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3. ABSTRACT 

Pathological gambling (PG) has been described as a behavioural addiction. Dopamine (DA) 

is widely implicated in substance addiction. Positron emission tomography (PET) studies of 

substance abusers reveal decreased striatal DA D2/D3 receptor levels. Although such deficits are 

not unique to substance addiction their pervasiveness in human addicts suggests that low striatal 

D2/D3 availability may be a hallmark of addiction. If PG is a behavioural addiction, PG subjects 

should also exhibit decreased striatal D2/D3 availability compared to controls. This hypothesis 

was tested by assessing binding of the radioligand PHNO to D2/D3 receptors using PET. 

The Incentive-Sensitization Model of addiction asserts that chronic exposure to addictive 

drugs leads to sensitization, as reflected by increased DA release to drug-related cues. Increased 

DA release to amphetamine in PG subjects vs. controls would be consistent with, although not 

confirmatory of, sensitization in PG. This hypothesis was tested by assessing displacement of 

PHNO from D2/D3 receptors following 0.4 mg/kg oral amphetamine.  

Cognitive tasks differentiate PG subjects from controls and define processes (e.g., failure to 

habituate to sensory cues: pre-pulse inhibition, PPI) by which DA dysfunction may translate into 

addictive symptoms. Inclusion of such tasks enabled us to see if DA-based differences (revealed 

by PET) mediate (i.e., account for) cognitive differences between PG subjects and controls. 

Healthy male PG and control subjects (12/group), matched on age and smoking status 

underwent 2 test sessions. Session 1 assessed cognitive function and subjective responses to a 

slot machine game. Session 2 assessed DA receptor binding and DA release with PET.  

PG subjects reported greater Desire to Gamble and less Confidence to Refrain from 

Gambling than controls before and after the slot machine game, and stronger subjective 

rewarding effects of the game than controls. PG subjects exhibited decreased PPI vs. controls. 

There were no significant group differences on other tasks. 

Amphetamine led to stronger „Good Effects‟ and „Bad Effects‟ in controls than PG subjects, 

but otherwise had similar subjective effects in both groups. Baseline PET scans revealed no 

significant differences in PHNO binding in any brain region in PG vs. controls. In contrast, post-

amphetamine PHNO displacement (DA release) was significantly greater in the Associative (19 

vs. 12%; p < .003) and Sensorimotor (27% vs. 18%; p < .03) striatum in PG vs. controls. In the 

full sample, greater PHNO displacement in the Associative Striatum correlated with significantly 

greater reported Desire to Gamble after the slot machine, controlling for baseline (i.e., trait) 

Desire scores. In PG subjects, greater PHNO displacement correlated with less Confidence to 

Refrain from Gambling after the slot machine, controlling for baseline. Thus, stronger DA 

response to a standard amphetamine dose predicted greater priming effects of a gambling 

episode and this linkage was not due solely to trait differences in gambling motivation. Analyses 

of covariance with PHNO displacement as the covariate found that controlling for variation in 

DA release attenuated (partially mediated) group differences on subjective measures but not PPI. 

  Results show that PG subjects do not differ from healthy individuals with respect to sub-

cortical D2/D3 receptor levels. However, PG subjects display significantly greater DA release 

from a standard stimulant challenge in brain regions involved in learning and execution of 

habitual behaviours. These results differ from those of substance addicted subjects, but conform 

to those of healthy animals repeatedly exposed to modest doses of amphetamine.  

Together the PPI, PET and correlational data are suggestive of a sensitization-like profile in 

PG subjects, although it cannot be said that this profile did not pre-date exposure to gambling. 

Gender differences and expectancy effects are important issues for future investigation. 

 

Key Words: Positron Emission Tomography (PET), dopamine, sensitization, PPI
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2. INTRODUCTION 

 

Literature Review 

“All drugs of abuse induce a phasic dopamine release within the striatum that does not 

undergo habituation” (Fehr et al., 2008)(p. 507). Monkeys exposed to intermittent, unpredictable 

signals for reward (a core feature of gambling) exhibit robust mid-brain dopamine (DA) release 

(Fiorillo, Tobler, & Schultz, 2003). Imaging studies of healthy humans reveal similar mid-brain 

responses to cues for monetary reward; and these responses are influenced by DA-selective 

drugs (Pessiglione, Seymour, Flandin, Dolan, & Frith, 2006; Pizzagalli et al., 2008). Thus, like 

addictive drugs, gambling-like stimuli reliably cause sub-cortical DA release in healthy subjects. 

If acute exposure to gambling causes DA release, chronic exposure should result in repeated 

bouts of DA release over multiple gambling episodes. Chronic activation of DA in turn can 

induce structural and functional changes in neurons – neuroplasticity – that give rise to the 

characteristic symptoms of addiction (Leshner, 1997; Tamminga & Nestler, 2006).  

Sensitization The Incentive-Sensitization Model of addiction (Robinson & Berridge, 2001) 

asserts that neuroplasticity induced by chronic drug exposure results in sensitization: an increase 

in the ability of cues for a drug to recruit attention (incentive salience), and appetitive responses 

(craving, compulsive drug-seeking). In animals, sensitization is indexed by increased locomotor 

response to a standard dose of DA releasing drug (e.g., amphetamine)(Piazza, Deminiere, le 

Moal, & Simon, 1990). Sensitization is also reflected by increased striatal DA release from a 

dose of amphetamine following chronic drug exposure (Robinson, Jurson, Bennett, & Bentgen, 

1988). Hyper-activation of limbic DA neurons can induce compensatory reductions in sensitivity 

or availability of DA receptors. Accordingly, decreased availability of DA D2 receptors in limbic 

regions is observed in a range of addicted populations (Volkow et al., 2001; Volkow, Wang et 

al., 2007; Wang et al., 1997), and animal models have shown that chronic drug exposure plays a 

causal role in this effect (Ginovart, Farde, Halldin, & Swahn, 1999; Nikolaus et al., 2007). 

In contrast to the reliable deficits in basal D2 levels seen in human addicted subjects, little 

evidence has been found for sensitization in terms of increased stimulant-induced DA release in 

human addicts. Instead, both stimulant and alcohol dependent subjects show decreased DA 

release from a stimulant challenge vs. controls (Martinez et al., 2007; Volkow, Wang et al., 

2007). Interpretation of these findings is complicated however because stimulant and alcohol 

abuse also cause neurotoxicity. Therefore, damage to DA neurons may mask or alter expression 

of stimulant-induced DA release in PET (Abekawa, Ohmori, & Koyama, 1997). In this respect, 

PG subjects provide a rare opportunity to evaluate the sensitization hypothesis in the absence of 

drug-induced neurotoxicity, i.e., although gambling-induced neurotoxicity cannot be ruled out, 

PG subjects with no history of substance abuse or psychiatric disorder should reveal if addictive 

behavior per se coincides with increased amphetamine-induced DA release (but see Limitations 

section). To date, no peer-reviewed published research appears to have investigated this issue. 

Direct assessment of amphetamine-induced DA release in PG subjects and controls using PET 

can test the sensitization hypothesis.
1
  

Indirect Evidence for DA anomalies in PG PG subjects display higher levels of DA 

metabolites in their cerebrospinal fluid than controls (Bergh, Eklund, Sodersten, & Nordin, 1997; 

Nordin & Sjodin, 2007), suggesting heightened basal brain DA activity in PG subjects. PG 

subjects also exhibit higher plasma DA levels than controls when playing blackjack (Meyer et 

                                                           
1
 Note: Increased DA release in PG subjects cannot be attributed to chronic exposure to gambling. Hence the term „sensitization‟ 

denotes a between-subjects‟ (PG vs. Controls) rather than pre-post (chronic gambling) difference in DA release. This study is 

cross-sectional. Prospective research can permit assessment of the causes of increased DA release, if it should emerge. 
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al., 2004), although the correspondence with brain DA is unclear. PG subjects display 

perseveration, disinhibition, and a tendency to reward-seeking despite adverse consequences 

(Goudriaan, Oosterlaan, De Beurs, & Van Den Brink, 2008), all expected effects of sensitization. 

Such deficits are seen in animals chronically exposed to amphetamine (Fletcher, Tenn, Rizos, 

Lovic, & Kapur, 2005), the prototypic sensitizing agent. Cognitive deficits (e.g., perseveration) 

that may contribute to PG symptoms (e.g., chasing) could derive from sensitization-induced 

shifts in dominance from cortical to limbic structures (Goto & Grace, 2005). 

