
Drugs, Behaviour, and Neurotransmitters



Psychostimulants

Indirect DA agonists: cocaine, amphetamine, 
methamphetamine, methylphenidate (Ritalin)


Non-DA-agonists: caffeine, nicotine, scopolamine


We will discuss only the indirect agonists



Psychostimulants
Cocaine

• Found in the leaves of the coca shrub

• Schedule II drug (it has medical use as local 

anesthetic)

• Cocaine HCl, can be taken orally, intranasally (snorting), 

or IV. As free base (crack - baking soda; freebase 
cocaine - ammonia & ether), can be smoked


• Physiological effects: Increases heart rate and blood 
pressure, appetite suppressant


• Behavioural/subjective effects: “High” - Mood elevation, 
euphoria, heightened energy, great self-confidence. 
Sometimes a brief “Rush” -  great pleasure (like intense 
orgasm). Also, hyperactivty, increased sexual interest, 
increased aggressiveness 


• Interestingly, the stimulant effect is much smaller in 
well-functioning, motivated subject

20–30min), as occurs during cocaine bingeing,
whereas the relatively slow clearance of MP would
lead to DAT saturation with this frequency of
administration. This, in turn, could account for the
much lesser abuse of MP than of cocaine, despite
their similar DAT affinities.

The importance of the kinetics of the drug-induced
changes in DA in their rewarding effects is also shown
by a study that compared the intensity of cocaine-
induced ‘high’ as a function of route of administration
(intravenous (i.v.), smoked and snorting) (Volkow et
al., 2000). To control for the differences in drug
bioavailability by the different routes of administra-
tion, the doses of cocaine were selected to give similar
levels of cocaine in plasma. DAT occupancies
achieved by the various cocaine doses and routes of
administration were measured with PET using
[11C]cocaine as the DAT ligand, and the behavioral
effects of the drug were measured using self-reports
for drug effects. At the doses of cocaine given, all

routes of administrations blocked greater than 50%
of the DAT (Figure 3A). The self-reports for the
‘high’ were significantly more intense for smoked and
i.v. cocaine than for snorted cocaine, even though the
dose of smoked cocaine given led to lower DAT
blockade than for i.v. or snorted cocaine (Figure 3B).
Peak effects for the ‘high’ occurred at 1–3min for
smoked cocaine, at 3–5min for i.v. cocaine and at 10–
20min for snorted cocaine (Figure 3C). These results
indicate that the greater intensity of the ‘high’ induced
by smoked and i.v. cocaine than by snorted cocaine is
not due to differences in the levels of DAT blockade,
but most likely to the rate at which DAT are blocked,
as evidenced by the much faster time course for the
‘high’ for smoked and i.v. than for snorted cocaine.

Dopamine transporter blockade
Another variable that could determine the differences
in the abuse of cocaine and MP could be their in vivo
potency at the DAT in the human brain. Although
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FIGURE 3. E¡ects of cocaine as a function of route of administration: intravenous (0.6 mg/kg), smoked (50mg) and snorted (96mg). (A)
DAT blockade [mean and standard error (SE)]; (B) Self-reports of ‘high’ [mean and standard deviation (SD)]; (C) Temporal course for the
self-reports of ‘high’. Note that smoked cocaine induced as intense a ‘high’as i.v. cocaine, even though, at the dose given, it led to lower
levels of DAT blockade, whereas snorted cocaine, which achieved similar DAT blockadeas i.v. cocaine, causeda less intense‘high’.
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FIGURE 2. T|me^activity curves for [11C]cocaine and for [11C]methylphenidate plotted with the corresponding temporal patterns for the
subjective experience of ‘high’after pharmacological doses of intravenous cocaine and of intravenous MP.The peak corresponds to the
normalizedmaximum for the self-report of ‘high’reported by each subject.Note the rapid uptake of these two drugs into the brain but the
much fasterclearance forcocaine than forMP.Note theparallelismbetweenthe‘high’aftercocaineand thekineticsof [11C]cocaineinbasal
ganglia, in contrast to the dissociationbetween the‘high’ fromMP, which falls rapidlyafter peaking, and the slowclearance of [11C]methyl-
phenidate frombasalganglia.

ROLE OF DOPAMINE IN HUMANS
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Psychostimulants
Amphetamines

• Synthetic psychostimulants. There are some plant 
compounds with similar molecular structure (e.g., khat) 


• Methamphetamine (meth, speed) and MDMA (Ecstasy) 
are also members of the same family


• A schedule II drug

• Can be taken orally (tablets) or IV.

• Physiological, behavioural and subjective effects are 

very similar to cocaine’s

• Neurotoxicity: high for methamphetamine (maybe 

MDMA?)

Chang et al., 2000Erritzoe et al., 2011



Psychostimulants
Cocaine & Amphetamine

• Both tolerance and sensitization can develop with chronic 
use


• Compulsive use leads to binge stage


• Withdrawal (Gawin & Kleber, 1986): Phase 1 - Crash (up to 
4 days), Phase 2 - withdrawal (up to 10 weeks), Phase 3 - 
extinction (indefinitely?)



