correlated with 
the concentration of toluene in the blood. Self-admin 
refers to self-administration. DA release refers to 
microdialysis experiments in the PFC, and DA neuron 
firing refers to in-vivo VTA DA neuronal activity. See 
text for details 

of rat VTA DA neurons (44-872 fiM) (Riegel and French, 1999a) and the levels of DA in the 

rat striatum (Stengird K, 1995; Steng^d, et al 1994) and PFC (400-980 nM) (Gerasimov et 

al., 2001). The attenuated behavioral responses to toluene (e.g., declining phase of the 

inverted "U") are associated with higher concentrations and include anesthesia (1.4 -1.9 

mM) (Kishi, 1988; Molnar et al 1986) or death (LDjo-ioo 2.9 mM; > 6 mM) (Kishi, 1988, 

Molnar era/ 1986). 
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Higher blood toluene concentrations (> 2 mM) are typically associated with CNS 

depressant effects expressed as attenuated locomotor activity, and reductions in self-

administration, CPP and ICSS behaviors. (Riegel and French, 1999c; Yamanouchi et al., 

1995; Yavich and Zvartau, 1994; Yavich era/., 1994; Weiss cf a/., 1979). The blood toluene 

concentrations (in ^M) referred to above were approximated from pharaiacokinetic studies 

using the same exposure concentration and duration (Kishi, 1988; Rees et al., 1985; 

Miyagawa, etal., 1984; Miyagawa, 1986).]. 

References are shown at the back of this thesis. 
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Chapter 2 

HYPOTHESIS 

To date the evidence demonstrating that toluene possesses the rewarding properties 

responsible for the popularity of compounds containing this solvent remains equivocal. It 

is premature to conclude that toluene is responsible for the reward properties of all inhalants, 

since there exists inhalants of which toluene is not an ingredient. However given the 

popularity of toluene containing products and the preponderance of the evidence suggesting 

that toluene can influence behavior, it is only reasonable to conclude that it may possess 

rewarding properties. Thus the following hypotheses will be tested; 

1. Depletion of DA in the NaCC by focal injections of 6-hydroxydopamine will 

attenuate the behavioral hyperactivity associated with acute toluene exposure. 

2. Acute exposwe to behaviorally relevant concentrations of toluene will stimulate 

VTA DA neuronal firing in vitro. 

3. With repeated exposure (ip), rats will develop tolerance to the locomotor 

stimulatory properties of toluene. 

4. Rats tolerant to the locomotor stimulatory properties of toluene will develop 

cross-tolerance to amphetamine and cocaine, but not scopolamine. 
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5. Rats tolerant to the locomotor stimulatoiy effects of toluene will show alterations 

in VTA DA neuronal excitability. 
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Chapter 3 

Depletion of Dopamine in the Nucleus Accumbens via Focal Injections of 

6-Hydroxydopamine Attenuates the Behavioral Hyperactivity 

Associated with Acute Toluene Exposure 

Arthur C. Riegel*, Syed Ali**, Tuyet H. Nguyen*, Edward D. French 

Manuscript Number One; [in preparation] 
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ABSTRACT 

The present study tested the hypothesis that mesolimbic dopamine neurotransmission 

underlies the behavioral stimulant effects of the abused inhalant toluene. Rats pretreated 

with desipramine and pargyline received bilateral injections of the neurotoxin 6-

hydroxydopamine (6-OHDA) or vdiicle into the nucleus accumbens (NaCC). Commencing 

14 days later the animals were challenged with toluene, amphetamine and scopolamine. 

Compared to sham and naive controls, the lesioned animals showed a significantly reduced 

response to the locomotor stimulating effects of amphetamine and toluene, while 

spontaneous and scopolamine-induced activity were not reduced by the lesion. The 

subsequent analysis of brain DA content revealed a 91% depletion of DA in the NaCC of the 

6-OHDA-treated animals. These findings demonstrate that, like the psychostimulant drug 

amphetamine, the locomotor stimulant effect of toluene is dependent upon intact mesolimbic 

dopamine neurotransmission. 

Keywords: 6-Hydroxydopamine, inhalant-abuse, toluene, nucleus accumbens, dopamine, 

amphetamine 

INTRODUCTION 

Recent statistics show that inhalant abuse by adolescents (also known as volatile substance 

abuse) is only exceeded by their use of alcohol, cigarettes and marijuana (US Department of 



52 

Health and Human Services, 1999). Despite the prevalence of volatile substance use, 

inhalants remain one of the most understudied drugs of abuse. Moreover, unlike the other 

commonly used drugs, even short term exposures to inhalants can result in severe irreversible 

neurological damage and dire health consequences (Yamanouchi et al., 1995). 

The acute consumption of inhalants by hvmians produces a variety of symptoms 

including euphoria, hallucinations, dependence and psychosis [Balster 1999; Flanagan and 

Ives, 1994]. It is likely that it is the euphoiigenic properties of these substances which leads 

to their further use. The organic solvent toluene is considered a prototypical psychotropic 

ingredient common to many products consumed by inhalant abusers. There is also clinical 

literature which documents that humans will abuse pure toluene when it is available 

(Flanagan and Ives, 1994). 

The behavioral effects of many drugs follow an inverted AU@ dose response with 

low-doses being stimulatory while higher-doses are dq>ressants (\^se, 2000). Toluene also 

produces similar behavioral effects, and these are closely correlated to blood and 

commensurate brain toluene concentrations. For inhalational exposure, blood toluene levels 

are dependent upon both exposure concentration and exposure dui'ation (Miyagawa et al., 

1984). Similar blood/brain levels can also be achieved following an acute intraperitoneal 

(IP) administration of the solvent (Miyagawa et al., 1984). 

Irrespective of the pharmacokinetic differences between these two different routes 

of administration, low blood toluene concentrations characteristically stimulate locomotor 
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behavior, support self-administration in non-human primates, rats and mice, produce a 

conditioned place preference (CPP), and increase the frequency of intracranial self-

stimulation (ICSS) responding (Yamanouchi etal., 1995; Yavich and Zvartau, 1994; Yavich 

et ai, 1994; Waller et ai, 1986]. Higher blood toluene concentrations on the other hand are 

typically associated with CNS depressant effects expressed as attenuated locomotor activity, 

and reductions in self-administration, CPP and ICSS behaviors. (Riegel and French, 1999c; 

Yamanouchi et ai, 1995; Yavich and Zvartau, 1994; Yavich et ai, 1994; Weiss et al.^ 1979). 

However, the mechanisms mediating this spectrum of effects remain to be established. 

Still, the fact that previous studies have established a link between elevated 

mesolimbic dopamine levels and the rewarding and locomotor stimulant effects of most 

abused drugs (Wise, 2000) makes this neurotransmitter a likely target for the euphorigenic 

and behavioral stimulatory properties of toluene. 

In support of this notion we previously reported that toluene-induced forward 

locomotor behavior in the rat was attenuated by remoxipride, a dopamine antagonist reported 

to preferentially bind to dopamine Dj receptors in the nucleus accumbens (Riegel and 

French, 1999c; Ogren et ai, 1984). Moreover, using single-unit extracellular recordings we 

found that VTA DA neuronal activity was increased in rats inhaling toluene (Riegel and 

French, 1999a). It would not be unreasonable to expect that such an effect would also be 

accompanied by increased DA levels in mesolimbic structures such as the NAC. In the 

present study we addressed this potential mesolimbic-toluene interaction by examining the 
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effects of neurotoxic lesions of dopamine terminals in the nucleus accumbens on toluene-

induced behavioral hyperactivity. 

MATERIALS AND METHODS 

All experiments were conducted on male Sprague-Dawl^ rats (Harlan Sprague Dawley, 

Inc.) weighing between 240-300g. The animals were maintained in a central animal facility 

under controlled lighting (12hr light/daxk schedule) and temperature, with free access to food 

and water. Locomotor activity was measured in photocell equipped cages using an 

experimental design previously described (Riegel and French, 1999). Gross behavioral 

observations were noted but not quantified. Statistical comparisons of the grouped data were 

made using Student's Mest, while drug treatment interactions were analyzed by a repeated 

measure two-way analysis of variance. As described elsewhere, at the conclusion of the 

behavioral testing (day 19) the NAC was removed bilaterally and stored frozen at -80 C until 

the later determination of DA content using HPLC techniques (French and Vantini, 1984; 

Iman and Ali, 2001). The preparation of the 6-OHDA solution and the surgical method for 

injections of 6-OHDA and vehicle are described in detail elsewhere (French & Vantini, 

1984). Thirty minutes prior to surgery the animals were also pretreated with pargyline (SO 

mg/kg, ip) and desipramine (25 mg/kg, ip) (Sigma Chemicals, St. Louis, MO, USA) (French 

& Vantaini, 1984). The animals were allowed 14 days to recover before behavioral testing 

was commenced. Both the preparation of toluene and its vehicle solution have been 
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Figure 3.1. Acute locomotor stimulant properties of (A) amphetamine (Amp, 1.5 mg/kg, ip) and 
(B) toluene (Tol, 600 mg/kg, ip) in naive, sham-, and 6-OHDA-lesioned animals. Injections 
were given at time AO" following a 60 min acclimation period. Data represent the mean 
photocell counts ± SEM at each 10 min interval. Significant differences between treatment 
groups were determined by two-way repeated measure analysis of variance followed by post-
hoc testing using Dunnett's multiple comparison test. Activity values of sham+Amp vs. 
naive^Amp and sham+Tol vs naive+Tol were nonsignificant. A significant difference was 
found between sham -f-Amp and lesion+Amp and sham+Tol vs. lesion+Tol (•/'<0.01, Student's 
Mest). Inset graphs depict the mean total photocell coimts (numbers under each bar) over the 
3 hr recording period following amphetamine and toluene. ***/'<0.001 and *P<0.0S (Student's 
t-test) in comparing lesion+Amp and lesion+Tol to their respective effects in the sham groups. 
No differences in activity were noted between the naive and sham groups (P>0.05). 
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described elsewhere (Riegel and French, 1999c). Dextro-amphetamine sulfate (Smith Kline 

& French Labs, Philadelphia, USA) and scopolamine HCl (Research Biochemicals 

International, Massachusetts, USA) were dissolved in saline, and their doses were calculated 

based upon weight of the salts. V^cle, amphetamine, scopolamine and toluene treatments 

were each separated by one day. Specifically, the 3 treatment groups (naive, 6-OHDA, and 

sham rats; n=8 /group) received injections of amphetamine (day IS; 1.5 mg/kg, ip; Fig. 

3.1A), toluene (day 16; 600 mg/kg, ip; Fig 3.1B.), scopolamine (day 17; 1.25 mg/kg, ip; Fig 

3.2A), and olive oil vehicle (day 18; 600 mg/kg, ip; Fig 3.2B). The doses of the challenge 

drugs were selected for their optimal effects on forward locomotion (Riegel and French, 

1999c; French & Vantini, 1984). 

RESULTS 

The time-courses for the locomotor stimulatory effects of toluene, amphetamine and 

scopolamine are shown in figures 3.1 and 3.2. When compared to naive and sham treatment 

groups, the photocell counts generated in response to the administration of amphetamine 

(Fig. 3.1 A) and toluene (Fig. 3.IB) were significantly reduced (>55%) in the 6-OHDA 

treated rats. Compared to naive or sham treated animals, the 6-OHDA injected rats also 

exhibited less drug-associated grooming, snifiBng, and variable rearing. An examination of 

the time-courses of drug action also revealed that amphetamine and toluene-induced activity 

were maximum between 20B60 minutes post-injection. In contrast, when compared to naive 
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and sham treated animals, the magnitude and time-course of the stimulatory effects of 

scopolamine in the 6-OHDA treated animals were not different (Fig. 3.2 A, B). 

onaive *• Sep (n = 8) 
• lesion Sep (n = 8) 
^sham Sep (n = 8) 

•60 -40 -20 0 20 40 60 80 100120140160 180 
time(min) 
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-60 -40 -20 0 2(0 40 60 80 100120140 160 180 
time (min) 

Figure 3 2. Effects of scopolamine (A) (Sep, 1.25 mg^g> ip) and vehicle (B) (Veh, 
600 mg/kg, ip) on locomotor activity in naive, sham-, and 6-OHDA-lesioned 
animals. Data represent the mean photocell counts SEM at each 10 min interval. 
Injections were given at time "0" following a 60 min acclimation period. Two-way 
repeated measure analysis of variance found no statistical differences between 
treatment groups (P>O.OS). Inset graphs depict the mean total photocell counts over 
the 3 hr recording period following scopolamine or vehicle for each group. 
Differences between groups were not significant (P>0.05, Student's f-test). 
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The subsequent analysis of catecholamine levels within the nucleus accumbens from 

all 3 treatment groups (Fig. 3.3) foimd a statistically significant reduction of DA in the 6-

OHDA lesioned animals. DA 

concentrations in the sham-injected group 

were roughly identical to those found in 

the naive animals (Fig. 3.3). 

It 
1000. 

It 

1 800 
O) 
E 
o 
o 600 
T— 

1 1 400 

E (D Q. 200 
w Q 

naive lesion sham 
(n = 8) (n = 8) (n = 8) 

873 ±44 82 ±16 884 ±24 

DISCUSSION 

The present results demonstrate that 

destruction of DA terminals within the 

nucleus accimibens effectively attenuates 
Figure 3.3. DA levels in the nucleus 

the locomotor activation produced by the accumbens of naive, sham-, and 60HDA-
lesioned animals. Data represent the mean 

systemic administration of toluene. tissue concentrations (ng/lOOmg wet weight 
SEM). Significant differences in DA levels 

Similar effects were observed with the between treatment groups were determined 
by the Student's r-test ***/'<0.001 when 

psychostimulant amphetamine, which acts comparing the lesion group to the sham 
group. Differences between naive and sham 

through a mesolimbic-DA dependent groups were not different (/M).05, Student's 
Mest). 

mechanism, but not that of scopolamine which activates locomotor behavior through a DA 

independent mechanism. The lesion effect is likely due to the selective destruction of 

dopamine as desipamine pretreatment prevents 6-OHDA lesions of norepinephrine 

containing nerve terminals (for review see Frazer, 2001). Thus it appears that toluene's 
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behavioral stimulatory effects are, like that of other psychomotor stimulants, due to an 

augmentation of dopamine neurotransmission within the mesolimbic NaCC. Notably, it is 

the activation of this system which is thought to underiie the potent rewarding effects of most 

abused drugs (Kalivas, 1993; Koob, 1992). 

It is not immediately obvious fix>m current studies exactly the site(s) or mechanism(s) 

by which toluene acts to increase DA neurotransmission and its associated locomotor 

hyperactivity. Since toluene does produce a profile of pharmacological and behavioral 

effects similar to that of ethanol (EtOH), they may share a similar mechanism of action 

(Balster, 1991). Like EtOH, toluene in concentrations that are relevant to human abuse 

activates VTA DA neurons during in vivo exposure upon inhalation of the solvent However, 

this effect could be due to an indirect disinhibitory mechanism since the inhalation of similar 

concentrations of toluene also produces an inhibition of VTA non-DA (putative GAB A) 

neurons (Riegel and French, 1999b). These electrophysiological effects were also foimd to 

occur at blood toluene concentrations (maximum ~800 ^M) which are roughly equivalent 

to those (maximum ~700 |iM) foimd after the IP injection of toluene in doses similar to that 

used in the present study (Kishi et al., 1988). Moreover, continuing studies in our laboratory 

using an isolated brain slice preparation of the VTA region indicate that the same 

concentrations of toluene in the perfiisate augments VTA DA neuronal firing and 

functionally inactivates both GABA projection and GABA intemeurons (Riegel and French, 
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2001b). Thus, abused inhalants like toluene may produce their locomotor stimulation, and 

presumably rewarding effects, by a direct effect within the VTA itself 

In summary these experiments provide the first data associating the locomotor-

stimulant effects of toluene with increased DA release within the mesolimbic nucleus 

accumbens. This connection may be particularly important for a better understanding of the 

abuse potential of the inhalants containing toluene and the identification of the functional 

consequences of toluene abuse. These results are also consistent with the effects of other 

commonly abused drug in that the primary mesolimbic DA reward pathway appears to be 

involved. 

References are shown at the back of this thesis. 

Acknowledgments: Art Riegel was supported by grant # NIDA T-334I80. 
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Chapter 4 

Toluene Directly Activates Rat VTA Dopamine Neurons/it vitroi a 

Physiological Basis for the Acute Rewarding Effects of Abused Inhalants 

Arthur C. Riegel and Edward D. French 

Manuscript Number two: [in preparation] 
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ABSTRACT 

Evidence indicates that the abuse liability of most addictive drags results fix>m their 

alterations in the mesolimbic dopamine (DA) system of the brain, which normally provides 

the tone crucial for reinforcing behaviors associated with evolutionarily advantageous 

stimuli. Though a site of action has yet to be determined, inhalable volatile solvents like 

toluene similarly possess addictive-like qualities and a high abuse potential. In this study, 

we tested the hypothesis that toluene produces its rewarding effects by directly activating DA 

neuronal activity in the ventral tegmental area (VTA), the site of origin of the mesolimbic 

system. Extracellular electrophysiological determinations were made in rat brain slices using 

chromatographically determined concentrations of toluene relevant to self-administration 

(20-800^M). Toluene superfiision produced a reversible concentration-dependent excitation 

(>4.5 Hz above baseline) of VTA dopamine (DA) neurons, but either weak excitation (<0,5 

Hz) or inhibition of neuronal firing in the regions surrounding the VTA. Non-DA neurons 

(putative GABA inter- or projection neurons) responded to toluene with brief excitations, 

which progressively inactivated. Toluene's stimulatory effects persisted despite NMDA or 

/lo/i-NMDA receptor blockade with CGS-19755 (10-40 jiM) or CNQX (10-40 jiM) or 

NMDA receptor or channel activation via NMDA (3-20 ^iM) or low (0.1 mM) Mg^^ ACSF 

media. The stimulatory effects also persisted in a low Ca^7 high Mg^^ ACSF media designed 

to inhibit synaptic transmission. Taken together, these data indicate that the abused inhalant 

toluene can modulate mesolimbic DA neurotransmission by directly stimulating VTA 
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neurons through a postsyn^tic mechanism probably unrelated to the NMDA receptors. 