PG subjects display activation deficits in a brain region called the ventro-medial prefrontal 

cortex (VMPFC) during a monetary guessing game (Reuter et al., 2005), and the greater the PG 

severity, the lower is the activation. Subjects with VMPFC lesions display risky decision-

making, and similar impairment is seen in stimulant abusers (Bechara et al., 2001). The PFC 

modulates limbic striatal DA circuits (Karreman & Moghaddam, 1996). Thus, PFC deficits may 

reduce this modulation and “disinhibit” these limbic-striatal neurons.  

 Electrophysiological studies also suggest sensitization in PG. Pre-pulse inhibition (PPI) of 

acoustic startle reflects the brain‟s ability to „gate‟ redundant information. Chronic amphetamine 

exposure reliably disrupts PPI in animals, and in stimulant abusers (Adler et al., 2001; Tenn, 

Kapur, & Fletcher, 2005). PG subjects also exhibit deficits in PPI (Stojanov et al., 2003). 

Although this is consistent with sensitization in PG subjects, DA anomalies may not be the 

cause, given the strong influence of other transmitters on PPI (Braff, Geyer, & Swerdlow, 2001). 

Evidence from Our Laboratory  

Drug probes can assess the neurochemical basis of abnormal cognitive or behavioural 

responses. We have used this approach to explore the role of DA in PG. 

Amphetamine Study In PG subjects but not controls, amphetamine (30-mg oral) primed 

Desire to Gamble; improved relative response time to Gambling vs. Neutral words on a rapid 

reading task, indicating increased „salience‟ of gambling cues; and primed Desire to Take 

Amphetamine Again (i.e., drug „wanting‟)(Zack & Poulos, 2004). Given the correlation between 

low basal D2/D3 availability and stimulant-induced cocaine craving in cocaine abusers (Volkow 

et al., 1997) these findings suggest the possibility of low basal D2/D3 in PG subjects.  

Haloperidol Study Amphetamine activates neurotransmitters apart from DA. To isolate DA, 

we gave subjects a selective D2 receptor antagonist (haloperidol, 3-mg) prior to an episode of 

slot machine gambling (Zack & Poulos, 2007). In PG subjects but not controls, haloperidol 

enhanced the priming effects of the game on Desire to Gamble, and salience of Gambling words.  

Selective blockade of D2 results in preferential activation of D1 receptors (Shi, Smith, Pun, 

Millet, & Bunney, 1997). Moreover, haloperidol increases amphetamine-induced DA release in 

animals (Pehek, 1999). Thus, our haloperidol results may reflect increased gambling-induced 

activation of D1 receptors.  

In our haloperidol study, the slot machine was the prime, whereas in the amphetamine 

study, the drug itself was the prime. Pre-treatment with low doses of the D2 antagonist, pimozide 

was found to increase subjective reinforcing effects of amphetamine in healthy subjects (Brauer 

& de Wit, 1996), in line with the increased subjective reinforcing effects of the slot machine in 

our haloperidol study. However, haloperidol only increased subjective reinforcing effects of 

gambling in PG subjects, suggesting possible alterations in D1-D2 interactions in PG, an 

expected byproduct of sensitization (Seeman, Niznik, Guan, Booth, & Ulpian, 1989) 

Modafinil Study Volkow et al. proposed that drugs that activate D2 receptors may help to 

treat addiction (Volkow, Fowler, Wang, & Swanson, 2004). The atypical stimulant and indirect 

D2 agonist, modafinil, improves cocaine addiction and reduces the pleasurable effects of cocaine 

(Dackis, Kampman, Lynch, Pettinati, & O'Brien, 2005; Dackis et al., 2003; Hart, Haney, 
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Vosburg, Rubin, & Foltin, 2008). We assessed the effects of modafinil (200-mg) on responses to 

slot machine gambling in PG subjects (M. Zack & C. X. Poulos, 2009). The drug did not alter 

overall responses to the game, but seemed to reverse the positive relation between gambling 

reinforcement and PG severity seen under placebo. Under placebo, Desire to Gamble correlated 

directly with DSM-IV PG severity (Beaudoin & Cox, 1999). However, this relationship was 

negated under modafinil. Increased „wanting‟ in relation to PG severity under placebo is 

consistent with progressive sensitization (DA release). However, it is also consistent with 

progressively lower basal D2 levels in subjects with greater PG severity. The present study 

investigated whether either or both of these explanations is correct.  

Direct Assessment of DA PET scans assess accumulation of a chemical tracer or radio-

ligand that binds selectively to DA receptors in the brain and emits a very low intensity 

radioactive signal that can be quantified and localized. PET can assess binding levels under 

normal resting conditions (baseline) as well as the change in binding levels in response to a DA 

releaser (amphetamine). Post-amphetamine decline in binding levels indicates displacement of 

the tracer by DA, which competes for access to the receptors. A large decrease in binding after 

amphetamine indicates a large amount of DA release.  

DA binds preferentially to high- vs. low-affinity D2 receptors. Thus, a ligand that binds 

preferentially to high-affinity D2 receptors should afford a precise estimate of DA release as it 

only signals binding/displacement at receptors to which DA itself binds. The Centre for 

Addiction and Mental Health (CAMH) has developed a ligand, called [
11

C]-(+)-4-propyl-9-

hydroxynaphthoxazine (PHNO) that fits this profile. Like another widely used ligand, raclopride, 

PHNO binds to D3 as well as D2 receptors. However, unlike raclopride, PHNO binds only to 

high-affinity D2 receptors. Although differences in ligand selectivity were found in vitro, in vivo 

research shows that amphetamine leads to equivalent reductions in striatal binding of PHNO and 

raclopride in rats (McCormick, Kapur, Seeman, & Wilson, 2008).  

These findings suggest no advantage of PHNO over raclopride for imaging DA receptors in 

healthy humans. However, PHNO‟s stronger affinity for D3 may be important when scanning 

PG subjects. DA agonist medications have been linked with PG and other compulsive syndromes 

in 5-15% of Parkinson‟s patients (Crockford et al., 2008; Voon et al., 2006). Pramipexole and 

ropinirole are most often linked with this effect (Dodd et al., 2005; Lader, 2008). Both are potent 

D3 agonists, raising suggestions that: “Disproportionate stimulation of dopamine D3 receptors 

might be responsible for pathological gambling in these PD cases” (Dodd et al., 2005)(p. 1381). 

PHNO may therefore be especially useful for identifying PG-related (i.e., D3) anomalies. 

Remaining Questions   (a) Repeated exposure to low doses of amphetamine can induce 

sensitization (Kuczenski & Segal, 2001). However, high doses of psychostimulants may have 

neurotoxic effects on DA neurons (Kuczenski et al., 2007; Majewska, 1996). In studies of heavy 

stimulant or alcohol users, a stimulant challenge did not lead to the predicted enhancement in DA 

release in addicted subjects compared to controls (Martinez et al., 2005; Martinez et al., 2007). 

Neurotoxicity may obscure or interact with sensitizing effects. Assessment of amphetamine-

induced DA release in non-comorbid PG subjects with no history of substance abuse can 

determine if augmented DA release occurs when exposure to neurotoxic agents is minimal (b) 

DA anomalies are strongly implicated in cognitive biases like perseveration, disinhibition and 

reward sensitivity, all of which can contribute to addiction (Volkow, Fowler, Wang, Swanson, & 

Telang, 2007). However, the correspondence between such biases and DA anomalies in PG 

remains to be determined. Parallel assessment on cognitive tasks tapping these processes plus 

PET can address this issue. This will provide a functional link between DA and PG symptoms. 
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A Model of Sensitization in Humans Boileau and colleagues gave 4 modest doses of 

amphetamine (@ 0.3 mg/kg ~20 mg for a 75-kg male) to healthy subjects (N = 10)(Boileau et 

al., 2006). They found significantly greater DA release after the fourth vs. the first dose, as 

measured by PET. Thus, modest amphetamine exposure induces sensitization, as measured by 

DA release, in healthy humans. They also found a significant increase in self-reported energy 

after dose 4 vs. dose 1. This aligns with our previous findings for amphetamine in PG subjects.  

Relation between Previous Work and Current Proposal The present study used the same 

subjective and cognitive measures, and a similar amphetamine dose (0.4 g/kg = 30 mg for 75-kg 

man) as our original amphetamine study (30 mg), and the same slot machine (gambling prime) as 

our haloperidol and modafinil studies. Administration of amphetamine and slot machine to the 

same subjects on separate sessions enabled direct assessment of the correspondence between 

gambling and stimulant reinforcement in PG subjects and controls, which complemented the test 

of DA receptor sensitivity and DA release. 