Such changes may be integral to the reinforcing efiTect underlying inhalant abuse. 

Key words: toluene, electrophysiology, VTA, dopamine, CGS-19755, CNQX, NMDA 

receptor, non-dopamine, GAB A, intemeuron, projection neuron, gas chromatography flame 

ionization detection (GC/FID) 

INTRODUCTION 

The mesocorticolimbic dopamine (DA) projection from the VTA is a major component of 

the neural circuitry underlying the reinforcement of rewarding natural stimuli such as sex and 

food (Wise, 1996). Microdialysis studies indicate a strong correlation between increased 

DA neuronal activity and increased concentrations of DA in mesolimbic terminal regions 

(Westerink et aL, 1998). Addictive drugs such as cocaine, amphetamine, heroin, nicotine 

and ethanol also increase the concentrations of DA in teminal regions, and by activating this 

pathway elicit forward locomotor activity (Koob, 1992). Animals will self-administer 

addictive drugs directly into the brain regions containing this pathway, and focal lesions or 

direct injections of a DA receptor antagonist into the same areas reduce operant responding 

for morphine, cocaine, amphetamine, nicotine, and toluene (Wise, 1996; Koob, 1992; Riegel 

and French 2001a). It is the activation of this system, which is believed to underlie the 

rewarding effects of most drugs of abuse. 
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The mesolimbic DA pathway consists of axons originating fiom the ventral tegmental 

area (VTA) which ascend out through the medial forebrain bundle to densely iimervate the 

nucleus accumbens (NaCC) and the prefixintal cortex (PFC) (ref). Electrophysiological 

studies indicate that neurons in the ventral tegmental area (VTA) M into different categories 

that are readily distinguished by their electrophysiological properties and responses to bath-

applied drugs. Principal (or tyrosine hydroxylase (TH) positive) primary DA neurons 

generate broad action potentials and are hyperpolarized in response to dopamine (Cameron 

et ai, 1988; Grace and Bimney, 1983). Secondary (glutamatic acid decarboxylase (GAD) 

positive) no/i-DA cells fire high firequency narrow action potentials, and are insensitive to 

dopamine (Cameron et aL, 1988; Grace and Bunney, 1983). Tertiary (GAD positive) non-

DA neurons show wide action potentials, and are hyperpolarized by both 5-

hydroxytryptamine and dopamine (Cameron et ai, 1988). The secondary and tertiary 

neurons are speculated to fimction as GABA inter- or projection neurons, respectively 

(Cameron e/a/., 1988). 

The abuse of inhalable volatile solvents like toluene is ranked as the 4"* most common 

pattem of substance abuse in the United States (ref; Balster, 1991). Inhalants produce an 

inverted "IT' CNS pattem of activation, resembling in many respects both CNS depressants 

and stimulants (Evans and Balster, 199; 1991; Flanagan and Ives, 1994). Acutely, inhalants 

produce euphoria, ataxia, intense hallucinations and often hostile behavior (Flanagan and 

Ives, 1994; Evans and Balster, 1991; Weiss et aL, 1979). Human and rao/t-human primates 



6S 

will self-administer the solvent (Flanagan and Ives, 1994; Yamanouchi et al., 1995). In a 

fashion similar to other abused drugs, toluene also increases the rate of intracranial self 

stimulation (ICSS), and produces a conditioned place preference (CPP). Toluene also 

stimulates VTA DA neuronal firing and increases DA release in mesolimbic structures 

(Riegel and French 1999a; Steng^ et al., 1994). 

The above observations strongly suggest that toluene likely possesses rewarding 

properties. If this is true, and it is alterations in the mesolimbic DA system that underlie the 

abuse potential of drugs, then toluene must interact with some portion of this pathway to 

activate neurotransmission. Previous studies suggested the possibility that toluene may 

ultimately increase DA concentrations through a mechanism of action similar to cocaine (von 

Euler et al., 1991). Other studies cast doubt on this hypothesis and have revealed additional 

cellular targets including receptors associated with specific ligand gated ion channel 

receptors such as acetylcholine (ACh), GABA^, and glycine (Beckstead et al., 2000). Still, 

the mechanistic basis underlying the abuse potential of inhalants however remains to be 

determined. In the present investigation we provide evidence that toluene can directly 

activate DA neurons located in the VTA, and that this occurs through an NMD A receptor-

independent mechanism. 

MATERIALS AND METHODS 

Electrophysiology. In current experiments 54 naive, young (19-32 day old), male Sprague 
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Dawley rats were used under protocols approved by the University of Arizona lACUC. 

Animals were housed under a 12-h-on 12-h-off light—dark schedule (07:00-19:00) with 

constant room temperature and free access to food and water. The preparation of midbrain 

slices has been described in detail elsewhere (Wang & French, 1993). Briefly, rats were 

deeply anesthetized with ether, dec^itated and the brains placed in an ice cold, oxygenated 

(95% O2/ 5% CO2) artificial CSF (ACSF) solution composed of (in mM) 124 NaCl, 2.5 KCl, 

1.25 KH2PO4,2.4 MgS04,2.5 CaClj, 25.7 NaHCOj and 10 D-glucose. In the experiments 

designed to recruit NMD A receptor mediated activity lower Mg^^ concentrations (1.2 mM 

and 0.1 mM) were used (Fig. 4.12). In the experiments designed to inhibit synaptic 

transmission (Fig. 4.14) 0.25 mM or 0.50 mM Ca^"^ and 7.25 mM or 10 mM Mg^* were 

substituted. Coronal slices (4(X) ^m) containing the VTA were cut from a block of tissue 

with a vibrating tissue slicer (Vibratome®) (Oxford) and subsequently incubated in an 

ACSF-himiidified interface chamber at room temperature for >1.5 hr. 

With the aid of a dissecting microscope and transillumination of the slice, the VTA 

was visually identified as a gray area medial to the medal lemniscus and ventral to the red 

nucleus of the accessory optic tract, which separates the VTA from the substantia nigra. 

Extracellular recordings were made with glass microelectrodes filled with a solution of 2% 

pontamine sky-blue in 0.5 M sodium acetate. The impedance of the electrodes ranged fixim 

17-26 mH measured at 130 Hz sine wave. Action potential signals were amplified using a 

differential AC amplifier (World Precision Instruments Inc., Sarasota, Florida, USA), 
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displayed on an oscilloscope, and isolated fiom background noise by a voltage-gated window 

discriminator. Output pulses of the discriminator were digitized at 4-10 kHz using a 

National Instruments (Austin, TX) Lab PC 1200 analog-to-digital converter, and the signal 

split for data storage and computer analysis. Data was stored magnetically via a Toshiba 

videocassette recorder equipped with reciprocal A-D conversion (Vetter Instruments, 

Rebersurg, PA, USA). Data was analyzed via an IBM-compatible personal computer 

operating both a real-time ratemeter histogram analysis program (RISI, San Antonio, Texas, 

USA), and electrophysiology software (Strathclyde package courtesy of Dr. John Dempster, 

Strathclyde University, Glasgow, UK) to monitor/capture action potential waveforms. All 

neurons were recorded for 3 to S min to establish a stable base-line firing rate. 

Identification of neuronal subtypes according to well-characterized criteria has been 

described in detail elsewhere (refs). Presumptive dopamine (DA) (e.g., primary) neurons 

were identified as having; (I) biphasic or triphasic positive-negative waveform action 

potentials with a somatodendritic (S-D) "notch"; (2) action potential duration > 2 msec; (3) 

firing rates of ~0.5 Hz; (4) inhibition of neuronal firing in response to 50-100 ^iM DA; (5) 

neuronal unresponsiveness to 60 fiM 5-HT (Bunney et al. 1973, Grace & Bunney, 1984). 

Putative non-DA (secondary) neurons were identified as having: (1) biphasic positive-

negative waveform action potentials lacking a S-D notch; (2) action potential duration < 2 

msec; (3) firing rates of > 2 Hz; (4) non-responsive to 50-100 MM DA; and (5) stimulated 

by 60 ^M 5-HT (Cameron et al., 1988). Secondary neurons are speculated to fimction as 
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local GABAergic inhibitory intemeurons (Cameron et ai, 1988; van Bockstaele and Pickel, 

1995). Putative non-DA (i.e., tertiary) neurons were identified as having: (1) bipbasic or 

triphasic positive-negative waveform action potentials lacking a S-D notch; (2) action 

potential duration > 2 msec; (3) firing rates of ~3 Hz; and (4) neuronal firing attenuated by 

both 50-100 DA and 60 jiM 5-HT (Cameron et al.^ 1988). Tertiary neurons are 

speculated to function as GABAergic projection neurons (Cameron et al., 1988; van 

Bockstaele and Pickel, 1995). 

The recording site location was confirmed by iontophoresing pontamine sl^-blue dye 

(Sigma, St. Louis, MO) fixim the recording electrode with an alternating current source 

(Wang and French, 1993). The tissue was then fixed overnight in 4% formaldyhyde in 0.1 

M sodium phosphate buffer (PB, pH 7.4) (Ricca Chemical Company, Arlington, TX), 

followed by immersion in cyroprotectorant solution of 2% polyethylene glycol and 30% 

sucrose (Sigma, St. Louis, MO) in 0.1 M phosphate buffer (pH 7.4) for an additional 24 hrs. 

The slice was laid flat between two glass coverslips, rapidly frozen onto an O.C.T. block 

pre-sectioned in the cutting plane, and sectioned on a freezing microtome (Johnson et al., 

1996). The resulting 5-10 ^m coronal tissue sections were stained with cresyl violet, cover 

slipped and examined on a light microscope. The VTA region, an ~1.8 mm segment along 

the rostral-caudal axis, was defined as either rostral (~4.4-5.3 mm posterior to bregma) or 

caudal (~5.3-6.2 mm posterior to bregma) based on existing topographical studies (Paxinos 

and Watson, 1986; Dahlstrom and Fuxe, 1964; Swanson, 1982). 
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Chromatography. The concentrations of toluene in the recording chamber were 

determined fix)m a total of 34 experiments. Standard solutions were made fresh for each 

assay by combining 895 )il ACSF, 5 ^1 of freshly prepared internal standard (IS ^l 

benzene/10 mis CSj), and 100 (il of a toluene (20-1000 ^M)-Tween-80 stock solution 

(described below) in 6ml glass vials which were immediately crimp-sealed using a Teflon 

lined septum. Sampled aliquots (100 ^1) from the recording chamber were spiked with 5 ^1 

of the internal standard stock solution and similarly sealed in the glass crimp top vials. The 

vials were then staggered in a heated 25°C sandbath for 30 min, prior to removal of 100 ^1 

of headspace with a gas tight syringe. Headspace samples were injected directly onto a CP-

wax 57CD Chrompack capillary column (length 25m, ID 0.32,1.2 jmi film thickness). The 

carrier flow rate was 8 ml/min, and the gas (He) was set to 35 ml/min for a final rate of 43 

ml/min at the FID detector. Detector gases were compressed air (350 ml/min) and hydrogen 

(35 ml/min). The gas chromatograph was a Hewlett-Packard Model 5890 Series II gas 

chromatograph (oven temperature-90°C, isothermal; injector and detector temperatures were 

220°C) interfaced with a Hewlett-Packard 3396A integrator. All samples were analyzed in 

triplicate. Toluene concentrations were determined by peak height ratio with the internal 

standard and expressed in ^M. 

Reagents, Preparation of stock (i.e.. toluene) solutions, and superfitsion of drugs. 

Toluene (analytical grade), benzene (reagent grade) and carbon disulfide (reagent grade) 

were purchased from Fischer Scientific (Tustin, CA). The borosilicate glass, headspace vials 
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and crimp caps with Teflon-lined septa were from Scientific Resources (Eatontown, NJ). 

The 100 ^1 syringes were purchased from the Hamilton Company (Hamilton, NJ). 

Dopamine (DA), serotonin (5-HT), and N-methyl-D-aspartate (NMDA) were purchased from 

Sigma Chemicals (St. Louis, MO). Alpha-amino-3-hydroxy-S-methyl-isoxazole-4-propionic 

acid (AMPA) was purchased from Sigma-RBI (Natick, MA). Cis-4-phosphonomethyl-2-

piperidine carboxylic acid (CGS 19755) and 6-cyano-2,3-dihydroxy-7-nitro-quinoxaline 

(CNQX) were purchased from Tocris Cookson (EUisville, MO). 

Immediately prior to use, a supersaturated homogenous stock solution of toluene was 

prepared by vigorously vortexing 700 ^1 of distilled water, 100 ^l of polyoxyethylene-

sorbitan mono-oleate (Tween-80) (Sigma, St. Louis, MO, USA), and 500 )al of analytical 

grade toluene for 2 min. Other drug solutions were prepared in advance in deionized, 

distilled water at ~1(X) times their final diluted concentrations. All drugs (including toluene) 

were applied in known concentrations to the superfiision medium by dilution of the stock 

drug into 60-cc of oxygenated ACSF for 30 s. The rate of superfiision was 3.0 ml/min. The 

influence of toluene on neuronal firing was assessed under 2 paradigms; each of which was 

based upon a 3-min application per concentration procedure. The """"pulse" paradigm 

interspersed 3-niin superfiisions of toluene-containing ACSF with longer periods of toluene-

fi^ ACSF (Fig 4.2). The second paradigm assessed the effects of sequential cumulative 

concentrations (Fig. 4.4) by immediately substituting one toluene-containing perfiisate with 

another higher concentration toluene-ACSF solution every 3 min. The maximum exposure 
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period during this continuous supervision paradigm lasted 21 min. The recording chamber 

temperature was maintained at 3S''C, and the gravity-feed perfusion system was composed 

of Nalgene™ Silicone tubing, which was free of plasticizer (VWR Scientific Products, West 

Chester, PA). A single piece of tubing sealed at each end coimected the mixing syringe with 

the recording chamber. 

Depolarization block (DpB). DpB is defined as a loss of detectable activity following 

increases in firing rate accompanied by diminished spike amplitude and increased spike 

duration (Grace and Bunney, 1986). The neuronal inactivity is accompanied by an "altered" 

pharmacological responsiveness to normally excitatory (i.e, NMDA) and inhibitory (i.e, DA) 

drugs (Grace and Bunney, 1986). The effects of toluene perfusion on waveform 

characteristics were qualitatively determined during escalating cumulative concentrations of 

toluene (for example, see Fig. 4.6). 

RESULTS 

The determination of behaviorally relevant concentrations of toluene in the 

recording chamber 

Concentrations of toluene perfusate in the recording chamber were determined by 

gas chromatography (GC/FID) under experimental conditions identical to those during 

electrophysiological recordings. The results did not vary statistically, independent of the 

paradigm (i.e., pulse or continuous). Thus, they were grouped. Concentrations in the 
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recording chamber increased linearly (R^ = 0.998) with increasing concentrations added to 

the perfusate (total n=36/point) (Fig 4.1 A). Experimentally determined concentrations, 

expressed as % of initial 

toluene concentration 

added to the perfusate 

(n=36/point), remained 

stable with time (Fig. 

4. IB). The calculated 

~70% overall loss of 

toluene likely occurred at 

the mixing syringe, which 

was open to the ambient air 

and bubbled with 

oxygenated ACSF. The 

concentration range used 

for these studies (20-830 

^M) was chosen because 

of its relevance to existing 

behavioral data (see 

discussion). 
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Figure 4.1. Toluene in the recording chamber sampled 
& measured by gas chromatography (GC/FID). A) 
Concentration of toluene in perfusate after 3 min of 
perfusion (n=36/point). (B) Measured toluene 
concentration in the recording chamber, expressed as % 
of initial toluene concentration of perfusate. Insets in A) 
show sample chromatographs for 20 ^M, 440 fiM and 
850 |iM toluene in the recording chamber. Numbers 1. 
2 and 3 refer to CS2 (carbon disulfide), benzene (internal 
standard), and toluene, respectively. In B) nimibers 
above each point represent time from onset of perfusion. 
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Electrophysiological identification 

For pulse experiments (Fig. 4.2-4), extracellular recordings were obtained fiom a total 

of 59 neurons within the VTA and 15 neurons immediately adjacent to the VTA. For 

continuous supervision e^qyeriments (Fig. 4.5-8), extracellular recordings were obtained fiom 

a total of 42 neurons within the VTA. Electrophysiological parameters of both groups are 

shown in tables 4.1 & 4.2. In addition, presumptive dopamine (DA) neurons (Fig 4.2) 

displayed positive-negative action potentials, S-D notches, and a regular pacemaker-like 

firing pattern (Fig 4.2A). Putative raon-DA neurons (Fig. 4.2) displayed bi-and tri-phasic 

(positive-negative) action potential waveforms lacking **S-D" notches. Neurons outside the 

VTA displayed electrophysiological and pharmacological profiles inconsistent with those 

of VTA neurons. The anatomical localization of all neurons inside and outside the VTA 

were confirmed histologically (data not shown) (see methods). Though the reversibility of 

toluene's effects permitted more than one concentration to be tested on any given neuron, 

only one cell/slice was tested. 