Purpose of Proposed Research  

 Based on evidence from substance dependent subjects, if PG is a behavioural addiction, PG 

subjects should exhibit lower striatal D2 levels than healthy subjects. This could be important for 

understanding risk for developing PG and risk of relapse in current PG subjects. To date, no 

peer-reviewed published work appears to have assessed D2/D3 availability in PG subjects.
2
  

}
  

                                                           
2
A paper presented in 1999 reported low D2 receptor availability in PG subjects based on a PET trial with the tracer, m-spiperone 

(Goyer PF, 1999).  However, this finding has not been reported in a peer-reviewed journal so its reliability / validity remain 

unknown. M-spiperone also binds to serotonin receptors so that the specific role of DA is unclear. 

Specific Goals To determine if: (i) PG subjects differ from controls in terms of basal D2/D3 

receptor availability; (ii) PG subjects differ from controls in terms of DA release induced by a 

challenge dose of amphetamine; (iii) Basal or post-amphetamine DA function mediate group 

differences in PG subjects vs. controls on cognitive tasks that tap addiction-related processes.  

 

Hypotheses  

 

i. Relative to controls, PG subjects will exhibit lower binding of [
11

C](+)PHNO (lower basal 

D2/D3DA receptor availability) in sub-cortical regions,  

 

ii. If PG involves sensitization of DA-related substrates, PG subjects will exhibit a greater 

decline in PHNO binding in sub-cortical regions relative to baseline (increased DA release) 

after amphetamine than controls. 
 

iii. If DA anomalies mediate cognitive deficits of PG subjects, performance on cognitive tasks 

from test session 1 will predict PHNO binding in the PET session. For tasks that predict PHNO 

binding, group differences (PG vs. controls) in task performance will be greatly reduced when 

PHNO binding is included as a covariate in the variance analysis (ANCOVA). 
 

 

3. METHOD 

Research Design

  A between-within, repeated measures design was employed. The between-subjects factor 

was Group: PG/Control (n = 12/group). Each subject attended 2 test sessions: Session 1 assessed 

cognitive performance and responses to a 15-min slot machine game. Session 2 assessed D2/D3 

binding of PHNO twice, once before and once after amphetamine, using PET.  
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Sampling  

PG subjects were drug- and medication-free, non-treatment-seeking, physically and mentally 

(apart from PG/nicotine dependence) healthy males who met DSM-IV criteria for PG (APA, 

2000). PG subjects also scored greater than 11 on the South Oaks Gambling Screen (SOGS), 

which corresponds to the mean SOGS for treatment-seeking PG subjects (N = 1589)(Stinchfield, 

2002) thus ensuring clinically relevant levels of PG severity. Because subjects had to play a slot 

machine, PG subjects who wished to abstain from gambling were excluded.  

Screening Tools The same inclusion criteria were used for control subjects as in our prior 

studies(Zack & Poulos, 2004, 2007). Controls were drug- and medication-free, physically and 

mentally healthy (including no psychiatric or addiction history) males who score 0 on SOGS 

(Cox, Kwong, Michaud, & Enns, 2000) and DSM-IV PG criteria (APA, 2000). PG and control 

subjects were matched on age, smoking status/severity (Fagerstrom Test of Nicotine 

Dependence; FTND) (Heatherton, Kozlowski, Frecker, & Fagerstrom, 1991). To minimize acute 

nicotine withdrawal during testing, subjects who smoked > 15 cigarettes/day were excluded.  

All subjects were naïve to stimulants and all other drugs of abuse except nicotine or alcohol, 

based on Drug History Questionnaire (DHQ)(Sobell, Kwan, & Sobell, 1995). Subjects had to 

consume < 12 alcoholic drinks/week (cut-off for male non-problem drinkers)(Sanchez-Craig, 

Wilkinson, & Davila, 1995) per Timeline Followback (TLFB)(Sobell, Brown, Leo, & Sobell, 

1996). A score < 13 on Alcohol Dependence Scale (ADS) confirmed absence of DSM alcohol 

dependence (Skinner & Allen, 1982). Occasional marijuana use (< 1 marijuana cigarette/month) 

was allowed but subjects had to provide a THC-free urine screen (ensuring no marijuana in past 

2 wks) and score < 4 on the Drug Abuse Screening Test (DAST)(Skinner, 1982), which captures 

drug use frequency. The short form of the Beck Depression Inventory (BDI-sf)(Beck & Beck, 

1972) screened for depression. Subjects who score > 10 overall(Koivumaa-Honkanen, Kaprio, 

Honkanen, Viinamaki, & Koskenvuo, 2004) or > 1 on suicide item (i.e., any planning or 

attempts) were excluded. Subjects excluded due to substance abuse or depression, were offered 

the option of a referral for assessment at CAMH. 

Subjects were recruited by newspaper and internet ads (Craiglist, Kijiji). They underwent a 

diagnostic interview, which included the SCID(First, Spitzer, Gibbon, & Williams, 1995), to 

verify lack of DSM-IV psychopathology (apart from PG or nicotine dependence). To prevent 

adverse response to amphetamine, volunteers with a history of schizophrenia or bipolar disorder 

were excluded. Also, subjects with a first-order biological relative with schizophrenia or bipolar 

disorder were excluded. Eligible subjects attended a physician‟s exam (blood/urine assays + 

EKG) to confirm safety to receive amphetamine, and no recent substance use.  

Gender Effects Women display more DA release from a weight-adjusted amphetamine dose 

than men in PET(Riccardi et al., 2006). Women report less „high‟ from amphetamine but display 

greater diastolic BP increase than men do (Vansickel, Lile, Stoops, & Rush, 2007). These gender 

differences coincide with differences in the relation between DA release and cognitive effects. 

The proposed study could not test enough subjects to evaluate, or control for, gender effects. 

However, it provides a basis for future research on gender effects. 

Additional Exclusion Criteria Volunteers with a history of heart disease or hypertension 

(resting SBP > 140; resting DBP > 90), and those who are hypersensitive to sympathomimetic 

amines or aspirin, or have low hemoglobin (Hb < 14 gm/dL) were excluded. To ensure safety to 

undergo PET, subjects had to have no metal or paramagnetic prostheses or implants, nor could 

they have had radiation exposure in the workplace or prior nuclear medicine protocols. 

Apparatus – Data Collection Tools  

 Drug-free behavioural testing occurred on test session 1, and included the following indices: 
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(a) Electrophysiology: PPI of the acoustic startle (Stojanov et al., 2003); (b) Cognition: Working 

memory (Digit Span Backwards; DSB) (Wechsler, 1981); perseveration (Wisconsin Card Sort; 

WCST)(Heaton, 2003); behavioural inhibition (Stop Signal; SST)(Logan, Schachar, & Tannock, 

1997); and salience of Gambling word stimuli (Rapid Reading Task; RRT)(Zack & Poulos, 

2004) (c) Slot-Machine Game (15-min) conducted in a mock-bar laboratory (Zack & Poulos, 

2007). The game provides monetary payoffs proportional to one‟s final credit tally (paid at end 

of study). After testing, subjects received lunch and remained at the lab for another 1.5 hrs to 

minimize potential residual priming effects. Transit tokens covered travel costs on test day 1. 

On test session 2, all subjects underwent two PET scans. The first scan evaluated baseline 

D2/D3 availability. After 3 hrs outside the scanner, subjects underwent a second scan, which 

evaluated DA release as indexed by displacement of PHNO from D2/D3 receptors 2 hrs after 

oral amphetamine (0.4 mg/kg) administration, which corresponds to peak drug blood levels. 

Computerized Tasks Cognitive tasks were performed on a PC equipped with 

MicroExperimental Laboratory Software (v. 2.01; Psychology Software Tools, Pittsburgh, PA), 

which assesses response latency with ms accuracy. A voice-activated microphone registered 

vocal reading responses on the Reading Task. A dedicated button box (Psychology Software 

Tools) enabled on-line coding of response accuracy. Other tasks used the keyboard. 

Electrophysiological Assessment   All data were be recorded on an ANT 128 channel 

QuickAmp with a sample rate of 2048-hz (ANT Inc, Burlingame, CA).  The actively shielded 

wires are connected to a similarly shielded electrode cap. This is a self contained system with 

separate recording/display computers. An Intellistation Z Pro computer conducted analyses. 