Assessment of depolarization block 

An additional group of DA (n=5) neurons were exposed to 50-100 DA and 20-80 

NMDA during the period of inactivity inunediately following toluene (20-870 ^M) 

perfusion. Consistent with the operationally defined state of DpB, neuronal firing increased 
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during superfusion of DA (50 |i.M & 100 ^M; 0.2±0.1 Hz & 0.S±0.1 Hz above baseline, 

respectively). Neuronal firing was unaffected by superfusion of either 20 ^M NMDA 

(0.010.1 Hz above baseline) or 80 NDMA (0.110.2 Hz above baseline). All neurons 

Table 4.1A Basal electrophysiological characteristics of midbrain neurons sampled 

n n brain neuronal AP duration basal firing 
neurons challenges nuclei subtype (ms) (Hz) 

63 131 VTA PDA 2.7010.32 0.5410.12 
22 90 VTA 2° /to/i-DA 1.8010.17 1.9010.11 
26 81 VTA 3® non-DA 2.5010.19 3.1010.10 
7 31 RIN N.D. 1.61 10.12 3.90 ±0.12 
7 29 IPN N.D. 1.2110.12 11.012.70 

VTA-ventral tegmental area; RlN-rostral interstitial nucleus; IPN-interpeduncular 
nucleus; /"-primary; 2°-secondary; 5®-tertiary 

included in this definition of DpB recovered fully from stimulation-related inactivity in the 

presence of toluene-fi'ee ACSF. Acute toluene '̂ pulses" stimulate midbrain neuronal 

activity; nuclei-specific effects 

Superfusion of the toluene vdiicle, Tween-80, up to the highest concentration used 

(0.001%), had no observable efTects on the waveform shape and/or the magnitude of firing 

rates (total n=10/point) (Fig. 4.3). Pulses of toluene perfusate up to the highest 

concentrations used (740 |iM), produced no change in the firing pattern of any neuron 

sampled (for example, see Fig. 4.2). Toluene did, however, alter the neuronal firing rates 

depending upon the brain nuclei sampled. 

All VTA DA neurons responded to toluene with a, concentration-dependent increase 
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in neuronal firing (Fig. 4.2A). In each instance, the eflfect rapidly recovered to pre-toluene 

levels during superfiision of toluene firee-ACSF, independent of the number of previous 

Table 4. IB Pharmacological responses of midbrain neurons to 5-HT and DA. 

n n brain neuronal change in firing (Hz) fix>m 
neurons challenges nuclei subtype baseline in presence of 

60 nM 5-HT 50 DA 
63 131 VTA PDA +0.09 ±0.17 -0.54 ±0.09 
22 90 VTA 2® non-DA +0.11 ±0.12 -0.10 ±0.14 
26 81 VTA 3° non-DA -3.61 ±0.15 -3-31 ±0.32 
7 31 RIN N.D. N.D. +0.07 ±0.09 
7 29 IPN N.D. N.D. +0.51 ±0.12 

VTA-ventral tegmental area; RIN-rostral interstitial nucleus; IPN-interpeduncular 
nucleus; /"-primary; 2°-secondary; i°-tertiary 

toluene challenges. Analysis of basal firing rates and responsiveness to DA or S-HT 

perfiision revealed no statistically significant differences between neurons with regard to 

either VTA anatomical location (i.e., rostral vs caudal) or subdivision (paranigral, etc..). 

Toluene was more efficacious, however, at rostral compared with caudal DA neurons (Fig. 

4.3). In DA cells, superfiision of toluene increased the action potential duration and 

prominence of the "S-D" notch, and the spike amplitude was regularly reduced. Although 

intracellular studies were not preformed, the observed changes were identical to those 

described by others as indicative of a membrane depolarization (for example, see Fig. 4.6.) 

(Grace and Buimey, 1983). 

All the /to/t-DA neurons sampled showed similar toluene related, concentration-
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dependent increases in neuronal firing (Fig. 4.2B). When subdivided according to the 

secondary or tertiary non-DA neuron classification there were no statistically significant 

differences in the ef&cacy of toluene. Thus, the results from the non-DA neurons were 

grouped. Recovery 

from toluene's 

effects was both 

rapid and 

independent of the 

number of previous 

challenges. The 

trend of greater 

efScacy of toluene at 

caudal compared 

with rostral non-DA 

neurons was not 

statistically 

significant (Fig. 4.3). 

Also non-DA 

neuronal waveforms 

were not modified 
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Figure 2. Cumulative ratemeter histograms illustrating the effects 
of toluene on the activity of a caudal VTA DA (7®) (A) and non-
DA (2°) (B) neuron. Pxilses of toluene stimulated firing in a 
concentration-d^)endent and reversible fashion. Horizontal bars 
indicate duration of administration, numbers indicate 
concentration (nM) of drugs (DA, dopamine; A, AMP A; T, 
toluene; 5-HT, serotonin; CGS, CGS-19755; CNQX). Insets show 
anatomical location of recording electrode and action potential 
waveforms (average of 5 spikes/trace). Calibration: 1 mS & 1 
mV. 
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during toluene perfusion. 

Cells sampled fiom the surrounding brain regions showed marked differences in their 

responsiveness to toluene perfusate (Fig. 4.4C). Concentrations of toluene up to 740 

weakly stimulated neurons in the rostral interstitial nucleus (Fig. 4.4A), anatomically 

immediately dorsal to the VTA. Neurons in the interpeduncular nucleus, a region 

immediately ventral to the VTA, however, displayed an acute stimulation (not correlated 

with concentration) followed by concentration-dependent inhibitions of neuronal firing (Fig. 

4.4B). Any toluene-related effects on rate observed in neurons outside the VTA were 

reversed upon superfiision of toluene-firee ACSF (Figs. 4.4A&B). None of these neurons 

showed changes in action potential waveforms in the presence of toluene perfusate. 

Escalating cumulative concentrations of toluene stimulate VTA DA neurons & 

preferentiaUy inactivate rom-DA neurons 

Escalating cumulative concentrations of the Tween-80 vehicle (maximum 0.001%) 

produced no measurable efifect on either action potential waveform or the magnitude of firing 

rate of any of the neurons sampled (Fig. 4.8). Although escalating cumulative concentrations 

of toluene (23-822 ^M) did not alter VTA neuronal firing patterns, they did significantly 

stimulate (threshold ~ 42 ^M) firing rates (Fig. 4.8). An increase in spike duration and a 

decrease in spike amplitude (Fig. 6A) accompanied the toluene-related increase in DA 

neuronal activity (Fig. 4.5A). Toluene containing perfusate also stimulated non-
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DA neuronal firing (Fig. 4.5B), but in contrast, concentrations > 633 did not influence 

the action potential waveforms (Fig. 4.6B). In both cell groups, the increase in neuronal 

firing followed a toluene related, concentration-dependent sigmoid curve (Fig. 4.8). At 

higher concentrations of toluene, both neuronal types regularly entered into a state of 

apparent depolarization block (DpB) (defined operationally under "Methods") preventing any 

further assessment of toluene as well as any potential "plateauing" of neuronal stimulation 

(Fig. 4.8) (Grace and Bimney, 1986). The neuronal activity of all VTA DA (Fig. 4.5 A) and 

A). VTA DA (1 ®) neurons B). VTA non-DA (2° & 3°) neurons 
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Figure 4.3 Concentration-effect curves for toluene excitation of VTA neurons along the 
rostral-caudal axis. A) for DA neurons (total n = 17), toluene pulses are equipotent at 
rostral and caudal neurons, but most efficacious at rostral DA neurons. Tween vehicle 
produced no significant changes. B) toluene was equipotent and equiefBcacious at rostral 
and caudal non-DA neurons (total n = IS). Vehicle had no effect All lines were obtained 
by linear regression of data points. *^<0.05 Student's /-test. 
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non-DA (Fig. 4.5B) cells sampled completely recovered from DpB in the presence of 

toluene-free perfusate, and ultimately returned to pre-toluene basal firing levels. 

A single escalating cumulative application of toluene (e.g., 21 min) was sufficient to 

reveal differences in the sensitivity of DA and /lo/i-DA neurons to the solvent. Non-HA cells 

(n=S) (Fig. 4.5B) which were inactivated at lower toluene concentrations (> 613 ± 30 ^M) 

(Figs. 4.5B & 8) remained quiescent for periods of time ~3-fold longer (II.7 ± 1.3 min) 

(Figs. 4.5B & 7) than DA-neurons. In contrast, DA neurons (n=S) entered DpB at toluene 

concentrations > 839 ± 22 |j.M (Figs. 4.5A & 7), but then quickly recovered (2.7 ± 0.3 min) 

(Fig. 4.7). The effects of toluene on non-DA neurons were also more pronounced during a 

second (e.g., back-to-back) exposure to escalating concentrations of toluene administered 

SO ± 9 min after the first application. During this repeat exposure non-DA neurons (n=4) 

inactivated at even lower concentrations (399 ± 28 |iM) of toluene (Fig. 4.5B) and for 

progressively longer periods of time (29 ± 7 min) (Fig. 4.7). In contrast, DA neurons (n=4) 

again entered DpB at similar concentrations (809 ± 14 ^M) (Fig. 4.8) for similar periods of 

time (2.9 ±0.5 min) (Fig. 4.7). ECjo values for toluene related stimulation of DAZ/io/i-DA 

neurons are shown in table 4.2.. 

Under these conditions, action potential neuronal waveforms of the DA neurons 

showed corresponding parallel changes (threshold ~80 ^M) (Fig. 4.6) consistent with DpB 

(increasing duration and notch size with decreasing amplitude, see methods) which 

progressed evenly in proportion to the toluene concentration during both challenges. Neither 
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Figure 4.4. The effects of toluene on the activity of neurons adjacent to, but outside the 
VTA. A) Sample histogram of a neuron of the interstitial nucleus. Toluene produced 
only mild changes in firing. B) Sample histogram of a neuron of the interpeduncular 
nucleus. Toluene produced brief excitations followed by concentration-dependent 
decreases in neuronal firing. None of the neurons recorded in the VTA (total n=65) were 
inhibited by toluene. C) Summary graph illustrating the effects of toluene on the neurons 
outside the VTA which were stimulated by toluene (n=5). The response of VTA caudal 
and rostral DA neurons firom Fig. 4.3 are shown again for comparison. Responsiveness 
of neurons outside the VTA differed fixim the responsiveness of DA neurons (**P<0.05, 
•••P<0.001 Student's Mest). 
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the recovery time (30.3 ±1.3 min) nor the pattern of progression between the first (n=S) or 

second (n=4) exposures varied statistically or qualitatively (Fig. 4.7). In contrast, no/i-DA 

neurons (total n = 9) showed few changes in their waveform shiq)e during toluene perfusion, 

until at 421±23 |iM (1" toluene challenge) and 299±31 fxM (2**^ toluene challenge) the action 

potential amplitude r^dly collapsed (Fig. 4.5). Recovery of the non-DA neuron wavefonns 

to their preadministration shapes also required longer periods of time following a 2nd toluene 

exposure (66.4±2.8 min) compared to that after the 1" exposure (40.1±4.3 min). 

Blockade of NMDA or non-NMDA receptors does not alter the stimulatory 

properties of toluene at VTA neurons 

VTA DA and non-DA VTA neurons are known to possess NMDA and /lon-NMDA 

type glutamate receptors, and toluene inhalation has been shown to elicit bursting in VTA 

DA neurons (Wang and French, 1993; Riegel and French, 1999a). Since bursting is 

associated with (among other things) activation of glutamate receptors, current experiments 

examined the effects of glutamate antagonist on toluene-related stimulation of neuronal 

firing (Overton and Clark, 1997). The results of current experiments with the NMDA 

antagonist CGS-19755 and the non-NMDA antagonist CNQX were consistent with previous 

woric (French et al., 1993; Wang & French, 1993). Data fiom DA (n = 9) and non-DA (n = 

9) neuronal recordings was grouped. Perfusion with 5, 10,20, 30 ^M NMDA and 0.5, 1.0, 

3.0 |jM AMPA increased firing rates an average (in Hz) of 0.4±02, 1.0±0.2, 1.610.2, and 
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3.4±l.l and 0.3±0.10, 0.60±0.10, 2.0 ±0.18, respectively (Figs. 4.9 & 4.10). All 

concentrations of CGS-19755 (10,20,30,40 ^M) and CNQX (10,20,40 ^M) tested were 

sufScient to block the associated NMDA and AMP A, respectively, stimulation of neuronal 

activity (Figs. 4.9 & 4.10). 

In contrast, identical concentrations of CGS-19755 and CNQX did not block the 

stimulatory effects of toluene on any VTA neurons sampled (Fig. 4.9 & 4.11). The neuronal 

stimulation associated with the perfusion of either 370 jaM or 740 ^M toluene in the 

presence or absence of 10-40 fiM CGS-19755 varied by less than 8% (n > 11 neurons/group) 

(Fig. 4.11). Surprisingly, upon co-perfiision of CNQX the effects of toluene q>peared to be 

potentiated. In the presence of 10, 20,40 )xM CNQX the neuronal stimulation associated 

with 370 |iM toluene was -3%, +20%, and +50%, respectively, that of the same 

concentration of toluene alone (n > 11 neurons/group) (Fig. 4.11). Co-perfusion of 10,20, 

40 nM CNQX with 740 jiM toluene yielded neuronal firing rates 13%, 35%, and 79%, 

respectively, above comparable control levels (n> II neurons/group) (Fig. 4.11). Finally, 

the effects of either 370 nM or 740 |iM toluene co-perfused with a solution of both CGS-

19755 (10, 20, 40 ^M) and CNQX (10, 20, 40 ^M) were indistinguishable from those of 

(either 370 |iM or 740 ^M) toluene and CNQX (10,20,40 ^iM) together (Fig. 4.11) (n > 11 

neurons/group). That is, the potentiation of toluene's effects seem to be directly related to 

the presence of CNQX. Neither CGS-19755 nor CNQX applied individually or in 

combination altered basal firing rates at any concentration tested (data not shown). 
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Toluene stimulation of VTA activity occurs independent of NMDA receptor or ion 

channel activation 

Toluene has been shown to inhibit NMDA-induced currents in Xenopus oocytes 

{CTMzetai, 1999). In order to further assess a potential dependence of toluene's stimiilatoiy 

properties on NMDA receptors, increasing concentrations of NMDA were co-perfiised with 

3 min pulses of370 |iM toluene, and the resulting VTA neuronal activity monitored. The 

A 

DA 5HT5HT 
50 6(^ M 

Figure 4.5. Cumulative toluene exposure stimulates the activity of all VTA neuronal 
subtypes, but non-UA neurons are particularly sensitive to depolarizationr-block (DpB). 
In (A) continual sequential perfusion of toluene (3 min/concentration) stimulated the DA 
neuron, until at 822 |iM it entered DpB for ~2 min. In (B) toluene stimulated firing of a 
no/i-DA neuron until at 633 |iM (8.2 Hz) the neuron entered DpB for ~9 min. Upon a 2"^ 
application toluene stimulated firing until at 409 pM (6.6 Hz), the neuron again entered 
DpB (for ~29 min). All non-DA neurons deliberately stimulated into DpB with toluene 
(n=6) showed similar long lasting effects (see Fig. 4.7). The action potential neuronal 
waveforms of (A) and (B) (see Fig. 4.6) also show lasting alterations during toluene 
perfusion consistent with DpB. 
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effects on DA (Fig 4.13A) and non-DA (Fig. 4.13B) neurons did not differ significantly 

(p>0.05. Student's Mest), and thus the data was grouped (Fig 4.13C). Toluene at 370 fxM 

increased neuronal firing by 1.2±0.5 Hz above baseline. NMDA perfiision of 3, 5, 10,20 

increased neuronal firing by 0.9±0.6,0.8±0.S, 1.1±0.2, and 1.8±0.3 Hz above baseline. 

Figure 4.6. Action potential waveforms during cumulative toluene exposure leading to 
depolarization-block (DpB): differential susceptibility of DA & no/t-DA neurons. Traces 
in A) and B) are taken ^m the VTA DA and non-DA neurons shown in Fig. 4.5 during 
the 1^ toluene exposure. A) waveform (with "SD" notch) of a VTA DA neurons which 
exhibits a gradual increase in spike duration and a decrease in amplitude during toluene 
exposure. Changes in the waveform (consistent with depolarization) continue tlu'oughout 
toluene exposure (23-822 ^M) without complete inactivation. In contrast, the /lon-DA 
waveform in B) (lacking a "SD'' notch) exhibits only mild changes in shape until at 633 
fiM toluene, the neuron, rapidly inactivates. Calibration: DA 0.063 mV & 0.4 mSec and 
non-DA 0.081 mV & 0.25 mSec. [The changes shown above are representative of the 
effects of toluene.] 
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respectively (Fig. 4.13C). When toluene (370 (oM) was co-perfiised with the same increasing 

concentrations of NMD A, neuronal firing increased by 1.4±0.S, 1.6±0.36, I.3±0.2, and 

1.7±0.4 Hz above baseline. The results were not statistically significantly (p>O.OS, Student's 

/-test) different from the effects of 370 |j.M toluene alone. That is, the concentration 

dependent activation of NMDA receptors by NMDA appeared not to attenuate the 

stimulatory effects of toluene. Although in some instances the combination of toluene and 

> 10 NMDA briefly inactivated the neuron, this invariably reflected a stimulation-related 

DpB, and not a true neuronal inhibition (Fig 4.13A, see last drug challenge). At negative 

membrane potentials NMDA-induced currents through the receptor-charmel complex are 

blocked in the presence of physiological (e.g., mM) concentrations of Mg^" ( for review see, 

Klein and Castellino, 2001). 

Present experiments investigated whether the activation of the ion channel was 

important for toluene's stimulatory effects on VTA neurons. Since non-DA neurons 

appeared sensitive to repeated challenges of escalating cumulative exposures of toluene (see 

above), only DA neurons (n = 6 neurons) were sampled for these studies. Their firing rates 

were monitored during superfiision of either pulses or escalating cumulative (23-409 ^M) 

concentrations of toluene prepared in ACSF containing either normal (2.4 mM) or reduced 

(0.1 mM) concentrations of Mg^"^. Since some investigators normally use ACSF perfusate 

containing 1.2 mM Mg^^, its effects on toluene-related stimulation were additionally 

assessed. Perfusion with ACSF containing 0.1 mM, but not 1.2 mM, Mg^^ caused an 
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Figure 4.7. Acute stimulant properties of toluene preferentially 
inactivate non-DA neurons. Data represent the mean number of 
minutes spent in depolarization block (DpB) ± SEM during a 1** or 
consecutive challenge. DA neurons typically enter DpB for 0.5-3 min, 
independent of the number of previous challenges (toluene 
concentration 23-822 ^M). In contrast, non-DA neurons enter DpB on 
average for 9-13 min on l** challenge (toluene concentration 23-633 
fiM), and 20-39 min during the 2"* challenge (toluene concentration 23-
409 ^M). Numbers on the bars represent the number of cells with the 
paired toluene challenges. Significant differences between treatments 
were deteraiined by repeated measure analysis of variance followed by 
the Newman Keuls multiple comparison test. 

increased basal firing rate. However, under both high and low magnesiimi concentrations, 

the concentration-effect ciuves (Figs. 4.12B & 4.12C) for the stimulatory effects of toluene 

(Fig 4.12A) in nomial and low Mg^^ACSF media were indistinguishable. 

The stiinuiatory effects of toluene persist under conditions shown to inhibit synaptic 

transmission 

Studies were conducted to detennine if toluene's stimulatory effects on VTA neurons 
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were dependent upon sym^c transmission. DA neurons were exposed to pulses of370 

toluene in both normal and two forms of altered ACSF media containing a low Ca^V high 

Mg^^ content known to inhibit 
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In normal ACSF, toluene 

stimulated neuronal firing 1.5 ± 

0.4 Hz above baseline (Fig. 4.14) 

(n = 5 neurons). In the 0.25 mM 

Ca^* / 7.25 mM Mg^ACSF 
Figure 4.8. Concentration-response curves 

neuronal firing increased 1.6 ± summarizing the acute effects of single and repeated 
(e.g., back-to-back) cumulative toluene exposure on 

0.6 Hz above baseline (Fig. 14) VTA neuron activity. Continuous perfusion with 23-
822 |xM toluene (3 min/concentration) stimulated the 

(n = 5 neurons). In the 0.50 mM firing rates of DA (total n = 21 neurons) and non-DA 
neurons (total n = 17). Similar to ''pulses," cumulative 

Ca^"  ̂ / 10 mM Mg^^ACSF, applications are equipotent at DA and non-DA 
neurons, but not equiefScacious. At the highest 

toluene stimulated neuronal concentrations, toluene regularly produced DpB 
precluding testing of higher concentrations. DA 

firing 2.2 ± 0.5 Hz above neurons responded to both the 1" and 2"^ exposures of 
toluene similarly. In contrast, non-DA neurons tended 

baseline (Fig. 4.14) (n = 5 to enter into DpB at lower concentrations during a 2"* 
toluene exposure. 

neurons). In all instances, neuronal firing returned to pre-administration levels in the 

presence of toluene free ACSF. ACSF containing 0.50 mM Ca^* / 10 mM Mg^^ACSF, but 
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not 0.2S mM / 7.2S mM Mg^ACSF, stimulated baseline firing rates by < 0.5±0.1Hz 

(Fig. 4.14) even without toluene. 

J NMDA NMDA+CGS 

NMDA (nM) 5 10 20 30 5 10 20 30 

CGS-19755  _  _  _  _  10  -20  30  40  

AMPA AMPA+CNQX 

AMPA (nM) 0.5 1.0 3.0 0.5 1.0 3.0 

CNQX (jiM) _ _ _ 10 20 40 

Figure 4.9. Acute stimulant effects of (A) NMDA and (B) AMPA on VTA neurons are 
blocked by the NMDA and «o#i-NMDA antagonist (A) CGS-19755 and (B) CNQX, 
respectively. Data represent the mean increase in neuronal firing (Hz) ± SEM. All 
concentrations of both antagonists were sufficient to block agonist-induced increases in 
firing rate. Significant differences between treatments were determined by Student's /-test 
*/'<0.05 and ••P<0.01. For all bars, n > 17 neurons/group. CNQX alone had no 
significant effect on neuronal firing. 

DISCUSSION 

The purpose of this study was to assess the direct impact of acute and prolonged exposures 

of the abused inhalant toluene on neurons in the VTA of the brain. Identified changes in 

neuronal activity may explain previously observed toluene-associated changes in mesolimbic 

and DA related behavior (Balster, 1991) as well as indicate a site of action underlying the 
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Figure 4.10. Sample ratemeter histograms illtistrating that toluene is not blocked by 
NMDA or /io«-NMDA (i.e., AMP A) receptor antagonists. A) A non-DA neuron stimulated 
by toluene and NMDA in a concentration dependent fashion. All 3 concentrations of the 
selective NMDA antagonist, CGS-I9755 (CGS), blocked the NMDA-induced excitations. 
CGS did not block toluene-induced stimulations. The stimulant effects of toluene 
remained unchanged. B) A non-DA neurons sensitive to both AMPA (A) and toluene (T). 
All 3 concentrations of the antagonist CNQX blocked the stimulatory effects of AMPA, 
but not those of toluene. 

popularity and prevalence of abused inhalants (Flanagan and Ives, 1994). The major findings 

of this study indicate for the first time that toluene in abuse relevant concentrations (1) 

produces concentration-dependent, midbrain nuclei-specific effects, it is particularly 

efficacious at activating the rostral group of VTA DA neurons which project to the NaCC; 

(2) stimulates but ultimately fimctionally inactivates inhibitory GAB A intemeurons as well 

as presumptive GABA and projection neurons; and (3) produces these effects through a 
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postsynaptic mechanism probably independent of NMDA receptor activation. 

Both the present electrophysiological results and existing neurobehavioral findings 

show that toluene follows a dose-related inverted "U" CNS pattern of activation (e.g., 

excitatory-inhibitory profile) (Balster, 1991). At levels similar to those obtained in abusing 
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10 20 40 -- 10 20 40 
- - ~ 10 20 40 10 20 40 

Figure 4.11 The acute in-vitro stimulant properties of 370 jiM and 740 toluene on 
VTA neurons are not blocked by an NMDA or /lo/i-NMDA antagonist (i.e., AMP A) 
receptor antagonist. Data represent the mean increases in neuronal firing (Hz) ± SEM. All 
significant differences between treatments were determined by repeated measure analysis 
of variance followed by post-hoc testing using Dunnett's multiple comparison test Neither 
CGS 19755 nor CNQX inhibited toluene induced stimulations of VTA neuronal firing. 
CGS 19755 alone or in combination with toluene had no effect (P>0.05) on the neuronal 
firing rate. In contrast, CNQX potentiated toluene-induced stimulations of VTA neuronal 
firing. For all bars, /i >11 neurons / group. 
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Figure 4.12. The stiinulatoiy effects of toluene are independent of activity produced 
through the NMDA ion channel. A) a DA neuron showing that the stimulatory effects of 
toluene persisted in both normal and ACSF containing low Mg2-i-. Low concentrations of 
Mg2-t- attenuate the voltage-dependent blockade of the NMDA ion channel, and thus 
stimulate neuronal firing. Graph B) illmtrates concentration-effect curves with pulses and 
(C) with cumulative concentrations of toluene in normal and ACSF media containing low 
Mg2+. The stimulatory effects of toluene were similar in both types of media. 

humans (250-350 |iM) (Garriott et al., 1981; Miyazaki, et al 1990) or self-administering 

primates (300 jaM) (Weiss, 1994), toluene augments lever pressing for food and water 

reinforcement (60-981 ^iM) (Wood and Cox, 1995), and it produces obvious signs of CNS 

excitation (390 laM) (Kishi, 1988) such as locomotor hyperactivity (90-900 nM) (Wada, 

1999; Molnarc/a/1986; Riegel and French, 1999c), In vivo exposure to the solvent 
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increases the firing rate of rat VTA DA neurons (44-872 fiM) (Riegel and French, 1999a) 
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Figure 4.13. The stimulatory effects of toluene are independent of NMDA receptor 
activation. A) a DA neuron sensitive to both toluene and NMDA. When combined, 
toluene did not attenuate the NMDA-evoked excitations. Rather, toluene + NMDA often 
stimulated activated activity into DpB (note arrowhead in (A)). B) in the non-DA neuron 
toluene did not inhibit the stimulatory effects of NMDA. C) Simmiaiy of NMDA and 
NMDA + 370 toluene effects on the neuronal firing (n > 6 neurons/bar). Differences 
between the toluene group and NMDA + toluene groups were not significant, /^.05. 
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and the levels of DA in the rat striatum (Steng^ K, 1995; Stengird, et al 1994) and PFC 

(400-980 jiM) (Gerasimov et al., 2001). The attenuated behavioral responses to toluene 

(e.g., declining phase of the inverted "U") are associated with higher concentrations and 

include anesthesia (1.4—1.9 inM)(Kishi, 1988; Molnaref a/ 1986)ordeafli(LDjo.,oo2.9mM; 

> 6 mM) (Kishi, 1988, Mohiar et al 1986). The blood toluene concentrations (in jiM) 

referred to above were approximated from phamiacokinetic studies using the same exposure 

concentration and duration (Kishi, 1988; Rees et al., 1985; Miyagawa, et al., 1984; 

Miyagawa, 1986). 

Figure 4.14. Toluene stimulation occurs in ACSF-media designed to inhibit synaptic 
transmission. A DA neuron showing toluene excitation in both normal ACSF and in an 
altered ACSF (high Mg2+, low Ca2+) ACSF media. Inset graph is a summary of the 
effects of altered media on toluene induced increases in neuronal firing. Differences 
between toluene-induced firing in normal and altered ACSF was not significant, P>0.05 
(Student's /-test). 
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The electrophysiological effects observed here appear particularly important for 

mesolimbic function, since toluene either only mild stimulated or inhibited neurons outside 

the VTA. Within the VTA, however, acute pulses stimulated all three neuronal subtypes in 

a concentration-dependent and reversible fashion. For DA neurons, changes in firing rates 

were mirrored by alterations in the neuronal waveforai classically associated with membrane 

depolarization (Grace and Bunney 1983). Though perikaryon in both anterior-posterior 

subregions were activated by toluene, the rostral VTA DA neurons appeared to be more 

sensitive. The basis for these differences in efficacy is unclear, but undoubtedly important 

given that the NaCC shell and core afferents originate predominantly in the rostral VTA 

(Brog et al., 1993; Carlezon and Wise, 1996). Thus, concentrations of DA in the PFC and 

NaCC would be expected to increase following toluene exposure. 

Longer (21 min) exposure to escalating cumulative concentrations of toluene were 

also examined. Again toluene produced a similar concentration-proportional increase in the 

firing of VTA neurons. However, with higher concentrations a presumptive GABA neuronal 

subtype was susceptible to a period of inactivity best described as depolarization block 

(DpB). 

DA neurons, however, were relatively resistant to this phenomenon, and their rate of 

firing continued to increase at concentrations up to 820 ^M. The onset and full recovery (1-3 

min) fi'om DpB was independent of the number of exposures. However, no/i-DA neurons 

inactivated at progressively lower concentrations (~400 ^M) with increasingly longer periods 



95 

of time to recovery (~30 min). It is unlikely that the increased rates or inactivity reflect a 

generalized compromise in membrane integrity. Only concentrations of toluene >10 mM 

have been shown to alter the resting membrane conduction of uninjected oocytes, or (>20 

mM) induce an irreversible increase in the membrane leak current indicative of compromised 

membrane integrity^ (Cruz et ai, 1999). In expression systems, the effects of toluene appear 

to be subunit specific, occur only in the presence of s^onist (i.e., GAB A, Glycine, NMD A), 

and have no effect on steady-state (i.e., GABAA-mediated) currents (Cruz et aL, 1999; 

Beckstead et aL, 2000). DA neurons in the same region showed no such progressive 

inactivation, and many neurons recorded outside the VTA showed no changes in firing rate, 

pattern, or waveform when challenged with toluene. In each instance the firing of non-DA 

neurons recovered—something unlikely to occur with a loss of membrane integrity. 

Irrespective, the functional end result of toluene superfusion was an increase in DA neuronal 

firing and progressive inactivation of nort'DA inhibitory neurons reminiscent of prior in vivo 

work (Riegel and French, 1999a). The fact that both neuronal subtypes showed roughly 

sigmoidal concentration-effect profiles, may indicate that the solvent is interacting with a 

protein (e.g., neurotransmitter receptor) to produce these effects. 

The present results, however, do not support a toluene-NMDA interaction within the 

VTA. Neither the antagonism of NMDA and fio/i-NMDA receptors with GCS 19755 and 

CNQX blocked the toluene-associated stimulation. The effects of toluene were also not 

altered by the recruitment of the NMDA receptors with agonist or the associated ion channel 
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complex with low Mg^^. Similarly, the brain regions outside the VTA possess a similar 

distribution of glutamate receptors, yet they have distinctly different responses to toluene 

(Tarazi and Baldessarini, 1999; Michaelis, 1993). On the one hand, the caudal VTA (e.g., 

paranigral subdivision) which possesses a larger distribution of NMDA receptors, was found 

to be less sensitive to toluene (Rodriguez et al., 2000), while on the other hand, the rostral 

VTA (e.g., parabrachial subdivision) which contains fewer NDMA receptors was more 

sensitive to toluene (Rodriguez et al., 2000). Also, the fact that toluene unlike PCP, can 

stimulate VTA neuronal firing in an in vitro brain slice preparation is suggestive of a non-

PCP like mechanism of action (unpublished observations). Though the cunent extracellular 

experiments attempted to address the impact of toluene on systems level physiology, other 

studies indicate that toluene possesses the ability to allosterically modulate the function of 

other ligand-gated ion-channel receptors (i.e., GABA^, glycine). Both GABA^ and glycine 

receptors are present throughout the VTA (Schwarzer et aL, 2001), and at least in expression 

systems, toluene facilitates their function in a concentration and subunit-specific fashion. 

(Beckstead et aL, 2000). It is difficult, however, to reconcile how a facilitation of a GABA^ 

or glycine receptor mediated chloride influx could accoimt for the observed increases in 

neuronal firing. An alternative explanation involves the documented ability of toluene to 

abolish the postsynaptic early transient potassium current (7^) of medial vestibular neurons 

in brain slices (Magnusson et aL, 1998). The cuirent functions to delay the onset of firing, 

lengthens the interspike interval, and facilitates action potential repolarization (Segal et aL, 
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1984). Though the major influence of the is predominantly present following the 

occurrence of a burst, the inhibition of this current by toluene could conceivably contribute 

to the observed increase in spiking by shortening the interspike interval and the spike 

repolarization (Liu et aL, 1994). The increased firing was also paralleled by an increase in 

the size of somato-dendritic (S-D) back propagating potential (Grace and Bunney, 1984). 

The dendrites of VTA DA neurons possess somatodendritic DA autoreceptors, which when 

stimulated increase a K" conductance shown to be dependent in part upon the magnitude of 

the /a (Chiodo and Kapatos, 1987,1992). Thus, a toluene-associated inhibition of the may 

also explain the changes in the DA neuronal waveform. It is particularly interesting that 

caudal VTA DA neurons which were less sensitive to the stimulatory effects of toluene, may 

possess less impulse-regulating somatodendritic DA autoreceptors and/or currents (Chiodo 

et aL, 1984; Liu et al., 1994). 

Functional significance of the modulation of mesolimbic neurotransmission by 

toluene 

Converging lines of evidence indicate that some component of most abused drugs 

alters activity within the mesolimbic DA system of the brain, which in turn provides the 

existing '̂ one" crucial for the ''reward" associated with natural and evolutionarily 

advantageous stimuli (Wise, 1998). An extensive body of work suggests that toluene and 

similar solvents are the psychotropic constituents of abused inhalants, and that they share a 
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common ability of augmenting levels of DA (Balster, 1991). Some have speculated this may 

occur through a toluene D2 DA-receptor process within the striatum, but the present results 

indicate a direct stimulation of VTA perikaryon and thus a different site of action (von Euler 

e/a/., 2000; Hillefors-Berglund etal., 1995; von Euler a/., 1994; von Euler a/., 1991). 