PET   PET scans were performed using a second-generation high-resolution tomograph 

(HRRT-CPS; Knoxville, TN) consisting of 8 panel detectors, each composed of 117 (lutetium 

oxyorthosilicate / lutetium yttrium oxyorthosilicate) LSO/LYSO phoswiches detectors, arranged 

13 axial by 9 radial. The CPS-HRRT tomograph samples 207 slices spaced 1.2mm, covering a 

transaxial width of 31.2 cm, and an axial extent of 25.2 cm in 3D mode. It has a resolution 

approaching 2.8 mm full width at half-maximum (FWHM) in the center of the field-of-view 

(FOV) and sensitivity above 5%. This neuro-PET camera system provides the highest resolution 

of any existing system capable of imaging the human brain.  A MR anatomical image is required 

to localize Regions of Interest (ROIs).  MRIs are acquired on a 1.5T Signa-GE scanner. 

Subjective Effects of Gambling VAS (0–10) assessed Desire to Gamble, and Desire for 

Alcohol as well as Confidence to Refrain from Gambling/Alcohol at session baseline, and after 

the priming stimulus (slot machine/amphetamine). VAS also assessed Enjoyment, Excitement, 

and Involvement from slot-machine. VAS detected group differences in effects of amphetamine 

and slot-machine in PG subjects vs. controls(Zack & Poulos, 2004, 2007). As in those studies, 

VAS was given at baseline, at post amphetamine peak, and right after the slot-machine.   

 Subjective Effects of Amphetamine Per our original study (Zack & Poulos, 2004) VAS 

assessed Good/Bad Effects, Liking, and Desire to Take Amphetamine Again. The ARCI 

(Haertzen, 1965) provided a standardized measure of psychoactive drug effects at pre-capsule 

baseline and peak blood levels in the PET session. POMS-short form (Shacham, 1983) assessed 

mood at these times. 

Electrophysiological Assessment We used the same parameters as Stojanov et al (Stojanov et 

al., 2003) who found deficits in PPI of acoustic startle in PG subjects vs. controls. PPI is a 

standard index of sensory gating and is deficient in animals chronically exposed to amphetamine 

(Tenn et al., 2005). PPI deficits indicate diminished habituation to a previously encountered 

stimulus. This could contribute to higher-order deficits in PG (e.g., sustained reactivity to reward 

cues). If D2/D3 levels mediate PPI deficits in PG subjects vs. controls, this would support the 
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validity of amphetamine sensitization in animals as a model for PG. 

Cognitive Processes DA transmission is implicated in all of the measures described below. 

As such, they provided a link between PET data and processes involved in addictive behavior.  

Set-Shifting The WCST measured perseveration/set shifting over consecutive category-

decision trials. The WCST is highly sensitive to errors in putatively sensitized subjects (e.g., 

those with schizophrenia)(Elliott, McKenna, Robbins, & Sahakian, 1995). PG subjects also 

perform significantly worse than controls on the WCST(Marazziti et al., 2008).  

Working Memory Wechsler Digit Span Backwards (Wechsler, 1981) measured the number of 

1-digit numbers that could be retained in memory and transposed for oral report. Working 

memory deficits are seen in putatively sensitized subjects with schizophrenia (Barch & Smith, 

2008) and in PG subjects (Leiserson & Pihl, 2007). 

Inhibitory Control The SST measured the ability to withhold a speeded 2-choice manual 

response to visual stimuli when signaled by a random, intermittent tone (Logan et al., 1997)  

Impairment on the SST predicts relapse in PG subjects (Goudriaan et al., 2008) and impairment 

(under placebo) correlated with PG severity in our modafinil study (Zack & Poulos, 2009).  

Salience of Gambling Stimuli Faster reading of Gambling vs. Neutral words on the Rapid 

Reading Task reflects greater accessibility of Gambling concepts in memory. In our original 

study, amphetamine improved reading of Gambling but slowed reading of Neutral words in PG 

subjects; non-PG subjects displayed equal improvement in reading of all word types, per the 

expected generic increase of mental fluency from a stimulant drug (Zack & Poulos, 2004) The 

profile for PG subjects on the Reading Task fits with heightened „incentive-salience‟ of 

addiction-related cues in sensitized subjects (Robinson & Berridge, 2001) 

Gambling Behaviour The slot machine is a commercial device actually used in Ontario 

casinos („Cash Crop‟, WMS Gambling, Chicago). Mean bet size (credits/trial: 0 – 45) and trials 

per 15-min game are recorded automatically. PG subjects exhibit faster rate of play, but do not 

differ in mean Bet Size, from controls (Zack & Poulos, 2007).  

Trait Scales All trait scales are well validated, and used in prior studies with PG subjects. The 

SCID is a screening tool for DSM-IV diagnoses (First et al., 1995) to rule out co-morbidity in 

this study. ADS, DAST, TLFB, BDI, and Eysenck Impulsiveness Questionnaire (EIQ) (Eysenck, 

Pearson, Easting, & Allsopp, 1985) have good psychometric features (internal reliability, 

Cronbach‟s α > .70).   

Physiological Variables Heart rate and blood pressure were assessed with an unobtrusive 

wrist cuff (Omron HEM-605, Vernon Hills, IL) @ 30-min (including just before and after slot-

machine) on test session 1 and @ 15-min on PET session.  

PET Scan   The PET outcome measure was [
11

C]-(+)-PHNO dynamic volumes, which are 

analyzed using 2 different approaches: (1) A region-based method: time activity curves (TAC) 

are averaged in an anatomical or functional structure (anterior and posterior dorsal caudate and 

putamen, ventral striatum, globus pallidus and cerebellum) and transformed into parameters of 

interest (in this case binding potential) which can be compared across group with ANOVA. (2) A 

voxel-based method: TACs are extracted at each voxel and results are transformed into 

parametric maps, which can be searched for significant differences using voxel-wise t-tests. 

In a recent study with healthy subjects (N = 11), Willeit et al.(Willeit et al., 2006) found that 

0.4 mg/kg amphetamine decreased PHNO binding potential (BP) in caudate (-13.2±7%) putamen 

(-20.8±9%) ventral striatum (-24.9±13%) and globus pallidus (-6.5%). Dr. Boileau obtained 

similar results in a separate sample of controls (N = 9). She found that 0.4 mg/kg amphetamine 

decreased PHNO BP in caudate by (-11.7±8%; p = 0.001), putamen (-24±7%; p = 0.001), ventral 

striatum (-19±11%; p = 0.003), and globus pallidus (-15±12%; p = 0.006). The sizeable mean 
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effects, moderate SD‟s, and stability across samples support the sensitivity and reliability of the 

PHNO PET procedure. The robust effects seen in ventral striatum may derive in part from 

PHNO‟s high affinity for D3 receptors, which are concentrated in this region (Murray, Ryoo, 

Gurevich, & Joyce, 1994), considered to be more strongly involved in the reinforcing than 

motoric aspects of DA function. As noted earlier, the link between D3 affinity and agonist-

related PG in Parkinson‟s patients suggests that D3 may be a key substrate in non-Parkinsonian 

PG subjects as well (Dodd et al., 2005). PHNO affords an excellent opportunity to detect this.   

Procedure  

An experimenter (graduate student) contacted potential subjects by phone, and assessed 

them on preliminary inclusion criteria: SOGS, ADS, DAST, and BDI. Each subject attended 2 

screening (interview, physician‟s exam) + 2 test (cognitive/slot machine, PET) sessions.  

At the interview, subjects heard a study overview and provided written informed consent. 

They then underwent the Structured Clinical Interview for DSM-IV (SCID)(First et al., 1995) to 

confirm absence of other DSM diagnoses (except nicotine dependence). Daily cigarette use was 

assessed with a 7-day timeline followback. Subjects who met inclusion criteria underwent a 

physician’s exam + EKG/blood/urine screens to confirm lack of recent drug use. Eligible 

subjects proceeded to testing.  

On test days, subjects reported to the lab at 8 AM. A breathalyzer confirmed zero blood 

alcohol. Per Volkow et al, smokers had their last cigarette 2 hrs (time to eliminate nicotine from 

plasma) before their first PET scan (Volkow, Wang et al., 2007) and abstained in the test phase 

(both days). Nicotine withdrawal (up to 24 hrs) does not alter basal D2/D3 availability in healthy 

smokers vs. non-smokers(Fehr et al., 2008).  