An alteration of the activity^ of these neurons at the cell body level would be expected 

to alter impulse flow through ascending axons, thereby effecting dopamine release 

(Westerink et al., 1996). Given the greater efficacy of toluene at neurons projecting to the 

NaCC, DA levels in the PFC may comparatively rise more slowly. Typically, increased DA 

release in the terminal regions in turn activates negative feedback mechanisms to dampen 

DA neuronal excitability (Gerasimov et al., 2001; Riegel and French, 1999a). At higher 

concentrations of toluene, these mechanisms may decrease DA levels in the NaCC, while 

levels of DA in the PFC remain elevated. A functional loss of the GAB A neurons providing 

r^onal and distal inhibition would be expected to compromise the function of this network. 

Alternatively, high concentrations of toluene could potentially inactivate rostral DA neurons 

with little change in the levels of DA in the NaCC, but could conceivably stimulate caudal 

DA neurons and increase DA levels in the PFC. This may explain why humans prefer to 

repeatedly "huff' for very short periods of time (minutes) (Flanagan and Ives, 1994). 

Both toluene and many CNS depressants activate the mesolimbic system by 

stimulating VTA neuronal activity, which may explain why toluene shows behavioral 

similarities with barbiturates but not psychostimulants (Tegeris and Balster, 1994). Both 
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toluene and ethanol activate VTA neurons, which may explain their behavioral similarities 
t 

(Tegeris and Balster, 1994). Nevertheless, their mechanisms of activation is likely different 

At VTA neurons, the pharmacologically relevant range for ethanol (20-320 mM) fiir exceeds 

the EC5o~300 ^M for toluene. Compared with ethanol, toluene is considerably more 

efScacious, shows a steeper Hill slope, and progressively inactivates non-DA neurons. 

Ethanol appears to stimulate DA neuronal firing in part through the inhibition of the /^hp 

current, which toluene actually enhances (Magnusson et aL, 1998). Though toluene and 

ethanol may possess noticeably different cellular mechanisms of action, both increase 

dopamine neurotransmission via activation of the VTA. The acute and repeated stimulation 

of mesolimbic DA neurotransmission could have important implications for the behavioral 

symptoms which are classically associated with DA and commonly reported following 

toluene use/abuse including dependence, tolerance, withdrawal, schizophrenic symptoms, 

and anhedonia (Boutros and Bowers, 1996; Rees et aL, 1999; Schneier and Siris, 1987; 

McGarvey et al, 1999; Flanagan and Ives, 1994) 

In conclusion, activation of the AlO mesolimbic pathway is evident whenever 

rewarding and reinforcing drugs are consumed and is often the only characteristic conunon 

to these many structurally dissimilar compoimds. The present results are consistent with this 

hj^thesis insofar as they demonstrate VTA activation as an operant mechanism underlying 

the abuse of volatile inhalants and show DA cells have an inherent tendency to increase their 

firing in response to toluene. These properties may be important in the rewarding and 
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reinforcing efTects of abused inhalants. 

References are shown at the back of this thesis. 
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ABSTRACT 

The ciurent experiments tested the hypothesis that the behavioral tolerance reported with 

repeated administration of toluene is a consequence of neuroadaptations in the mesolimbic 

dopamine (DA) system. One group of rats received daily injections of either toluene (600 

mg/kg, ip) (n = 6) or oil vehicle (600 mg/kg, ip) (n = 6). The locomotor stimulatory effects 

of toluene progressively declined (maximum —77%), until by day-7 the activity counts were 

comparable to vehicle. On days 8, 9, and 10 all animals received an injection of 

amphetamine (1.5 mg/kg, ip), cocaine (15 mg/kg, ip) or scopolamine (1.25 mg/kg, ip), 

respectively. In toluene-treated animals, the locomotor stimulant effects of amphetamine and 

cocaine, but not scopolamine, were reduced by ~50% over control. The same 7-day 

exposure paradigm was then applied to a second group of rats in order to assess the impact 

of treatment on ventral tegmental area (VTA) neuronal function. On day-8 

electrophysiological determinations were made in rat brain slices containing the VTA. In 

comparison to vehicle-treated animals, the non-DA (putative GAB A) neurons in tissue from 

toluene-treated rats showed increased: spontaneous activity (+40%), basal firing rates (+1.1 

Hz), and sensitivity (~400-fold) to NMDA (5-30nM). Toluene pulses (185, 370, 740 ^iM) 

were equiefBcacious at /ton-DA neurons in both the toluene and vehicle treated animals. In 

contrast, DA neurons from toluene-treated animals showed comparatively reduced 

spontaneous activity (-77%) and decreased firing rates (-60%) compared to the control group. 

Many DA neurons showed waveforms consistent with a hyperpolarized state, and others an 
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attenuated responsiveness to toluene (e.g., rightward-shift). Taken together, these results 

suggest a cellular explanation for the attenuated behavioral responsiveness to the abused 

inhalant toluene. Specifically, toluene induces an increase in fio/i-DA neuronal function, 

which attenuates DA cell firing and consequently the behavioral responsiveness to toluene. 

These phenotypic alterations may have important implications for the repeated abuse of 

volatile inhalants. 

Key words: toluene, electrophysiology, VTA, dopamine, amphetamine, cocaine, 

scopolamine, NMDA receptor, no/i-dopamine, GABA, intemeuron, projection neuron, gas 

chromatography flame ionization detection (GC/FID), tolerance, cross-tolerance 

INTRODUCTION 

The mechanisms responsible for the compulsive self-administration of most drugs of abuse 

appear to be situated within a common central pathway, the mesocorticolimbic dopamine 

(DA) system. Under normal circumstances the activation of this pathway is thought to 

underlie the reinforcement of rewarding natural behaviors such as sex, feeding and drinking 

(Wise, 1996). In other circumstances, the activation of this system is also believed to 

underlie the rewarding effects of most drugs of abuse. Microdialysis studies indicate a 

strong correlation between increased DA neuronal activity and increased concentrations of 

DA fijom mesolimbic terminals (Westerink et ai, 1998). Acute administration of addictive 
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drags such as cocaine, amphetamine, heroin, nicotine and ethanol increase the concentrations 

of DA in terminal regions, and by activating this pathway also elicit forward locomotor 

activity (Koob, 1992). Furthermore, animals will self-administer addictive drags directly 

into the brain regions comprising this pathway, and focal lesions or direct injections of a DA 

antagonist into the same areas will reduce operant responding for morphine, cocaine, 

amphetamine, nicotine, and toluene (Wise, 1996; Koob, 1992; Riegel and French 2001a).. 

The VTA is the site of origin of the mesolimbic pathway and consists of nerve tract fibers 

which densely innervate the nucleus accumbens (NaCC) and the prefrontal cortex (PFC) 

(Tzschentke, 2001). Electrophysiological studies indicate that neurons in the ventral 

tegmental area (VTA) fall into categories that are readily distinguished by their 

electrophysiological properties and responses to bath-applied drags. These neurons include 

principal primary DA neurons as well as secondary and tertiary (GAD positive) non-DA 

neurons (Grace and Buimey, 1983; Cameron et aL, 1988). Secondary and tertiary neurons 

are speculated to function as GABA inter- and projection neurons, respectively (Cameron 

etaL 1988) 

The abuse of volatile solvents such as toluene is a significant problem in the United 

States (Balster, 1991). These psychotropic constituents are commonly available in a wide 

variety of commercial products. In 1997, approximately 21% of American S"* graders 

experimented with inhalants (US E>epartment of Health and Human Services, 1999). A body 

of evidence suggests that toluene also produces its acute reinforcing effects through 
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activation of the mesolimbic DA system. Similar to other drugs of abuse, humans and non-

human primates will self-administer the solvent (Flanagan and Ives, 1994; Yamanouchi et 

al., 1995). Acutely, toluene increases the rate of intracranial self stimulation (ICSS) (Yavich 

and Zvartau, 1994), supports conditioned place preference (CPP) (Yavich et ai, 1994), and 

stimulates the release of DA from terminals in vivo (StengSrd et ai, 1994). Toluene also 

stimulates ventral tegmental area (VTA) DA neuronal firing in vivo and in vitro (Riegel and 

French 1999a, 2001b). 

With the repeated administration of most drugs of abuse, adaptive mechanisms are 

initiated. These processes likely represent homeostatic attempts at the cellular level to 

coimterbalance the persistent stimulation of a particular system (Koob & Nestler, 1997). 

Often these changes alter the functioning of **drug sensitive" neurons, and thus the activity 

of the neural pathway and behavior they subserve (Koob & Nestler, 1997). One such 

mechanism is the development of tolerance, such that higher doses are required to gain the 

desired effect (Hyman et al., 2001). The identification of the mechanisms underlying 

tolerance is an important first step for understanding the early events that may contribute to 

the development of addiction. 

The reported behavioral effects of repeated exposure to toluene are complex. In some 

cases, rats developed a pronounced tolerance to specific learned behaviors associated with 

external discriminative stimuli, but in other cases they became sensitized to the locomotor 

stimulant properties of toluene (Rees et al., 1989; Hinman, 1984). Repeated exposure to 
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toluene sensitizes rats to cocaine (Beyer et al., 2001), but does not significantly influence 

differential reinforcement of milk presentation in mice (Moser and Balster, 1981). Rats also 

develop a tolerance to toluene's hypnotic effects (Lorenzana-Jimenez and Salas, 1990). 

At the cellular level, studies examining DA suggest a decrease in tissue 

concentrations in the substantia nigra, nucleus accumbens, caudate nucleus and frontal cortex 

after 3-4 days of exposure to toluene (Celani et al., 1983; Von Euler et ai, 1988, 1989). 

After 6-8 days, however, DA terminals show signs of compensatory upregulation of DA 

synthesis. The values of striatal DA D-2 receptors increase, and brain regions 

innervated by DA neurons show increases in both the number and intensity of tyrosine 

hydroxylase (TH)-immimoreactive fibers and terminals (Lizumi et al., 1995; Cintra et al., 

1999). PET studies conducted in humans with chronic occupational exposure to toluene 

revealed increased synthesis of DA in the striatum as measured by L-["C]DOPA for 

dopamine decarboxylase activity (Edling et. al 1997b). 

Particularly interesting are studies reporting that human abusers will escalate their 

doses in order to regain the euphoric and hallucinatory effects associated with toluene 

(Flanagan and Ives ; Evan and Raistrick, 1987). Since acute exposure to toluene stimulates 

VTA neuronal activity and repeated exposure appears to decrease levels of DA, we tested 

the hypothesis that the behavioral tolerance associated with repeated exposure to the toluene 

is a consequence of neuroadaptations in VTA neuronal ftmction. 
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MATERIALS AND METHODS 

Animals and preparations of drugs. In the current experiments a total of 74 naive, young 

(19-30 day old), male Sprague Dawl^r rats (Harlan Sprague Dawley, Inc.) were used under 

protocols approved by the UniversiQr of Arizona lACUC. Animals were housed on a 12-h-

on 12-h-off light—daric schedule (07:00-19:00) with constant room temperature and free 

access to food and water. Exposure to the testing room and locomotor cages commenced 

approximately 3 days after their arrival. Toluene (HPLC grade, 99.8% purity, Baxter 

Corporation) was always administered in an olive oil vehicle with a total injection volume 

of 2 ml. The injection solution was prepared separately for each animal. The milligram 

quantity of toluene added to the vehicle was calculated on the basis of toluene's density of 

0.866 g/ml. Dextro-amphetamine sulfate (Smith Kline & French Labs, Philadelphia, USA) 

and scopolamine HCl (Research Biochemicals International, Massuchetues, USA) were 

dissolved in saline, and their doses were calculated based upon the weights of the salts. 

Behavior. Both the preparation of toluene and vehicle solutions as well as the toluene 

dose-locomotor response relationship and locomotor methodology have been described 

elsewhere (Riegel and French 1999a). Briefly, however, locomotor activity was measured 

in conmiercially available cages (AccuScan Instruments, Inc) with wire mesh (10 x 10 mm) 

floors. Each cage (30 cm high x 42 cm wide x 42 cm long) had 8 horizontal infrared 

photocell beams equally spaced S cm s^art and placed 2 cm above the floor. Photocell-beam 

interruptions were wired to electronic counters and were recorded every 10 min (French and 
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Vantini, 1984). All testing took place in a quiet, moderately lighted room. Several days 

prior to drug treatments all rats were acclimated to the room and test cage for a total of 12 

hours. On the day of injection each rat was again placed in its locomotor testing cage for 60 

min prior to toluene injection. Following injection no entry into the room occurred imtil the 

3-h test period was complete. Through a small window, gross bdiavioral observations were 

made but not quantified. For all experiments, animals were transferred back to their home 

cages at the end of each experiment. 

For the tolerance and cross-tolerance experiments a total of 12 naive, young (17-26 

day old), male Sprague Dawley behaviorally and pharmacologically naive rats, were 

randomly divided into experimental (n = 6 rats) and vehicle (n = 6 rats) treatment groups. 

Experimental animals received daily toluene (600 mg/kg, ip) injections for 7 days. Animals 

in the vehicle treatment group received daily injections of olive oil vehicle (600 mg/kg, ip) 

on days 1 through 4 and 6 and 7, and a single injection of toluene (600 mg/kg, ip) on day 5. 

Both groups of animals were injected with cocaine (IS mg/kg, ip), amphetamine (1.5 mg/kg, 

ip) and scopolamine (1.25 mg/kg, ip) on days 8,9, and 10, respectively. Thus, each animal 

received a total of 10 injections administered once per day at 09:00 hours. The activity in 

both groups was monitored on days 1, and 5 through 10. All injections were preformed in 

the home cage, after which the animals were transferred to the appropriate locomotor cage. 

Statistical comparisons of the grouped data were made using either ANOVA or Newman 

Kuels post hoc or Student's Mest. 
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For the behavioral tolerance in preparation for electrophysiological assessment 

studies, experiments were based on conditions optimized in the above studies again using 

a 7-day treatment protocol (Riegel and French, 1999a). A total of 41 naive, young (17-26 

day old), male Sprague Dawley experimentally and pharmacologically naive rats, were 

randomly divided into toluene (total n = 29) and vdiicle (n = 12) treatment groups. Rats in 

the experimental and vehicle groups were injected once per day (09:00) with 600-mg/kg (ip) 

toluene or olive vehicle, respectively, on days 1-7. The locomotor activity was monitored 

on days 1-7 as described above. The brain tissue of these animals was extracted as described 

below. 

Electrophysiology. At 08:00-09:00 on day 8, the animals were sacrificed and the 

brain tissue assessed as described below. The preparation of midbrain slices has been 

described in detail elsewhere (Wang & French, 1993). Briefly, rats were deeply anesthetized 

with ether, decapitated and the brains placed in an ice cold, oxygenated (95% OJ 5% CO2) 

artificial CSF (ACSF) solution composed of (in mM) 124 NaCl, 2.5 KCl, 1.25 KH2PO4,2.4 

MgS04, 2.5 CaClj, 25.7 NaHC03 and 10 D-glucose. Coronal slices (400 ^m) containing the 

VTA were cut fijom a block of tissue with a Vibratome (Oxford) and subsequently incubated 

in an ACSF-humidified interface chamber at room temperature for >1.5 hr. 

With the aid of a dissecting microscope and transillimiination of the slice, the VTA 

was visually identified as a gray area medial to the medal lenmiscus and ventral to the red 

nucleus of the accessory optic tract, which separates the VTA fi'om substantia nigra. 
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Extracellular recordings were made with glass microelectrodes filled with a solution of 2% 

pontamine sky-blue in 0.5 M sodium acetate. The in vitro impedance of the electrodes 

ranged from 17-26 m^l measured at 130 Hz. Action potential signals were amplified (Worid 

Precision Instruments Inc., Sarasota, Florida, USA), displayed on an oscilloscope, and 

isolated from background noise by a voltage-gated window discriminator. Output pulses of 

the discriminator were digitized at 4-10 kHz using a National Instruments (Austin, TX) Lab 

PC 1200 analog-to-digital converter, and the signal split for data storage and computer 

analysis. Data was stored magnetically via a Toshiba videocassette recorder equipped with 

reciprocal A-D conversion (Vetter Instruments, Rebersburg, PA, USA). Data was analyzed 

via an IBM-compatible personal computer operating both a real-time ratemeter histogram 

analysis program (RISI, San Antonio, Texas, USA), and electrophysiology software 

(Strathclyde package courtesy of Dr. John Dempster, Strathclyde University, Glasgow, UK) 

to monitor/capture action potential wavefomtis. All neurons were recorded for 3 to 5 min to 

establish a stable baseline firing rate. 

Identification of neuronal subtypes according to well-characterized criteria has been 

described in detail elsewhere (Cameron et ai, 1988). Presumptive dopamine (DA) (e.g.. 

primary) neurons were identified as having: (1) biphasic or triphasic positive-negative 

wavefomi action potentials with a somatodendritic (S-D) "notch"; (2) action potential 

durations > 2 msec; (3) firing rates of -0.5 Hz; and (4) inhibition of neuronal firing in 

response to 50-100 ̂ M DA; (Bimney et al. 1973, Grace & Bunney, 1984). Putative non-DA 
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(secondary) neurons were identified as having: (1) biphasic positive-negative waveform 

action potentials lacking a S-D notch; (2) action potential durations < 2 msec; (3) firing rates 

of ~'2 Hz; (4) non-responsive to 50-100 DA; and (S) stimulated by 60 5-

hydroxytryptamine (Cameron et al., 1988). Secondary neurons are speculated to fimction 

as local GABAergic inhibitory intemeurons (Cameron et al., 1988; van Bockstaele and 

Pickel, 1995). Putative non-DA (i.e., tertiary) neurons were identified as having: (1) 

biphasic or triphasic positive-negative waveform action potentials lacking a S-D notch; (2) 

action potential durations > 2 msec; (3) firing rates of ~3 Hz; and (4) neuronal firing 

attenuated by both 50-100 i^M DA and 60 fiM 5-hydroxytTyptamine (ref). Tertiary neurons 

are speculated to fimction as GABAergic projection neurons (Cameron et al., 1988; van 

Bockstaele and Pickel, 1995). 