Test Session 1 administered the behavioural assessment. Tasks were administered in the 

sequence reported above (Apparatus section; paragraph 1) 

Test Session 2 administered the PET protocol. Subjects arrived at the lab having fasted 

overnight and received a standard meal. Each subject underwent 2 scans with a ~3 hr rest interval 

outside scanner: Scan 1 measured basal D2/D3 receptor availability (PHNO binding) under 

resting conditions. Scan 2 measured DA release (PHNO displacement) after oral amphetamine.  

The PET scan employs a high-resolution head-dedicated-PET camera system (CPS-HRRT). 

A custom fitted thermoplastic mask was made for each subject and used with a head fixation 

system during PET. After being placed on the scanning table, a 15-min transmission scan was 

acquired using 
137

Cesium. Next, 7-10 mCi of [
11

C] PHNO was injected as a bolus into an 

intravenous line placed in an antecubital vein.  

Subjects‟ preparation included placement of a venous line (for PHNO injection). After the 

first scan and a rest, subjects received amphetamine, 2 hrs prior to a second PHNO injection (7-

10 mCi). Peak blood drug levels of oral amphetamine occur 1.5-2 hr post-capsule, ensuring 

detection of maximal drug effects by the scan (Brauer, Ambre, & De Wit, 1996). Blood pressure 

/ heart rate were recorded @ 15 min.  Subjective effects were assessed at regular intervals during 

both scans, with visual analogue scales (VAS), Addiction Research Center Inventory (ARCI) 

(Haertzen, 1965), and Profile of Mood States-short form (POMS)(Shacham, 1983)  

After the scans, subjects remained at the lab for an additional 3 hrs to minimize residual 

priming effects of amphetamine. They were evaluated for safety to discharge by a registered 

nurse and fully debriefed by the experimenter for the PET session (Dr. Boileau) prior to 

dismissal. Subjects were sent home by pre-paid taxi and received a wallet card stating that they 

received d-amphetamine as part of a research study, to alert medical personnel in case of 

emergency. The wallet card also included the pager number of the Study Physician who could be 

contacted in case of any residual drug-related effects. Payment for participation ($720 + $30 
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„bonus‟ winnings on slot-machine) was made by cheque 2-4 weeks after study completion, 

helping to minimize any adverse effects of cash in hand for PG subjects. This approach conforms 

to our prior CAMH Ethics-approved, OPGRC-funded studies e.g., (Zack & Poulos, 2007). 

Data Collection/Statistical Analyses  

ANOVA assessed mean effects with simple effects analyses for significant interactions 

(Winer, 1971). Hypotheses i and ii were tested with a 2 Group (PG/control) x 2 Time (pre/post-

amphetamine) x 5 Brain Site (caudate, putamen, ventral striatum, globus pallidus, cerebellum) 

ANOVA.
3
  The Hypotheses predict a Group x Time x Brain site interaction, with lower PHNO 

binding for PG subjects vs. Controls before (low basal D2 availability) and after (greater PHNO 

displacement due to greater DA release) amphetamine in the four D2-rich brain sites but 

equivalent binding (error signal only) for both groups  in cerebellum, which lacks D2/D3 

receptors. The moderating effect of Time reflects a relatively greater pre-post amphetamine 

decline in PHNO binding - reflecting greater drug-induced DA release - in PG subjects. 

Correlational analyses will assess the relation between DA release and (VAS) „wanting‟ to 

gamble. Hypothesis iii was tested with ANCOVA as described in Hypotheses section above.  

 

4. RESULTS 

Subject Characteristics    Table 1: Subject background characteristics 

  

                                                           
3
 The analysis described here was proposed in the original grant. Post-amphetamine displacement data are typically 

analyzed by % change from baseline. Because of the different scaling approaches, the analytic strategy has been 

revised to examine baseline binding and post-amphetamine displacement data in separate analyses. 
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Table 1 displays the mean (SE) scores for PG and control subjects on subject background 

characteristic scales. Predicted group differences emerged on SOGS and DSM-IV PG scales.  

Independent samples t-tests of non-gambling-related scales with Bonferonni correction for 

multiple indices found significant (corrected p < .05) group differences (higher in PG) for HAM-

D, ADS, BDI-sf and EIS Impulsiveness scales. However, in every case, mean values for Group 

PG were well below clinical cut-off scores, and similar to published norms for Impulsiveness. 

Thus, the groups were well-matched on clinically relevant non-gambling related traits. 

Self-Report Scales 

Desire to Gamble A 2 (Group) x 2 (Reinforcer: Slot Machine, Amphetamine) x 2 (Time: 

Session Baseline, Post-Reinforcer [1-min post-slot machine; 90-min post-amphetamine / peak 

effects]) ANOVA yielded significant main effects of Group, F (1, 22) = 27.96, p < .0001, and 

Time, F (1, 22) = 9.85, p = .005. A marginal main effect of Reinforcer emerged (p = .052) along 

with a marginal Group x Reinforcer interaction (p = .069). No other effects approached 

significance, p‟s > .20. Figure 1AB below depicts the mean scores for each reinforcer. 

The figure shows that the Group effect reflected higher scores at all time points in Group 

PG. The Time effect reflected higher scores in both groups at post-reinforcer vs. session 

baseline. The marginal effect of Reinforcer reflected a more pronounced increase in motivation 

(“priming” effect) from the slot machine than from amphetamine. The marginal Reinforcer x 

Group interaction reflected greater overall motivation to gamble on the slot machine session in 

PG subjects. 
          

Figure 1: Desire to Gamble in response to (A) slot machine, (B) amphetamine 

  
Desire for Alcohol A parallel 2 x 2 x 2 ANOVA of Desire for Alcohol scores yielded a main 

effect of Group, F (1, 22) = 4.32, p = .050, a marginal effect of Time (p = .059) and a marginal 

Group x Reinforcer interaction (p = .057). Figure 2AB below depicts the means for each 

reinforcer. The figure shows that the Group effect involved higher desire for alcohol at all time 

points in Group PG. The marginal effect of Time reflected a trend towards increased desire after 

vs. before both reinforcers. The marginal interaction reflected a trend towards greater overall 

Desire for Alcohol on the slot machine session in PG subjects.  
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Figure 2: Desire for Alcohol in response to (A) slot machine and (B) amphetamine 

  
These results indicate that a slot machine and amphetamine each significantly prime desire 

to gamble but have relatively modest and non-significant priming effects on desire for alcohol. 

These results are consistent with previous studies that examined effects of a slot machine and 

amphetamine on motivation to gamble in separate groups of subjects(Zack & Poulos, 2007; M. 

Zack & C. X. Poulos, 2009). The emergence of parallel effects in the same subjects corroborates 

the idea of cross-priming between gambling and a stimulant drug, while the limited effects on 

desire for alcohol support the specificity of this linkage. The increase in desire to gamble under 

amphetamine is especially noteworthy given that this assessment was taken while subjects were 

in the scanner, a context that is both distinctive and distinctly not associated with gambling. 

Confidence to Refrain from Gambling Confidence to refrain from an activity provides a 

complementary index of addictive motivation linked with relapse. A 2 x 2 x 2 ANOVA of 

confidence ratings (0-10; No Confidence to Refrain – Complete Confidence to Refrain) yielded 

main effects of Group, F (1, 22) = 20.52, p < .001, and Time (pre vs. post-reinforcer), F (1, 22) = 

5.45, p = .029, and no other significant effects or trends, p > .12. Gamblers reported less 

confidence to refrain than Controls at all time points, and both groups reported less confidence to 

refrain after the reinforcer compared to baseline. Table 2 shows the mean scores. 

Table 2: Confidence to Refrain from Gambling in Response to Slots Game and Amphetamine 

                

 

                            Confidence to Refrain from Gambling 

Group Reinforcer  Time Mean Std. Error 

Healthy Control Slots Baseline 10.000 .471 

Post-Game 9.250 .837 

Amph Baseline 9.833 .523 

Post-Drug 9.500 .663 

Pathological Gamblers Slots Baseline 6.875 .471 

Post-Game 5.063 .837 

Amph Baseline 7.083 .523 

Post-Drug 6.917 .663 

     
 Confidence to Refrain from Alcohol A 2 x 2 x 2 ANOVA of reported confidence to refrain 
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from drinking alcohol yielded a main effect of Group, and no other significant effects or trends, p 

> .11. Gamblers reported significantly less confidence to refrain from alcohol than controls but 

confidence did not differ reliably before vs. after the reinforcer. Table 3 shows the scores below.  
 