The determination of spontaneous electrical activity was based on a procedure 

described elsewhere (Chiodo and Bunney, 1983), but modified for use in an in vitro brain 

slice. From a single animal, a total of 4 coronal VTA (rostral-caudal axis, -4.52 bregma to 

-6.30 bregma) slices (400-420 ^m) were assessed. The brain section of tissue was sampled 

by repeatedly passing the electrode through the visually identified VTA section (Paxinos and 

Watson, 1986). Spontaneously active DA neurons were identified by the 

electrophysiological and pharmacological parameters described above (Bunney et al., 1973; 

Grace & Bunney, 1984; Cameron et al., 1988) (see below, electrophysiology). Average 

firing ratesof neurons were determined fix>m all neurons of the same subtype sampled within 
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each group. DA neurons with stable firing rates > 0.2 or ^ 0.2 Hz were classified as either 

"Active-DA" or Slow-"DA" neurons, respectively. 

Afterward, the recording site location was confirmed by iontophoresing pontamine 

sky-blue dye (Sigma, St Louis, MO) from the recording electrode with an alternating current 

source (Wu and French, 2000). The tissue was then fixed overnight in 4% formald^yde in 

0.1 M sodium phosphate buffer (pH 7.4) (Ricca Chemical Company, Arlington, TX), 

followed by immersion in cyroprotectorant solution of 2% polyethylene glycol and 30% 

sucrose (Sigma, St Louis, MO) in 0.1 M phosphate buffer (pH 7.4) for an additional 24 hrs. 

The slice was laid flat between two glass coverslips, rapidly frozen onto a Tissue-Tek block 

pre-sectioned in the cutting plane, and sectioned on a freezing microtome (Johnson et al., 

1996). The resulting S-10 coronal tissue sections were stained with cresyl violet, cover 

slipped and examined on a light microscope. 

Chromatography. The concentrations of toluene in the recording chamber were 

determined from a total of 34 experiments. Standard solutions were made fresh for each 

assay by combining 895 ^l ACSF, S ^1 of freshly prepared internal standard (IS ^1 

benzene/10 mis CS2), and 100 ^1 of a toluene (20-1000 ^M)-Tween-80 stock solution 

(described below) in 6ml glass vials which were iirunediately crimp-sealed using a Teflon 

lined septum. Sampled aliquots (100 ^1) from the recording chamber were spiked with 5 ^1 

of the internal standard stock solution and similarly sealed in the glass crimp top vials. The 

vials were then staggered in a heated 25°C sandbath for 30 min, prior to removal of 100 ^1 
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Figure 5.1. Locomotor responsiveness to repeated administration of A) toluene (T) or B) 
vehicle (V). Experimental day and treatment schedules are shown below graphs (A) and 
(B) as "treatment: (day)." In the toluene group, rats received 7 daily injections of toluene 
(600 mg/kg, ip). The vehicle group received 6 daily injections of vehicle and one injection 
of toluene (600 mg/kg, ip) day 5). For all rats, the activity was monitored on day 1 and 5, 
6 and 7. Compared to day 1, (A) the toluene group values on days 5-7 were significantly 
attenuated, ***P<0.001, ANOVA and Newman Keuls post hoc. In B) vehicle group, days 
1,6 and 7 did not differ significantly (iM).05, ANOVA). Day 5 values in the toluene (A) 
and vehicle (B) group were not significantly different ({/^O.OS, Student's Mest). C) and 
D) show the time courses of activity from days 1, 5 and 7 for the toluene (A) and vehicle 
(B) groups, respectively. For (C), day 5 values differed from day 1 (*P<0.05, Student's t-
test) and day 7 (J/'<0.05, Student's Mest). For (D), day 5 values did not significantly differ 
from day 1 values in the toluene treated animals (C) (P>0.05, Students Mest). 
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of headspace with a gas tight syringe. Headspace samples were injected directly onto a CP-

wax 57CD Chrompack o^nllary column (length 25m, ID 0.32, 1.2-mm film thickness). The 

carrier flow rate was 8 ml/min, and the gas (He) was set to 35 ml/min for a final rate of 43 

ml/min at the FID detector. Detector gases were compressed air (350 ml/min) and hydrogen 

(35 ml/min). The gas chromatograph was a Hewlett-Packard Model 5890 Series II gas 

chromatograph (oven temperature-90*'C, isothermal; injector and detector temperatures were 

220°C) interfaced with a Hewlett-Packard 3396A integrator. All samples were analyzed in 

triplicate. Toluene concentrations were determined by peak height ratio with the internal 

standard and expressed in ^M. 

Reagents, Preparation of stock (Le., toluene) solutions, and superjusion of drugs. 

Toluene (analytical grade), benzene (reagent grade) and carbon disulfide (reagent grade) 

were purchased fit>m Fischer Scioitific (Tustin, CA). The borosilicate glass headspace vials 

and crimp caps with Teflon-lined septa were fi-om Scientific Resources (Eatontown, NJ). 

The 100 |il syringes were purchased fi'om the Hamilton Company (Hamilton, NJ). 

Dopamine (DA), serotonin (5-HT), and N-methyl-D-aspartate (NMDA) were purchased fit)m 

Sigma Chemical (St. Louis, MO). 

Immediately prior to use, a supersaturated homogenous stock solution of toluene was 

prepared by vigorously vortexing 700 ^1 of distilled water, 100 jil of polyoxyethylene-

sorbitan mono-oleate (Tween-80) (Sigma, St. Louis, MO, USA), and 500 ^1 of analytical 

grade toluene for 2 min. Other drug solutions were prepared in advance in deionized. 
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distilled water at ~100 times their final diluted concentrations. All drugs (including toluene) 

were applied in known concentrations to the superfiision medium by dilution of the stock 

drug into 60-cc of oxygenated ACSF for 30 s. The rate of superfiision was 3.0 ml/min. The 

influence of toluene on neuronal firing was assessed imder a paradigm based upon 3-min 

superfusions of toluene-containing ACSF with longer periods of toluene-free ACSF. The 

recording chamber temperature was maintained at 35°C, and the gravity-feed perfusion 

system was composed of Nalgene™ Silicone tubing (VWR Scientific Products, West 

Chester, PA). A single piece of tubing sealed at each end connected the mixing syringe with 

the recording chamber. 

RESULTS 

Rats behaviorally tolerant to toluene are cross-tolerant to amphetamine and cocaine. 

In the experimental group, toluene initially produced a robust increase in activity (see time 

course. Fig. 5.1C), in contrast to the rapid decline in photocell counts following vehicle 

injection (time course. Fig. 5.1D). Following repeated daily exposure (Figs. 5.1A & 5.1C), 

however, the locomotor stimulant effects of toluene (600 mg/kg, ip) declined significantly. 

In the experimental-group, injections of toluene produced photocell counts of4296± 242, 

2113± 155, 1449± 147, and 1(X)6± 151, on days 1,5,6, and 7, respectively (Fig. 5.1 A). The 

locomotor time courses (Fig. 5.1C) similarly declined with repeated injections, such that by 

day-7 the number of photocell counts were not statistically different than those produced in 
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Figure 5.2. Repeated adininistration of toluene (tol) but not vehicle (veh) attenuates the 
acute locomotor stimulant effects of cocaine (A) and amphetamine (B). Rats received IS 
mg/kg, ip cocaine and 1.5 mg/kg, ip amphetamine on days 8 and 9, respectively. Data 
represent the mean photocell counts ± SEM at each 10-min interval. The line-break at the 
0 time point indicates the time of injection. Significant differences between treatment 
groups were determined by repeated measure analysis of variance followed by the post hoc 
Dunnett's multiple comparison test. Inset graphs show total mean photocell counts for 
each group generated during the 3 hr recording period. Significant differences between 
total photocell counts were determined by Student's f-test, •/'<0.05. 

response to vehicle {p > 0.05) (Figs. 5.1A, day-7 vs and Fig 5.1B, day-7). The period of 

peak locomotor activity (~60-l00 min), however, remained constant (Fig 5.1C). 

With repeatedly administered vehicle, the spontaneous activity of the vehicle 

treatment-group remained constant The photocell counts on days 1,6 and 7 were 861±117, 

901±136, and 887±163, respectively (Fig. 5.1B)(p>0.05, Student s /-test). The injection of 
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Figure 5.3. Acute locomotor stimulant properties of scopolaxnine 
(1.25 mg/kg, ip) on day 10 in animals repeatedly treated with 
toluene (tol) or vehicle (veh). Data represent the mean photocell 
counts ± SEM at each 10-min interval. The line-break at the 0-
time point indicates the time of injection. Significant differences 
between treatment groups were determined by repeated measure 
analysis of variance, */M).05. Inset graphs show total mean 
photocell counts for each group generated diiring the 3 hr 
recording period. No significant differences were found between 
groups (Student's /-test, •/»>0.0.5) 

activity time-courses (Fig. 5.ID) in response to vehicle (day 1,6 and 7) consistently showed 

a n^id return to baseline. The single injection of toluene administered to the vehicle group 

on day-5 produced a time-course (Fig. 5. IB) and period of peak activity (60-100 min) similar 

to that in the treatment group on day 1 (Fig. 5.1 A). That is, repeated exposure to conditions 

associated with drug (i.e., injections, handling, test cages) appeared not to behaviorally 

sensitize the animals to the procedure. 
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Figure 5.4. The acute locomotor-stiinulant properties of toluene decline with repeated daily 
administration. Rats were injected with (A) toluene (600 mg/kg, ip) or (B) vehicle once 
per day for 7 days. Data represent the mean photocell counts ± SEM at each 10-min 
interval. The line-break at the 0-time point indicates the time of injections. Significant 
dififerences between treatments were determined by two-way repeated measure analysis of 
variance followed by the post-hoc Newman Keuls test. For time-course (A) *P<Q..05 
comparing day 2 to 1. In days 2 through 7 the values between 20-140 min were also 
significantly different fi^om those of day 1 iP <0.001), but are omitted for clarity. For (B), 
P>0.0.5 ANOVA. Insets show the total mean locomotor counts for each day of toluene or 
vehicle treatment. For both inset graphs significant differences were determined by 
Student's r-test. In inset (A) the total counts from day 1 though 7 were not significant 
(P>0.05). In the time courses in (A) and (B) the error bars were omitted for clarity. 
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On days 8 and 10 both groups received injections of cocaine, amphetamine and 

scopolamine, respectively. Administration of cocaine (IS mg/kg, ip) to the vehicle- and 

toluene-treated groups produced total photocell counts of 9049±609 and 4015±S13, 

respectively (Fig. 5.2A, inset). The time course of the locomotor activity peaked at 10-30 

min in both groups, though the vehicle- and toluene-treated animals showed different 

maximum activities of ~1250 and -800 photocell counts, respectively (Fig. 5.2A). The 

response to amphetamine (1.5 mg/kg, ip) in the vehicle- and toluene-treated animals was also 

significantly attenuated (11,941^628 photocell counts vs. S999±409 photocell counts, 

respectively (Fig. S.2B, inset). The time course of the amphetamine-induced locomotor 

activity peaked at 30-40 min (Fig. 5.2B). In both the toluene and vehicle treated groups, 

scopolamine produced virtually identical increases in locomotor activity (S089±343 and 

4863± 522, respectively (Fig 5.3A). The locomotor time courses for both treatment groups 

similarly peaked at ~10 min, and thereafter declined to preadministration levels (Fig. 5.3). 

Effects of repeated experimental treatments on the behavioral stimulant effects of 

toluene (preparation of animals for electrophysiological assessment) 

Injections of toluene (600 mg/kg, ip) initially enhanced spontaneous activity, but this 

ef&ct declined (see time course Fig. 5.4A). Locomotor counts in the toluene treatment group 

were 4184± 408, 3203±362, 2849±299, 2129±267, 1909± 236, and 1409± 195, on days 1 

through 6, respectively (Fig. 5.4A, inset). The corresponding locomotor time-courses for the 
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experimental-group also declined (Fig. 5.4A). By day-7 the counts were not statistically 

different than those produced by administration of vehicle (p > 0.05, Student's /-test) (Fig. 

S.4A, day-6 and Fig. S.4B day-6). Despite the declining responsiveness to toluene, the 

period of peak locomotor activity (-60-100 min) remained constant (Fig 5.4A). In contrast, 

in the vehicle-treated group, injections of vdiicle produced a characteristic rapid decline in 

photocell activity (Figs S.4B). Also, the activity resulting from the daily administration of 

vehicle did not decline over time (Fig. 5.4B; 7594±121, 812±154, 810±132, 701±I21, 

875±123, 830±I86, 882±206, 931±188 respectively), or differ statistically (p>0.05) (Fig 

5.4B, inset). In the vehicle-treatment group, the locomotor time-courses (Fig. 5.4D) rapidly 

declined to preadministration levels within ~40 min. That is, taken together the results fix>m 

the present experiments were indistinguishable to those above in the cross-tolerance 

experiments. 

Electrophysiological identification 

Previous studies preformed under identical conditions, showed that superfusion of 

the toluene vehicle, Tween-80, up to the highest concentration used (0.001%), had no 

observable effects on the waveform shape and/or the magnitude of firing rates (Riegel and 

French, 2001b). Toluene perfusate up to the highest concentrations used (740 ^M), produced 

no change in the firing pattern of any neuron sampled (for example see Fig. S.7). Toluene 

did, however, alter the neuronal firing rates (Fig. 5.7). hi each instance, the effect rapidly 
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Figure 5.5. Toluene reduces the number of spontaneously 
active DA neurons and their basal firing rates (Hz) in the VTA, 
but has opposite effects on VTA non-DA neurons. Toluene-
treatment decreased (A) DA neuron basal firing rates, but 
increased the basal firing rates of (B) non-DA neurons. 
Toluene-treatment decreased (C) the number of spontaneously 
active DA neurons, but increased the number of spontaneously 
active non-DA neurons (D). Taken together the data illustrate 
that tissue from toluene-treated animals possess a larger 
number of slower firing DA neurons combined with a greater 
number of more active non-DA neurons. Statistical differences 
for (A), (B), (C) and (D) were determined by two way repeated 
measure analysis of variance followed by post-hoc testing 
using the Dunnett's multiple comparison test. **P<0.01 and 
***/'<0.001 compared to vehicle. 
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concentrations of toluene progressively increased action potential duration and the 

prominence of the "S-D" notch in the presence of toluene. The spike amplitude was also 

regularly reduced. Intracellular studies were not preformed, though the observed changes 

were identical to those described by others as indicative of a membrane depolarization (for 

example see Riegel and French, 2001b). 

All the non-DA neurons that were sampled showed similar toluene related, 

concentration-dependent increases in neuronal firing (Fig. 5.9). When subdivided according 

to the secondary or tertiary non-DA neuron classification there were no statistically 

significant differences in the efficacy of toluene. Thus, the results firom the two classes of 

non-DA neurons were grouped. Again, recovery fix)m toluene's effects was both rapid and 

independent of the number of previous challenges, and non-DA neuronal waveforms were 

not modified during toluene perfusion. 

Effects of toluene- and vehicle-treatment: correlation between basal firing 

characteristics of VTA neurons and responsiveness to DA 

Recognizable differences existed in the firing rates of spontaneously active neurons 

in vehicle- and toluene-treated animals. In toluene-treated animals, data firom DA neurons 

was grouped a priori according to their basal firing rates; >0.2 Hz termed active-DA cells 

or <0.2 Hz termed slow-DA neurons) (see methods). In vehicle-treated animals, the mean 

basal firing rates of DA neurons was 0.49±0.04 Hz (Fig. 5.5 A). The mean basal firing rates 
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of active- and slow-DA neurons were 0.34±0.06 and 0.076±0.01 Hz, respectively (Fig. 

S.SA). With regard to firing rates, statistical differences existed both between treatment 

groups (vehicle and toluene, /XO.OOI ANOVA, post-hoc Dunnett's), and within groups 

(active-DA versus slow-DA neurons, p<0.001. Student's t-test). The mean number of 

spontaneously active DA neurons (e.g., cells-per-track) in vehicle-treated animals 

(0.125±0.006 cells/track) was greater than toluene-treated animals (/xO.OOl ANOVA, post-

hoc Dunnett's). The mean mmiber of slow-DA cells/track (0.043±0.004 cells/track) also 

differed statistically fi'om the number of active-DA neurons per track (0.0169±0.004 

cells/track) (^0.001, Student's r-test) (Fig. 5.SC). Non-DA neurons in vehicle- and toluene-

treated animals had basal firing rates of 2.610.23 Hz (Fig. 5.5B) and 4.25±0.39 Hz (Fig. 