Table 3: Confidence to Refrain from Alcohol in Response to Slots Game and Amphetamine 

       

Confidence to Refrain from Drinking Alcohol 

Group Reinforcer Time Mean Std. Error 

Healthy Control Slots Baseline 9.958 .715 

Post-Game 9.583 .720 

Amph Baseline 9.917 .517 

Post-Drug 9.500 .601 

Pathological Gamblers Slots Baseline 7.583 .715 

Post-Game 6.854 .720 

Amph Baseline 8.542 .517 

Post-Drug 7.750 .601 

  
Subjective Reinforcing Effects of Slot Machine  

 A 2 (Group) x 4 (VAS Subscale) of subjective reinforcing (i.e., pleasurable) effects of the 

slot machine yielded main effects of Group, F (1, 22) = 9.27, p = .006, and Subscale, F (3, 66) = 

5.79, p < .001, and no interaction, p > .38. The Group effect reflected higher overall scores in PG 

subjects. The Subscale effect reflected lower overall scores for High than for the other measures. 

Thus, the pleasurable effects of the game exceeded its intoxicating properties.  The greater 

subscale ratings in PG subjects indicate that they were not tolerant to the pleasurable effects of 

the game. Figure 3 depicts the mean VAS ratings for each group. 
 

           Figure 3: Subjective reinforcing effects of slot machine game 

                                        
Subjective Reinforcing Effects of Amphetamine  

A 2 x 4 ANOVA of subjective reinforcing effects of amphetamine at expected peak levels 

(90-min post-dose) (Brauer & de Wit, 1996) yielded a main effect of subscale, F (3, 66) = 4.00, p 
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= .011, and no other significant or marginal effects, p > .15.  

The subscale effect arose because Good Effects was the highest score of the 4 subscales in 

both groups. The lack of group effect reflected similar overall magnitude of effects in PG and 

Controls. Interestingly, PG subjects appeared to be somewhat insensitive to the Bad Effects of 

the drug compared to Controls. Also, perceived Good Effects of amphetamine did not translate 

into Liking of it in Controls whereas these indices were much more closely aligned in PG 

subjects. Figure 4 displays the mean scores. 

 
Figure 4: Subjective reinforcing effects of amphetamine at 90 minutes post-dose (peak subjective effects) 

                                            
The effects for amphetamine do not align with prior findings, although the pattern for Desire 

to Take Amphetamine Again was in line with our prior report(Zack & Poulos, 2004). The 

different results may reflect the impact of the scanner context on subjective responses to 

amphetamine or the higher levels of gambling severity of PG subjects in this study. It may also 

be due in part to the lack of placebo comparison in the present study in contrast to the original, so 

that expectancy effects may partly obscure group differences in pharmacological response to the 

drug in this sample.  

Addiction Research Center Inventory (ARCI) 

  A 2 (Group) x 3 (Time: baseline, 90 min post-capsule, 225 min post-capsule) x 3 (Subscale: 

AMPH, MBG, LSD) ANOVA yielded a Time x Subscale interaction, F (4, 84) = 2.63, p = .040, 

and no higher order effects or trends, p > .25. Mean scores are shown in Figure 5AB below. 

The Time x Subscale interaction denoted a consistent linear increase in AMPH (stimulant 

effects) and MBG (euphoria) scores from baseline to 90 and 225 minutes after dosing in both 

groups, with only modest and inconsistent change over time on the LSD (dysphoria) subscale. 

The lack of significant effects involving Group indicates that PG and Control subjects endorsed a 

similar profile of psychoactive effects under the dose. However, inspection of the means reveals 

that the escalation in MBG/euphoria scores was more pronounced in PG subjects, who, despite 

having lower baseline scores, reported 20% higher scores at 90 minutes and 12% higher scores at 

225 minutes post-dose, than controls. Conversely, despite having higher baseline LSD/dysphoria 

scores, PG subjects reported 17% lower scores at 90 minutes and 7% lower scores at 225 

minutes post-dose, than controls 
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Figure 5: Amphetamine effects on ARCI (A) in Healthy Controls; and (B) Pathological Gamblers  

 
. 

Profile of Mood States (POMS) 

A 2 (Group) x 2 (Reinforcer) x 2 (Time: Baseline, Post-Reinforcer [1-min post-slot 

machine] / [90-min post-amphetamine]) x 6 (Subscale: Depression, Vigor, Confusion, Tension, 

Fatigue) ANOVA of POMS scores yielded a Group x Reinforcer x Time x Subscale interaction, 

F (5, 110) = 2.60, p = .029. Figure 6 AB plots the mean scores for each reinforcer 

The figure shows that the interaction reflected the following: (a) an opposite directional 

effect of the slot machine on Vigor (decrease in controls, increase in PG), coupled with a parallel 

directional effect of amphetamine on Vigor in both groups; (b) a reduction in Fatigue from slot 

machine in PG but not controls, coupled with a reduction in Fatigue in both groups from 

amphetamine. The post-amphetamine increase in Vigor in controls was nearly twice that of PG, 

despite similar baseline scores, suggesting insensitivity to the drug‟s invigorating effects in PG.  

 
Figure 6 – POMS subscale scores for PG and Controls on (A) slot machine and (B) amphetamine sessions 

  
 

Cognitive Tasks 

 Rapid Reading Task A 2 (Group) x 5 (Word Type: Gambling, Alcohol, Positive Affect, 

Negative Affect, Neutral) ANOVA of response time to motivationally relevant vs. neutral words 

on the rapid reading task yielded a main effect of Word Type, F (4, 288) = 4.81, p = .001 and no 

other significant effects or trends, p > .55. Figure 7 below shows the mean scores. 
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Figure 7: Mean response time (ms) on Rapid Reading Task following a slot machine game. 

                 
Relative response times to the different types of words were similar in each group. Neutral 

words were slowest (least salient) and Negative Affect words were fastest (most salient), 

whereas Gambling words were intermediate in both groups. Gambling and Alcohol words were 

almost identical in Controls, whereas Gambling words were somewhat faster than Alcohol words 

in PG subjects. These findings do not align with prior studies in PG and control subjects(Zack & 

Poulos, 2007; M. Zack & C. X. Poulos, 2009). However, in those studies, reading latency was 

compared under drug vs. placebo. In the absence of a drug manipulation, a pre-game assessment 

may be needed to reveal group differences in the priming of incentive salience of Gambling cues. 

Stop Signal Task A 2 (Group) x 2 (Response Type: Go, Stop) ANOVA of response time to 

visual go signals and auditory stop signals yielded a main effect of Response Type F (1, 22) 

92.10, p < .0001, and no other significant effects or trends, p > .41. Figure 8 reports the means. 

Figure 8: Go and Stop Response Time on Stop Signal Task in PG subjects and Controls 

 
 As expected, Go latency was significantly slower than Stop latency, and the scores were 

consistent with normative values. The 33-ms difference in Stop latency in PG subjects vs. 

controls, indicating poorer inhibition in gamblers, is considerable for this task, in line with the 

literature for PG (Odlaug, Chamberlain, Kim, Schreiber, & Grant, 2011). 

 Wisconsin Card Sort Task  A 2 (Group) x 2 (Error Type: Perseverative, Non-perseverative) 

ANOVA of decision errors on the Wisconsin Card Sort yielded a marginal effect of Error Type 

(p = .090) and no significant effects or other trends, p > .41. Effects are shown in Figure 9. 
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Figure 9: Mean classification decision errors on Wisconsin Card Sort Task 

 
Both groups tended to commit more perserverative than non-perseverative errors. However, 

the pattern differed by group, with PG subjects committing 31% more perserverative errors but 

17% fewer non-perseverative errors than controls. Increased perserverative errors in PG subjects 

aligns with previous reports (Kalechstein et al., 2007). Perseveration denotes impaired set-

shifting or cognitive rigidity, and is a feature of sensitization in animals chronically treated with 

amphetamine (Fletcher et al., 2005), and humans with schizophrenia (Elliott et al., 1995). 

 

Pre-pulse Inhibition (PPI)  

 A 2 (Group) x 4 (Inter-Stimulus-Interval [ISI]: 60, 120, 240, 2000 ms) ANOVA of startle 

magnitude (% difference from pulse-only) on trials that included a pre-pulse yielded a significant 

Group x ISI interaction for the cubic trend, F (1, 22) = 5.94, p = .023, a marginal Group effect (p 

= .062) and no other significant effects or trends. Figure 10 shows the mean scores. 