Figure 5.6. (following page) Acute NMDA effects on one population of (slow) DA 
neurons from animals treated repeatedly with toluene. Toluene exposure produces in some 
DA neurons markedly attenuated spontaneous activity. A) Representative ratemeter 
histogram of a "slow" DA neuron from an animal repeatedly treated with toluene; data 
collected in 1-s bin. The basal firing rate (0.1 Hz) is stable, though ~5 fold lower than 
neurons from vehicle-treated animals (Fig. S.7B). In contrast to active-DA neurons or DA 
neurons from vehicle-treated animals, the rebound increase in firing is attenuated upon 
NMDA superfusion (compare with Fig. 5.7B). (C) shows that the atypical changes in firing 
are mirrored by atypical changes in the action potential wavefonn. Immediately prior (*) 
to DA superfusion the action potential shows an attenuated "SD" notch consistent with a 
persistent hyperpolarized state. Following DA superfusion (j;) both the "SD" notch and 
wavefonn duration increases are consistent with a more depolarized state. Calibration : 0.5 
mSec, 0.1 mV. (D) Summary of acute NMDA effects on both vehicle (veh)-group DA and 
toluene (tol)-group "slow" DA type neurons. Text above/below the bars represent NOMA 
concentrations and numbers of neurons **/^0.01 tol group vs. veh group (Student's t-test), 
and ***P<0.001 tol group vs veh group (Student's t-test). The apparent depolarization 
produced by dopamine and the inhibition of neuronal firing seen with NMDA is opposite 
to that seen in vehicle or naive animals. 
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S.SB) (p<0.001. Students Mest), respectively. The mean numbers of non-DA cells/track in 

vehicle- and toluene-treated animals (0.05610.002 and 0.083±0.002 cells/track, respectively) 

were significantly different (p<0.001, Student's Mest). In summary when compared to the 

vehicle group, tissue fix>m toluene-treated animals presented a larger number of slower firing 

DA neurons combined with a greater number of faster firing non-DA neurons. 

DA neurons fiY)m toluene-treated animals showed a correlation between their basal 

firing rates and responsiveness to DA superfusion that was not seen in the vehicle-treated 

group. As expected, 50 DA was sufficient in all instances to inhibit neuronal firing of 

DA neurons in both vehicle- and toluene-animals. Following inhibition, the neuronal 

activity of active-DA neurons and DA neurons fix>m vehicle-treated tissue returned 

unremaricably to baseline (94.0±23.0 % and 100.0±19.3 %, respectively, % of pre-DA firing 

rate). However in the slow-DA population, firing rates following 50 ^M DA always 

rebounded above baseline (220.0 % ± 30.0 %; % of pre-DA rates) (Figs. 5.6A & 5.6B). This 

rebound firing in the slow-DA population was significantly different (p<0.001, ANOVA, 

post hoc Dunnett's), from that of either the active-DA neurons or DA neurons from the 

vehicle-treated animals. All neurons with a post-DA superfusion cell firing rate greater than 

the pre-DA superfusion rate were included in the "rebounded" cell firing measurements. 

The action potential waveforms of the slow-DA neurons also showed atypical 

changes, corresponding temporally with DA superfusion. Prior to DA superfusion when cell 

firing was ~ 0.1 Hz, slow-DA neurons consistently exhibited large amplitudes and narrow 
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duration spikes with a small S-D notch, a waveform classically associated with 

hypezpolaiization (Fig. 5.6C) (Grace and BunnQ^, 1984). Upon cessation of DA superfusion 

the cell firing rates increased (~0.4 spikes/1 sec). This increase was accompanied by 

decreased amplitude, increased spike duration, and an enlarged S-D notch, a waveform shape 

associated with depolarization (Fig. S.6C) (Grace and Bunney, 1984). In contrast, the 

waveforms of active-DA (toluene-treated) neurons and of vehicle-treated DA neurons 

showed only the typical drug-induced changes in cell firing (Grace and Bunney, 1984). 
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Figure 5.7. Acute effects of NMDA and toluene on DA neurons from animals treated 
repeatedly with either toluene (tol) or vehicle (veh). A 2"^ population of "active" DA 
neurons show an attenuated response to toluene. A) & B) show representative ratemeter 
histograms of DA neurons firom animals in the tol and veh groups. Neurons from both 
treatments groups are similarly stimulated by NDMA, but dififer in their responsiveness to 
toluene. The same Y-axis scale is used for both histograms. C) Summary of acute 
neuronal NDMA responses from animals repeatedly treated with toluene or vehicle. 
Differences between treatment groups at 370 (iM and 740 ^M toluene were significantly 
different (Student's Mest, */'<0.05, ••P<0.01). For (C) and (D) numbers in ( ) represent 
the numbers of neurons for the toluene (tol) and vehicle (veh) group, respectively. 
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Finally, secondaiy and tertiary non-DA neurons exposed to perfusion of SO fiM DA produced 

responses in toluene-treated animals indistinguishable fiom those in vehicle-treated animals 

(for example see Fig. 5.8, otherwise data not shown). 

Toluene> and vehicle-treatments: alterations in the excitatory effects of NMDA on 

DA and non-DA neurons 

NMDA-induced excitation of VTA DA neurons was assessed in tissues fiom toluene-

and vehicle-treated animals. In the vehicle group, NMDA produced reversible and 

concentration dependent increases in DA neuronal firing (Fig. 5.7B); NMDA at 3,5,10, and 

30 nM produced rates above baseline of 0.610.32, l.5±0.46, 2.6±0.37, and 3.510.30 Hz, 

respectively (Fig. 5.7C). In the toluene group, NMDA produced similar increases in the 

firing of active-DA neurons (Fig 5.7A); NMDA at 3,5, 10, and 30 (oM increased firing above 

baseline 0.810.30,2.110.59,3.010.31, and 3.810.39 Hz, respectively, (Fig. 5.7C). The ECjo 

values for NMDA are 9.3 ^M and 10.7(iM for the vehicle- and toluene-treated groups, 

respectively, a nonsignificant difference. However in tissue fi'om the toluene-treated 

animals, the activity of the slow-DA neurons was inhibited by NMDA (Fig. 5.6A). In this 

case, 5, 10, and 30 |iM NMDA resulted in a reduction in cell firing below baseline of -

0.0110.04, -0.1310.05, and -0.3510.07 Hz, respectively (Fig. 5.6D). The NMDA responses 

of DA neurons in the vehicle-treated tissue to those of slow-DA neurons in toluene-treated 

tissue were significantiy by different at 10 ^M and 30 ^M NMDA but not at 5 |iM (Student's 
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Figure 5.8. Acute NMDA effects on non-DA neurons. Representative ratemeter 
histograms illustrate that when compared to neurons from (A) vehicle-treated 
animals, NMDA disproportionately stimulates non-DA neuronal firing in tissue 
fix)m (B) toluene-treated groups. Note the different y-axis scaling of (A) and (B). 
Bottom graphs simunarize the stimulatory effects of NMDA in tissue from (C) 
vehicle (veh)-treated vs. naive rats and (D) veh vs. toluene (tol)-treated rats. 
Differences between treatment groups in both (C) {P>O.OS), and (D) were 
determined by the Student's /-test, ***i'<0.001). 
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In contrast, NMDA pronounced an augmented effect in non-DA neurons from 

toluene-treated animals compared to those in the vdiicle group. In tissue from vehicle group 

animals (Fig. 5.8A), NMDA at S, 10, and 30 fiM produced in the non-DA neurons rates of 

0.60±0.32, 1.50+0.46, and 3.50±0.30 Hz above baseline, respectively (Fig. 5.7C). These 

reversible and concentration dependent excitations are comparable to non-DA neuron 

responses in tissue from naive animals (NMDA: 5, 10, 30 ^M; 0.5110.45, 1.12±0.79, and 

4.03±0.51 Hz above baseline, respectively) (Fig. 5.8C). NMDA induced excitations of non-

DA neurons in the vehicle-treated tissue were not significantly different fiom responses seen 

in naive tissue (^>0.05, Student's t-test). However in tissue from toluene-freated animals, 

the activity of non-DA neurons was disproportionally increased by NMDA (Fig. 5.7B). In 

this case, 5, 10, and 30 (iM NMDA resulted in an increased cell firing of 3.02±0.04, 

9.91±0.99, and 23.7±1.63 Hz above baseline, respectively (Fig. 5.8D). The differences 

between increased non-DA firing in vehicle-treated tissue compared with toluene-treated 

tissue were significant (p<0.001. Student's t-test). 

Toluene- and vehicle-treatments: alterations in the effect of toluene on DA and non-

DA neurons 

Tissue from toluene- and vehicle-treated animals was used to test the influence of 

toluene on the neuronal activity of VTA DA neurons. In tissue from vehicle-treated animals 

toluene at 185, 370, 740 ^M produced reversible and concentration dependent increases in 
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DA neuronal firing of 0.71±0.33,1.7S±0.35, and 3.1±0.23 Hz above baseline, respectively 

(Fig. 5.7D). In tissue from toluene-treated animals, the same concentrations of toluene 

produced an attenuated increase in the firing of active-DA neurons (0.07±0.31, 0.23±0.49, 

1.16±0.49, and 1.98±0.66 Hz above baseline, respectively. Fig. 5.7D). Likewise toluene 

ECjo values shifted from 371 fiM in the vehicle group to 676 |iM in the toluene group, 

respectively (p<0.001. Student's Mest). ITie efBcacy of toluene on slow-DA neurons fix>m 

toluene-treated tissue could not be adequately addressed because of their low basal firing 
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Figure 5.9. Acute effects of toluene on non-DA neurons in tissue from animals repeatedly 
treated with toluene. Pulses of toluene stimulate firing in a concentration-dependent and 
reversible fashion. Inset the stimulatory effects of toluene on /lo/i-DA neurons from vehicle 
(veh)- and toluene (tol)-treated animals were similar. Differences in the increase in 
neuronal firing between the two groups were not significant, P>0.05. 
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rates. Nevertheless, slow-DA neurons showed a brie^ but mild (~+0.1 Hz above baseline) 

stimulation during superfusion with 185 |iM toluene, which often completely ceased firing 

during washout. Usually, the neuronal firing would recover. With 370 fiM toluene, most 

neurons showed a slightly larger stimulation (~+0.15 Hz above baseline) which often 

inactivated before the end of the 3 min pulse. Neurons sometimes recovered, though at firing 

rates so slow any additional assessment was impractical. 

In contrast, toluene showed similar efficacy at non-DA neurons fix>m toluene-treated 

compared to vehicle-treated tissue. In tissue from vehicle-treated animals, toluene at 185, 

370, 740 jiM increased non-DA firing by 1.02 ±0.22, 1.91±0.34, and 2.70±0.65 Hz above 

baseline, respectively (Fig. 5.9, inset). These reversible and concentration dependent effects 

were comparable to non-DA neuron responses in tissue fix>m vehicle-treated animals 

(toluene: 185, 370, and 740 nM; 0.75±0.33, 2.13±0.54, and 4.11±0.84 Hz above baseline, 

respectively) (Fig. 5.9). For non-DA neurons the EC50 values for toluene did not differ from 

that of the vehicle treated group (371 nM vs. 389 nM) (Fig. 5.9, inset). 

DISCUSSION 

The purpose of this study was to assess the direct impact of repeated exposures of the abused 

inhalant toluene on behavior and neuronal activity associated with the mesolimbic DA 

system. The major findings of this study indicate that rats repeatedly exposed to abuse 

relevant concentrations of toluene show: (1) tolerance to the locomotor stimulant properties 
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of toluene; (2) cross-tolerance to locomotor stimulant effects of amphetamine and cocaine; 

and (3) neuroadaptations in the function and responsiveness of VTA neurons. These 

phenotypic changes may underlie both depressed DA neurotransmission associated with 

toluene, as well as help explain the reduced efiBcacy of toluene which occurs with continued 

use in humans. 

Numerous studies show that toluene produces an inverted "U" CNS pattern of 

activation (e.g., excitatory-inhibitory profile) (for review see Balster 1998). These effects 

are strongly correlated to blood and brain concentrations, and occur independent of the route 

of administration (DeJongh and Blaauboer, 1996). Though the elimination rates differ 

considerably, the peak blood levels obtained fix>m either inhalation or intraperitoneal 

administration are similar (DeJongh and Blaauboer, 1996). Under conditions identical to 

those in present study, rats develop blood and brain toluene concentrations of250-350 |iM 

(Wada, 1999). Neurobehaviorai data and pharmacokinetic estimates indicate nearly identical 

levels, 250-450 |iM, in abusing humans and self-administering primates (Kishi, 1988; Rees 

etai, 1985; Miyagawa, etaL, 1984; Miyagawa, 1986; Garriottefa/., 1981; Miyazaki, etal., 

1990; Weiss, 1994). Thus, the toluene concentrations used in this study may be a reasonable 

approximation for studying the behavioral and neurophysiological changes that may be of 

some relevance to human inhalant abuse. 



133 

Repeated administration produces changes In mesoiimbic associated behaviors 

The present behavioral results demonstrate that the locomotor stimulatory effects of 

-toluene decline with repeated administration. These observations are consistent with 

previous studies (Wood). In vivo electrophysiological, behavioral and microdialysis studies 

suggest that the behavioral stimulatory properties of toluene are dependent upon mesoiimbic 

neurotransmission (Riegel and French, 1999c, 2001a; Stengird K, 1995; Stengird, et al 

1994, Gerasimov et ai, 2001). The behavioral effects of toluene are directly proportional 

to its blood and brain concentrations (Kishi et al., 1988). Since these concentrations and 

liver tissue levels do not change significantly with repeated administration, it is likely that 

the attenuated behavioral effects occur independent of hepatic mechanisms (Lorenzana-

Jimenez and Salas, 1990). Instead, the attenuated behavioral responses may signal a change 

in mesoiimbic neurotransmission. It is interesting that animals repeatedly treated with 

toluene showed comparatively lower activity counts in response to amphetamine and 

cocaine, but not scopolamine. Administration of cocaine and amphetamine are closely 

correlated to increased DA release in the NaCC (Kreek and Koob, 1998). Administration 

of DA blockers or 6-OHDA lesions of the NaCC also attenuate the behavioral hyperactivity 

associated with these psychostimulants (Pikenberg et ai, 1975; Kelle et ai, 1975; Koob et 

ai. 1978; 1981; Joyce and Koob 1981; Riegel and French 2001a). That is, in a fashion 

similar to toluene the behavioral hyperactivity evoked by cocaine and amphetamine occurs 

through a mesoiimbic DA-dependent mechanism. In contrast, the stimulatory effects of 
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scopolamine (1^5 mg/kg, ip) ^>pear to be mediated by a dopamine-independent mechanism 

(French and Vantini, 1984; Joyce and Koob, 1981). With a particular pattern of 

administration, rats will develop tolerance to the locomotor stimulatory properties of both 

cocaine and amphetamine, and in addition develop a cross-tolerance between the two drugs 

(Lau et aL, 1999; Magour et al. 1976; Peltier et al.. 1996). Both the tolerance and cross-

tolerance are associated with alterations in the mesolimbic DA system (Hyman et aL, 2001). 

Since similar factors may underlie the attenuated behavioral responsiveness to toluene, a 

second group of animals was treated with toluene for 7 days and the basal 

electrophsyiological characteristics and pharmacological responsiveness of VTA DA and 

non-DA neurons was then examined. 

Repeated administration of toluene produces neuroadaptations in VTA function. 

We used an in vitro brain slice technique to avoid possible confounding effects of 

general anesthetics on the spontaneous activity of DA neurons. To the slice we applied a 

version of the extracellular single-unit recording and cells-per-track techniques initially 

developed to examine the mechanisms of antipsychotics to test the effects of toluene on basal 

firing rates and spontaneous activity of VTA neurons (for review, see Chiodo, 1988 White, 

1996). The results revealed two changes specific to non-DA putative GAB A neurons. Non-

DA neurons were firing at comparatively higher basal firing rates and found more frequently. 

Since non-DA neurons are speculated to provide tonic inhibition over DA neuronal activity, 
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their heightened activi^ may in part explain the sui^vessed spontaneous activity and firing 

of DA neurons (see below). The explanation behind the increased number of non-DA 

neurons found is not clear, though it could reflect changes in neurotransmitter receptor 

expression. Long term exposure to toluene has been shown to increase the specific receptor 

binding of both glutamate and GABA in the brainstem by approximately 50% (Bjomaes and 

Naalsund, 1988). The investigators of that study did not localize these changes to a specific 

group of neurons, but the present data indicates a >400-fold increase in efficacy of NMDA 

at non-DA neurons (Fig. S.8). The heightened activity of non-DA neurons may stem from 

an increased glutamatergic tone onto glutamate-GABA synapses. The neuronal changes 

appear subtype-specific, since DA neurons either showed normal or reversed efiTects (see 

below). 

The effects of toluene on VTA DA neurons appeared equally significant, though 

more complex. In comparison to vehicle-treated animals, toluene exposure produced a 

reduction in the spontaneous activity of nearly all DA neurons. Of particular interest, were 

DA neurons firing at <0.2 Hz, which were for convenience labeled slow-DA neurons. Since 

DA neurons both synthesize and release dopamine from their dendrites, VTA DA tissue 

concentrations may also have declined. In similar regions such as the substantia nigra, rats 

exposed to toluene for identical periods of time show reduced DA levels and DA utilization 

measured by quantitative histofiuorimetry and the a-methyl-para-tyrosine (AMPT) inhibition 

of tyrosine hydroxylase (TH), respectively (Von Euler et al.^ 1989, 1988). The possibility 
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of neuronal cell death cannot be ruled out, but £q>pears unlikely. Studies in our laboratory 

with the soisitive fluorescent marker fluoro-jade showed no signs of neuronal d^eneiation 

in brain tissue from rats repeatedly (3 times/day, 7 days) exposed to the same or higher 

concentrations (1200 mg/kg, ip) of toluene (unpublished observations; Schmued et al., 

1997). Other published studies support this conclusion (Huang et al.. 1992). Instead, these 

neurons may be present and functional, but instead hyperpolarized and slowly firing. The 

ratemeter record shown in Fig. 5.6 is a representative example of a slow-DA neuron with 

stable pacemaker like firing, albeit at a rate of ~0.1 Hz. Originally, the matching action 

potential waveform showed characteristics typically associated with a hyperpolarized 

neuronal membrane (e.g., large amplitude, narrow duration, mild inflection (S-D notch). 