 
Figure 10: Pre-pulse inhibition at 4 pre-pulse intervals 

 
Figure 10 shows that PG subjects exhibited less PPI at every pre-pulse interval (lower scores 

denote greater reductions in startle relative to pulse only), and the significant interaction for the 

cubic trend reflects a different profile in the 2 groups across pre-pulse intervals, with a prominent 

spike emerging at 120-ms in PG subjects, at which point they displayed facilitation of startle 

relative to pulse only (greater startle with pre-pulse present). The findings are consistent with the 

previous reports of deficient PPI in PG (Stojanov et al., 2003) and indicate a disturbance in basic 

information processing or „gating‟ of redundant sensory signals. Such PPI deficits also coincide 
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with sensitization in chronic amphetamine-treated rats and humans with schizophrenia(Grillon, 

Ameli, Charney, Krystal, & Braff, 1992; Tenn et al., 2005). 

 

Positron Emission Tomography 
 Pre-Amphetamine Baseline PHNO Binding A 2 (Group) x 3 (Functional Region: 

Associative/Limbic/Sensorimotor Striatum) ANOVA of PHNO binding potential scores yielded 

a main effect of Region, F (2, 42) = 106.79, p < .0001, and no other significant or marginal 

effects, p > .10. Figure 11 below plots the mean binding potential scores and reveals that PG and 

controls did not differ in their baseline D2/D3 binding in any functional region of the striatum. 

                           Figure 11: Baseline PHNO binding in striatum 

                                              
 

Figure 12 shows the same regions of interest (ROIs) for individual cases in PG (red) and control 

(white) subjects in striatal as well as extra-striatal regions, Substantia Nigra (SN) and Globus 

Pallidus (GP). The figure shows that the distributions were largely overlapping in each region. 

Thus, D2/D3 receptor availability in sub-cortical regions did not differ for PG vs. Controls. 
 

  Figure 12: Baseline PHNO binding in individual PG and control subjects 
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Post-Amphetamine PHNO Displacement A 2 x 3 ANOVA of % change from baseline 

PHNO binding in associative, limbic and sensorimotor striatum, yielded a significant main effect 

of region, F (2, 42) = 14.88, p < .001, a significant Group x Region interaction, F (2, 42) = 4.20, 

p = .022, and no other significant effects or trends, p > .12. Figure 13 depicts these effects. 

 
Figure 13: Post-amphetamine Decline in PHNO Binding in PG subjects and Controls 

                  
 Figure 13 shows that the Region effect denoted a smaller reduction in overall binding in the 

Associative than the Limbic or Sensorimotor striatal regions. The Group x Region interaction 

reflected relatively greater reductions from baseline in PG vs. control subjects in the Associative 

and Sensorimotor striatum, but not the Limbic striatum. Simple effects analyses, with Bonferroni 

correction, confirmed that the Group difference was significant in Associative Striatum, t (21) = 

4.11, Bonferroni p < .003, and Sensorimotor Striatum, t (21) = 3.22, Bonferroni p < .03. Mean 

scores reveal that, in Associative Striatum amphetamine led to ~12% displacement of PHNO in 

controls, and ~19% displacement in PGs (PG: 60% > controls). In Sensorimotor Striatum, 

amphetamine led to ~18% displacement of PHNO in controls and ~27% displacement in PG 

(PG: 52% > controls). 

 Figure 14 shows the same regions of interest (ROIs), as well as extra-striatal regions for 

individual PG and control subjects, and confirms that the group mean differences were not 

attributable to extreme scores or outliers. 

The PHNO displacement results are consistent with the hypothesis, and indicate that a 

standard dose of amphetamine leads to significantly greater dopamine release in 2 of 3 

functional regions of the striatum in PG subjects compared to controls.  

 

 

 

 

 

 

* 

* 
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Figure 14: Post-Amphetamine Displacement of PHNO in PG and Control subjects 

  
Correlational Analyses  

Motivation to Gamble Sensitization of the brain DA system has been implicated in 

pathological “wanting” – hyper-reactivity to cues for and compulsive seeking of – addictive 

reinforcers. We therefore examined the relationship between DA release in regions that were 

hyper-reactive to amphetamine in PG subjects and Desire to Gamble, and Confidence to Refrain 

from Gambling after the slot machine, while controlling for baseline Desire and Confidence 

scores. In the full sample, greater Desire to Gamble correlated with greater PHNO displacement 

(i.e., greater % change from baseline) in Associative striatum, r =  .433, p = .039, Sensorimotor 

striatum, r =  .434, p = .038. When baseline Desire scores were partialled out, the directional 

relationship persisted, r =  .396, p = .034 (one-tailed). Figure 15 presents the scatterplot 

(regression residuals; mean = 0), which shows that greater post-game Desire to Gamble was 

associated with greater post-amphetamine decrease in PHNO binding (i.e., more DA release). 
 

Figure 15: Relation between post-game desire to gamble and post-amphetamine change in PHNO binding in 

Associative Striataum, controlling for baseline deisre in full sample of PG subjects and controls. 
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 A parallel analysis examined the correlation betweeen % change in PHNO binding and 

Confidence to Refrain from Gambling, while controlling for baseline confidence ratings. No 

relationship emerged in Controls (p > .45), whereas a significant relationship emerged in PG 

subjects in Sensorimotor striatum, r = .54, p = .044 (one-tailed). Thus, greater amphetamine-

induced DA release correlated with decreased post-game confidence to refrain from gambling in 

PG subjects, and this effect did not derive from baseline (trait) variance in confidence scores. 

Figure 16 shows the scatterplot of regression residuals (means = 0) for PG subjects. No partial 

plot could be generated for Controls, as there was no variance in baseline confidence.  

 
Figure 16: Relation between post-game confidence to refrain from gambling and post-amphetamine change in 

PHNO binding in Sensorimotor Striataum controlling for baseline confidence in PG subjects. 

      
  

Motivation for Alcohol Parallel analyses for Desire for Alcohol and Confidence to Refrain 

from Alcohol yielded no significant effects, p > .14. Therefore, DA system hyper-reactivity was 

selectively associated with motivation to gamble in PG subjects. 

Mediation Analyses  

 To further investigate the role of DA reactivity in responses during the slot machine session, 

dependent measures that differed as a function of Group from that session were re-analyzed 

including post-amphetamine % change in PHNO binding in each region that differentiated 

between groups (Associative, Sensorimotor) as a covariate. Table 4 shows the results. 

PHNO displacement accounted for modest variance (< 10% reduction in η
2
) for all effects, 

except Confidence to Refrain from Gambling, where 13.4% of Group difference was explained 

by % change in PHNO in Associative striatum, and 12.9% was explained by % change in PHNO 

in Sensorimotor striatum. Interestingly, inclusion of % change PHNO as a covariate in the 

analysis of PPI increased the effect size for the main effect of Group, + 9.3% for Associative 

Striatum, and + 8.0% for the Sensorimotor striatum. These latter results suggest that DA release 

in these regions was error variance that obscured the overall group difference in PPI.  
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Table 4: Mediation of Group Differences by DA system reactivity 

 

Dependent 

Variable 

Statistical 

Effect 

P value Effect Size 

     (η
2
) 

P Value / Effect Size 

Controlling for %  

PHNO Associative 

Striatum 

P Value / Effect Size 

Controlling for %  

PHNO Sensorimotor 

Striatum 

Desire to 

Gamble 

Group x 

Reinforcer 

.069 .143 P = .231; η
2
 = .071 P = .143; η

2
 = .104 

Desire for 

Alcohol 

Group  .050 .164 P = .069; η
2
 = .156 P = .145; η

2
 = .103 

Confidence to 

Not Gamble 

Group  < .0001 .483 P = .004; η
2
 = .349 P = .003; η

2
 = .354 

Confidence to 

Not Drink 

Group .006 .293 P = .021; η
2
 = .238 P = .032; η

2
 = .210 

Subjective 

Rewarding 

Effects of Slots 

Group .006 .297 P = .014; η
2
 = .266 P = .027; η

2
 = .221 

Profile of Mood 

States 

Group x 

Reinforcer x 

Time x 

Subscale  

.029 .106 P = .493 η
2
 = .042 P = .144; η

2
 = .078 

Prepulse 

Inhibition 

Group  .062 .150 P = .020 η
2
 = .243 P = .024 η

2
 = .230 

 

Thus, DA system reactivity primarily accounted for group differences in Confidence to 

Refrain from Gambling, which is consistent with the assertion that DA mediates compulsive 

„wanting‟ of the target reinforcer in addictive disorders(Robinson & Berridge, 2003).  
 