Following drug superfiision, however, slow-DA neurons showed changes in both their basal 

firing rates and waveforms consistent with a depolarization (i.e., increased rate, duration, and 

S-D notch size, and decreased amplitude). These data indicate that the slow-DA neuron 

group can fire at higher rates, but their activity may be "restricted." As expected, however, 

the fact that DA superfusion produced a rapid inhibition of cell firing, would suggest that D-

2 receptors present on DA soma are still functional. Conceivably, the hyperpolarization may 

have re-activated the voltage-gated inactivated ion channels necessary for higher firing 

frequencies. The rebound in VTA DA cell firing is similar to that which occurs following 

the administration of a D-2 DA receptor antagonist to reverse apomorphine inhibition 

(unpublished observations). 
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The NMDA responses in slow-DA neurons were also different from responses in 

vehicle-treated animals. Svirprisingly, NMDA perfusion consistently produced 

concentration-related inhibitions of slow-DA cell firing. Since NMDA was equiefScacious 

at all other DA neurons (i.e., active-, vehicle-treated, and naive), a non-specific toluene-

induced inactivation of the NMDA receptor appears doubtful. A more likely explanation is 

that the exaggerated efficacy of NMDA at local inhibitory non-DA neurons (e.g., upwards 

of 28 Hz) was sufficient to immediately inhibit DA neuronal activity. 

A less commonly encountered group of DA neurons fix>m toluene-treated animals 

possessed firing rates of >0.2 Hz and were labeled for convenience, active-DA neurons. 

These neurons showed changes in cell firing and action potential waveforms in response to 

DA and NMDA superfusion that were indistinguishable from DA neurons in vehicle-treated 

tissue. However, DA cells in this group did show comparatively attenuated responses to 

toluene. Since the mechanisms imderlying toluene's neuronal stimulatory properties have 

yet to be identified, a cellular explanation for the rightward shift in toluene's concentration-

effect curve is not possible. It is striking, however, that toluene was still equiefficacious at 

/lo/i-DA neurons from toluene- and vehicle-treated animals. That is, the effects of repeated 

exposure were not generalized to all VTA neuronal types, but rather specific to active-DA 

neurons. These adaptations have the ultimate fimctional result of attenuating the 

responsiveness of DA neurons to toluene, yet still allow for a toluene associated increase in 

the activity of the non-DK neurons mediating inhibition. 
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Functional implications of mesolimbic neuroadaptations 

A growing body of data suggests that toluene and similar solvents are the 

psychotropic constituents of abused inhalants, and their exposure alters brain dopamine 

systems (Balster 1991). Current experiments specifically addressed the effects of repeated 

exposure to toluene on the mesolimbic system. When the present results are interpreted in 

a broader perspective, there is ample evidence to suggest that the abuse liability of inhalants 

reflects their direct activation of the AlO DA system, but that the behavioral effects present 

after repeated exposure reflect neuroadaptations reacting to the persistent stimulation of the 

AlO DA system. 

Data from the synaptic and cellular level derived from animals repeatedly treated 

with toluene, suggest the following scenario. In rats, acute exposure to toluene initiates: an 

increase in VTA DA cell firing (Riegel and French, 1999a); the synaptic release of DA firom 

terminals (Stengard K, 1995; Stengird, et al 1994, Gerasimov et al., 2001); and mesolimbic 

DA-associated behaviors (Weiss et al., 1979; Riegel and French, 1999c, 2001a). The 

increase in mesolimbic DA may in part explain the euphoric effects, and also the reported 

development of a reversible psychosis associated with inhalant abuse (Katzelnick et al., 

1991). Short-term exposure (<2 days) produces no obvious changes in binding 

characteristics of rat DA receptors (Von Euler et al.. 1988) or the number of DA terminals 

or level of DA synthesis (e.g., dopamine decaiboxylase activity) as measured by PET studies 
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in humans (Edling a/., 1997a). 

With repeated administration (greater than 3 days), however, DA D-2 rec^tors in the 

striatum show alterations (e.g., increased Kq) in their binding characteristics (Celani et al., 

1983). Changes of this type are also seen with other treatments that persistently elevate the 

release of striatal DA (Sousa et al., 1999). After 3 days, regions such as the substantia nigra 

begin to show decreases in DA utilization and DA levels (Von Euler et al., 1988, 1989), and 

DA tissue concentrations in the nucleus accumbens, caudate nucleus and frontal cortex begin 

to decline (Von Euler et al., 1988, 1989). Interestingly, the present experiments revealed that 

repeated-toluene exposure produced a significant reduction in the number of spontaneously 

active DA neurons. These actions may explain the decline in DA tissue concentrations in 

the terminal regions. By day 6-8, DA D-2 receptors in the striatum begin to show increased 

values (von Euler et al., 1993). After 12 days of exposure, brain regions targeted by DA 

neurons show increases in both the number and intensity of TH-immunoreactive fibers and 

terminals (Lizumi et al., 1995; Cintra et al., 1999). Similarly, PET studies of humans with 

chronic occupational exposure to toluene reveal increased synthesis of DA in the striatum 

as measured by L-["C]DOPA for dopamine decarboxylase activity (Edling et. al 1997b). 

These later changes may represent an adaptation of cellular responses to the decreased level 

of mesolimbic neurotransmission, evoking in turn an increase in the number of DA receptors 

and DA synthetic enzyme activity (i.e, TH) in the terminal regions. 

In conclusion, the present results indicate that acute and repeated exposure to toluene 
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alters mesolimbic DA neurotransmission. These data may have implications for the 

dependence, withdrawal, schizophrenic symptoms, and anhedonia reported with inhalant 

abuse (Boutros and Bowers, 1996; Rees et aL, 1999; Schneier and Siris, 1987; McGarvey 

et al, 1999; Flanagan and Ives, 1994). These data would also suggest that the behavioral 

tolerance to toluene is accompanied by an attenuated VTA DA neuronal sensitivity to 

toluene. Such changes may contribute to the reported escalation of dose over time, and thus 

ultimately the neurotoxicity associated with inhalant abuse (Flanagan and Ives, 1994). 

Interestingly the foci for both the acute and repeated effects of toluene appears to be centered 

at the origin of the mesolimbic system, the VTA, an area known to be involved in the 

reinforcing properties of drugs of abuse. 

References are shown at the back of this thesis. 
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Chapter 6 

SUMMARY 

Considerable data suggests that toluene, a major component in some popularly abused 

inhalants, may possess rewarding properties. Epidemiological studies from NIDA as well 

as reports from health care providers and law enforcement regularly attest to the prevalence 

of inhalant abuse among youth. Moreover, noninvasive PET studies from these human 

abusers correlate the use of inhalants with changes in dopaminergic activity. Finally, volatile 

solvents such as toluene sustain self administration in primates and induce locomotor 

hyperactivity in rodents—^two behaviors widely recognized to stem from alterations in 

mesolimbic dopamine neurotransmission. Thus it was logical to speculate that toluene's 

rewarding properties may be mediated through this system. In the present series of studies, 

I attempted to corroborate existing data with a more precise behavioral and 

electrophysiological examination of the effects of toluene on mesolimbic dopamine by 

hypothesizing that (1) depletion of DA in the NaCC by focal injections of 6-

hydroxydopamine will attenuate the behavioral hyperactivity associated with acute toluene 

exposure; (2) acute exposure to behaviorally relevant concentrations of toluene will stimulate 

VTA DA neuronal firing in vitro; (3) with repeated exposure (ip), rats will develop tolerance 

to the locomotor stimulatory properties of toluene; (4) rats tolerant to the locomotor 
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Stimulatory properties of toluene will develop cross-tolerance to amphetamine and cocaine, 

but not scopolamine; and (S) rats tolerant to the locomotor stimulatoiy effects of toluene will 

show electrophysiological neuroadaptations in VTA neurons. The following findings 

support these hypotheses. 

1) Focal depletion of nucleus accumbens (NaCC) dopamine attenuated the locomotor 

stimulatory properties of toluene, but not those of the cholinergic antagonist 

scopolamine. 

2) In vitro, behaviorally relevant concentrations of toluene directly affected the activity 

of VTA neurons, but had only mild or opposite effects on neurons outside the VTA. 

3) VTA DA neurons in the rostral VTA regions projecting to the NaCC were 

particularly sensitive to toluene. 

4) Toluene stimulated VTA DA neurons, and functionally inactivated the neuronal 

firing of VTA no/i-DA neurons. The concentration-effect curves were nearly 

sigmoidal in shape. 

5) The effects of toluene were not altered by NMDA or /lo/i-NMDA receptor blockade 
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or recruitment, and they occurred in the absence of symq>tic transmission, suggesting 

a postsynaptic mechanism. 

6) Rats repeatedly exposed to toluene for 7 days showed progressively attenuated 

locomotor responses, suggesting the development of tolerance. 

7) Rats tolerant to the locomotor stimulatory properties of toluene developed cross-

tolerance to amphetamine and cocaine but not the cholinergic antagonist 

scopolamine, suggesting that repeated treatment alters mesolimbic 

neurotransmission. 

8) Repeated exposed to toluene produced adaptations in VTA DA neuronal function 

including: decreased spontaneous activity, decreased ceil firing rates, action potential 

waveforms associated with a hyperpolarization, and attenuated neuronal 

responsiveness to toluene (e.g., rightward shift). 

9) Repeated exposed to toluene produced adaptations in VTA non-DA neuronal 

function including: increased spontaneous activity, increased cell firing rates, and 

increased sensitivity to NMDA. 
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All things being equal the behavioral and electrophysiological evidence comprising this 

dissertation clearly show that toluene directly activates neurons comprising the mesolimbic 

DA system, and this effect may underlie its reinforcing properties, and thus its abuse 

potential. 
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Chapter 7 

CONCLUSIONS 

Activation of mesolimbic DA system by toluene parallels the well described effects 

previously attributed to nearly all drugs of abuse in humans. In the present dissertation, we 

investigated in rats the behavioral and electrophysiological effects of toluene with an aim 

toward its potential functional impact on brain DA systems and its relevance to human 

inhalant abuse. 

The results of these studies may improve our understanding of the relationship 

between the abused inhalant toluene and the AlO mesolimbic system under acute 

physiological and repeated pathophysiological conditions associated with drug abuse. Such 

knowledge could help to determine whether in man, a causal relationship exists between 

toluene and the addictive characteristics of inhalants, possibly mediated by alterations in 

dopaminergic, GABAergic, and glutamatergic neurotransmission in the brain. 

In Chapter 3, we investigated the behavioral (locomotor) stimulant effects of toluene 

in rats. These studies were in part the continuation of prior work where we showed that 

similar to the CNS depressant ethanol, toluene produces an inverted-U (low dose 

stimulatory; high dose depressant) locomotor stimulant effect, which was sensitive to a DA 

D2 receptor antagonist (Riegel and French 1999c). The results while suggestive of a toluene-
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mesolimbic DA interaction remained tentative as both compounds were administered 

systemically. In current studies, however, the acute stimulatory effects of solvent were 

attenuated by 6-OHDA treatments. These injections were specific to the NaCC, and as the 

rats were pretreated with desipramine likely selective for DA nerve terminals. Ex vivo HPLC 

analysis of NaCC DA tissue content revealed a considerable loss of DA in 6-OHDA-treated 

animals that was clearly correlated with an attenuated behavioral response to the solvent. 

That is, focal lesions of mesolimbic DA terminals blunted the behavioral hyperactivity 

associated with toluene. Without data indicating otherwise, the behavioral properties of 

toluene have in the past been attributed to nonspecific "irritant" effects. These data, 

however, would suggest a specific neural substrate and implicate the mesolimbic DA system. 

The results of previous electrophysiological recordings are also suggestive of a 

toluene-mesolimbic DA interaction in that, the inhalation of abuse relevant concentrations 

of toluene stimulated the firing of VTA DA neurons (Riegel and French, 1999a). Increased 

DA neuronal activity is classically associated with an increased release of DA firom 

mesolimbic terminals and the locomotor stimulant effects of most drugs of abuse. 

Interestingly, toluene inhalation was also positively correlated with a conversion fix)m phasic 

to burst firing, suggesting that toluene may possess a direct VTA effect involving NMD A 

receptors. 

Chapter 4 centered on the acute direct effects of toluene on midbrain DA neuronal 

activity. The results revealed that ACSF media containing concentrations of toluene in the 
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same range as that found in abusing humans or self-administering rats and primates potently 

stimulated the neuronal firing of VTA DA neurons, and that this effect was not generalized 

to all midbrain neurons. As these effects persisted in the absence of synaptic transmission, 

toluene would appear to directly stimulate DA neuronal activity. Multiple experiments 

tested the idea that the stimulatory properties of toluene involve glutamate receptors, but the 

data do not support an NMDA or non-NMDA receptor mediated mechanism. The results 

did, however, indicate that the neuronal activity of putative GAB A neurons was particularly 

sensitive to the same concentrations of toluene. The combination of a direct stimulatory 

effect of toluene on DA neurons and a progressive toluene-induced inactivation of inhibitory 

intemeurons would be expected to have profound functional implications for mesolimbic 

neurotransmission. 

In Chapter 5, we modeled the effects of repeated exposure to toluene on mesolimbic 

neurotransmission. The clinical literature indicates that chronic inhalant abusers need to 

escalate their doses in order to regain the euphoric effects of the drug. In these studies, the 

locomotor activity of rats, which received daily injections of toluene, was assessed. The 

results indicated that while spontaneous movement remained unchanged, the locomotor 

activity generated in response to toluene rapidly declined over the 7-day period. That is, the 

rats appeared tolerant to the solvent. As a result of toluene treatment, the same animals also 

developed a cross-tolerance to amphetamine and cocaine, but not to the cholinergic 

antagonist scopolamine. Since the behavioral hyperactivity of psychostimulants is 
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classically associated with activation of the mesolimbic system, the possibility existed that 

the repeated injections of toluene induced a reduction in mesolimbic '̂ one." If so, these 

effects would resemble the "counter-ad£q)tive" processes induced by chronic administration 

of many other drugs of abuse. Given the previously observed direct stimulatory effects of 

toluene in the VTA, we investigated if repeated administration of toluene induced 

neuroadaptations in neuronal function within the VTA. 

Using brain slices from behaviorally tolerant toluene-treated rats we observed in 

VTA DA neurons (i) a reduction in the number of spontaneous active cells, (ii) a neuronal 

tolerance to toluene, and (iii) in many instances electrophysiological characteristics 

suggestive of an uniisual persisting hyperpolarized state. Since it is both the number of 

spontaneously active DA neurons and their relative firing rates, which in part control the 

amount of DA released from mesolimbic DA terminals, it is very possible that these effects 

are related to the reduced behavioral responsiveness to toluene. Interestingly, tissue from 

the same animals showed an increase in both the firing and number of spontaneously active 

putative GABAergic intemeurons. Unlike the DA neurons, this neuronal subtype was still 

responsive to perfusate containing toluene and in addition was supersensitive to NMDA. 

Although speculative, there exists a hypothetical but nevertheless logical, cellular 

scenario which incorporates the above data and may be relevant to the fimctional impact of 

inhalants on mesolimbic function. It is as follows. Acutely, toluene stimulates VTA DA 

neurons producing a commensurate increase in DA release from mesolimbic DA terminals. 
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and as a consequence generates the associated rewarding and locomotor stimulant effects of 

the solvent With longer periods of administration, the GAB Aergic intemeurons in the VTA 

begin to inactivate, and thus the inhibitory "tone" over DA neuronal fimction is 

compromised. So, a supra-additive amount of DA may be released. When this process is 

repeated over several days, neuroadaptations are induced in the mesolimbic system in 

response to toluene in an attempt to counter-balance out the chronically augmented DA 

activity. For these reasons, the locomotor activities of toluene, cocaine, and amphetamine 

are reduced. The reduced behavioral responsiveness to these drugs may result fix)m the 

reduction in the number of spontaneously active DA neurons as well as their neuronal 

tolerance to toluene. In both instances, this reduction would likely be linked to the toluene-

induced persistent hyperpolarized state, which is in tum the result of an enhancement of 

inhibitory GABAergic function. The increased GABAergic activity would stem from a 

selective strengthening of NMDA-mediated glutamatergic tone over these neurons. 

Apart from the current studies very little is known about the impact of abused 

solvents on mesolimbic brain function. This project has provided important preliminary 

work hopefully providing a better imderstanding of fimctional effects of toluene and their 

potential relevance to inhalant abuse. Though the ultimate validity of these hypotheses and 

the data upon which they are based remains to be determined, there now exists sufficient 

reason to believe that the rewarding aspects of abused inhalant may stem from the actions 

of specific components on mesolimbic brain function. 
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