5. Study Limitations 
 

Despite the novel and important findings of this study, there were a number of limitations 

that bear on their generality and implications. These are listed below. (a) In line with most PET 

studies, and given the financial constraints of this Level III project, no placebo manipulation was 

included in this study. Therefore, the relative contribution of expected vs. pharmacological 

effects of amphetamine cannot be determined from the present data. Because all subjects were 

naïve to psychostimulants, expectancy effects would have to be vicarious, although this does not 

preclude a potential role for DA. (b) Sensitization involves alterations in transmitters apart from 

DA (e.g., serotonin, norepinephrine) (Lanteri, Salomon, Torrens, Glowinski, & Tassin, 2008). 

These may contribute to PG subjects‟ response to amphetamine in this study. (c) Evidence of 

increased DA release in PG subjects is necessary but not sufficient to infer that chronic gambling 

exposure caused this effect. Prospective assessment of gamblers is needed to infer such causal 

effects. (d) The sample was highly selective. Although this allows us to attribute findings to 

subjects‟ PG status rather than potential confounding factors, it limits generalizability of the 

results. The sample was selected to display levels of severity on SOGS and/or DSM-IV criteria 

consistent with values for treatment-seeking PG subjects (Stinchfield, 2002), supporting their 

external validity. By controlling for trait features (e.g., depression) that could impact on DA 

function, the results from the present sample ensure a solid basis for future research with more 

diverse PG populations. (e) The study employed males only. As noted earlier, gender differences 

in acute and chronic effects of amphetamine provided a compelling reason to restrict this initial 

study to males. Nevertheless, investigation of DA release in female PG subjects is an important 

matter for future research. (f) Although the sample size was normative for PET studies, and a 
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within-subjects design was employed which maximized statistical power, the total N was modest 

for a subjective-behavioural study. Future projects with a longer timeframe will enable inclusion 

of more subjects to corroborate the trend-level effects found in this study.   

 

6. Discussion 

Conclusions  

This study sought to characterize baseline DA receptor availability and DA release in 

striatum and reward-related brain regions in PG subjects and healthy controls. The goal was to 

identify similarities with the profile seen in substance addicted individuals and to determine if 

PG subjects were hyper-reactive to a DA challenge, as suggested by indirect evidence from 

humans and animals exposed to stimulant drugs. Baseline PHNO binding data revealed no 

significant differences in availability of D2/D3 receptors in striatal or extra-striatal brain regions 

in PG subjects vs. controls. Therefore, contrary to our hypotheses and to previous findings from 

substance abusers, PG subjects do not exhibit deficits in sub-cortical DA D2/D3 receptor levels.  

The post-amphetamine data revealed significant differences in PHNO displacement in two 

of three functional regions of the striatum in PG subjects vs. controls. Consistent with our 

hypotheses, PG subjects exhibited significantly greater decreases in PHNO binding indicating 

significantly greater DA release from the dose in these subjects. PHNO displacement was 

positively associated with desire to gamble in the full sample and negatively associated with 

confidence to refrain from gambling in PG subjects. Thus, DA release appears to be linked with 

gambling motivation. Mediational analyses found that DA release explained a modest proportion 

of between group variation in incentive-motivation and rewarding effects of gambling. 

Interestingly, DA release appeared to be dissociated from group differences in PPI, which were 

strengthened when variation in PHNO displacement was controlled by covariance. This result 

suggests that a process other than excess DA release may underlie PPI deficits in PG subjects. 

The post-amphetamine PET data are consistent with theoretical predictions of the Incentive 

Sensitization Model of addiction (Robinson & Berridge, 2001), and with data from animals 

exposed to repeated doses of amphetamine (Robinson et al., 1988). They are also consistent with 

data from healthy humans exposed to a series of modest doses of amphetamine(Boileau et al., 

2006). In contrast, substance-dependent humans exhibit decreased DA release following a 

stimulant challenge(Martinez et al., 2005; Martinez et al., 2007). The correspondence between 

the present data and data from healthy humans who received modest repeated exposure to 

amphetamine and from animals exposed to non-neurotoxic chronic regimens of amphetamine 

suggest that ongoing exposure to very high, supra-physiological levels of DA release may 

engage compensatory processes (e.g., decreased DA synthesis) that offset sensitization and 

prevent its detection in humans. Because no chemical agent enters the brain during gambling, 

DA release does not exceed physiological levels. This may account for the ability to detect a 

sensitization-like pattern of DA response in PG subjects. The present data are consistent with 

previous accounts suggesting that PG may be similar to psychostimulant addiction (M. Zack & 

C.X.  Poulos, 2009). However, they also indicate that this similarity is more likely to reflect the 

neurochemical pattern engaged by chronic modest doses of amphetamine rather than the large 

binge-type doses typically administered by human psychostimulant abusers. 

Implications  

Animals exposed to sensitizing regimens of amphetamine or other dopamine agonists 

exhibit a variety of behavioural anomalies – including stereotypies and set-switching deficits – 

that may contribute to some of the symptoms seen in PG subjects. These animal models may 

serve as useful analogues to evaluate potential medications for the treatment of PG.  



26 
 

 

The correlational data suggest that desire to gamble – which is not unique to PG subjects – is 

positively related to DA release in the associative striatum of PG and control subjects. This 

region is linked with the acquisition of new information during early stages of learning (Ashby, 

Turner, & Horvitz, 2010). Thus, individuals who experience robust DA release in this region 

may also experience a stronger rewarding or incentive-motivational response following exposure 

to conditioned cues for reward in the context of a slot-machine game. In contrast, confidence to 

refrain from gambling – which differentiates PG from non-PG subjects – is associated with 

increased DA release in sensorimotor striatum in PG subjects but not controls. Activity in the 

sensorimotor striatum has been linked with the expression of behaviours once automaticity has 

developed (Ashby et al., 2010). Thus, decreased post-game confidence to refrain from gambling 

may reflect the subjective loss of control that accompanies DA-ergic activation of a behavioural 

sub-routine that promotes compulsive „wanting‟ to gamble. This specific linkage suggests that 

medications or other interventions that can reduce amphetamine-induced DA release in the 

sensorimotor striatum may have therapeutic effects in PG subjects. 

Future Research 

 The causal role of exposure to gambling in the development of sensitization is a critical 

question that cannot be determined by cross-sectional evaluation of PG subjects. Although 

prospective research could address this issue, it cannot rule out the role of pre-existing 

vulnerability in the emergence of sensitization. One way to establish cause-and-effect is by 

employing an animal model in which healthy, randomly selected animals are exposed to 

gambling-like events (e.g., conditioned cues for reward) at different intensities and then assessed 

for sensitization in response to acute amphetamine challenge. By examining the regional pattern 

of DA release in these animals (e.g., using microdialysis), similarities and differences to PG 

subjects can be determined.We recently received a Level II OPGRC award to support this study.  

 Another fundamental question is the role of expectancies in the present results. By providing 

a single exposure to amphetamine and testing subsequent responses to placebo in PET, the 

tendency for PG subjects to exhibit conditioned or expectancy-based DA release can be 

investigated. This has important clinical as well as conceptual implications: Placebo effects are 

often sizeable in medication studies with PG and can impede detection of medication effects. 

The expectancy of reward is also a core feature of gambling and the role of expectancy may be 

even more central to PG than to substance addiction. Defining the neural elements of expectancy 

in gambling could well help to unravel the essential neuropathology of PG.  

 The PPI data from the present study are consistent with previous research with PG subjects 

(Stojanov et al., 2003). However, the increase in the effect size when PHNO displacement data 

were removed by covariance suggests that systems other than striatal DA contribute to PPI 

deficits in PG. PPI reflects a fundamental ability of the brain to gate redundant sensory 

information. Deficits in this process in PG subjects may contribute to a failure to habituate to 

conditioned cues, with a corresponding bias to persist at gambling. Defining the neurochemical 

basis of this process could help to explain the maladaptive tendency for 'chasing' losses in PG. 

 Lastly, PG afflicts a substantial number of women, and its etiology and symptom profile 

often differ from that of men(Crisp et al., 2004). Taken together with the established gender 

differences in amphetamine response(Riccardi et al., 2006), assessment of brain DA function in 

female PG subjects is clearly an important matter for future investigation. 
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