Psychostimulants - Mechanism of action:

Cocaine
• Acts by blocking the reuptake of DA, NE, and 5-HT. Cocaine blocks 5-HT 

reuptake most effectively. However, cocaine’s effects on locomotor 
activity, reinforcement, and addiction are mediated by the DA system. 



Amphetamine
• Similar to cocaine, acts by blocking the reuptake of DA, NE, and 5-HT, 

and the effects on locomotor activity, reinforcement, and addiction are 
mediated by the DA system. Blocks DA reuptake most effectively. 
However, it also releases DA from the vesicles and reverses DAT.

Psychostimulants: Mechanism of action:



The DA System
• Two major neuronal pathway from the mid-brain to forebrain and cortex:


• Nigrostriatal [substantia nigra (SN) to dorsal striatum (caudate putamen)]


• Mesocorticolimbic [ventral tegmental area (VTA) to ventral striatum (nucleus 
accumbens), olfactory tubercle, frontal cortex (but also septum, amygdala, 
and hippocampus)

GABA
Glutamate

to, and is now often considered part of an extended deli-
neation of the amygdala [11]. Part of the problem is that
the so-called limbic system has never been consistently
defined.

The nigrostriatal andmesolimbic dopamine systems are
not anatomically distinct at either the level of their cells of
origin or at the level of their terminal fields. Thus it should
not be surprising that they are also not distinct function-
ally. In the following sections, I discuss functional overlap
between the two systems with regard to brain stimulation
reward, cocaine reward, reward prediction and reinforce-
ment of memory consolidation.

Brain stimulation reward
The discovery that rats and humans will learn to work for
direct electrical stimulation of certain brain regions
(termed ‘‘intracranial self-stimulation’’), coupled with the
observation that humans find such stimulation pleasur-
able, led to the mapping of reward-related circuitry
throughout the brain (Box 2). Rats learn to work for
stimulation of dozens of brain sites, many of which are
presumably linked in series to form one or more reward-
related circuits or subcircuits. The most unambiguous self-
stimulation involves stimulation sites along the medial
forebrain bundle (MFB).

Dopamine antagonists (neuroleptics) attenuate the
rewarding effects of MFB stimulation at doses that do
not cause significant motoric debilitation [12,13]. Conver-
sely, the indirect dopamine agonist amphetamine
enhances the rewarding effects of the stimulation and
antagonizes the effects of neuroleptics in a manner that
can be differentiated from simple augmentation of motor
function [14]. Thus some subset of midbrain dopamine
neurons plays a critical role in the rewarding effects of

Box 1. Motivation

Although it is not the primary topic of the present paper, motivation
and reward are interdependent functions and dopamine is important
for each [13]. Motivation is a state variable, an inferred variable that
precedes, instigates and invigorates goal-directed behavior [89]. The
prototypical motivational states are thirst, hunger and hormonal
states such as those that orchestrate courtship behaviors. Motivation
comes in two forms: drive and incentive motivation. Thirst and
hunger are considered drive states, assumed to reflect the state of the
organism and are easily manipulated by water or food deprivation.
Hormonal states are traditionally assumed to be drive states as well,
but their status is ambiguous inasmuch as they can be triggered by
environmental events [90]. Motivational states that are triggered by
environmental stimuli are termed incentive–motivational states, a
term that is usually used in the context of conditionedmotivational or
incentive stimuli. An incentive stimulus is a stimulus the animal tends
to approach or work for; thus the term ‘‘incentive stimulus’’ is
equivalent to the term ‘‘reward’’ when ‘‘reward’’ is used as a noun.
A conditioned incentive motivational stimulus is a reward predictor.
Reward-predictive stimuli instigate and invigorate goal-directed
behavior, and inasmuch reward prediction depends on past learning,
incentive motivation depends on past reinforcement. To the degree
that past reinforcement depends on brain dopamine, incentive
motivation is also dopamine-dependent. However, although dopa-
mine is important for establishing incentivemotivation (and although
dopamine can enhance incentive motivation), incentive motivation
(as reflected, for example in prolonged extinction responding) can
survive for long periods without the need for any phasic dopamine
contribution [13].

Figure 1. Coronal sections of the ventral midbrain of the rat. (a) The blue line outlines the layer of dopaminergic cell bodies and dendrites (dark brown) as revealed by
tyrosine hydroxylase immunohistochemistry. The green line outlines the GABAergic cell bodies (purple) of the substantia nigra pars reticulata (SNr) as revealed by in situ
hybridization. (b) In the same section, mRNA expression is shown for corticotropin-binding factor (white grain aggregates), a protein expressed in subpopulations of
dopaminergic and GABAergic cells in regions with limbic and cortical projections: the VTA; the dorsal tier of SNc (a lateral extension of the parabrachial pigmented area of
the VTA); and SNl (a region projecting primarily to the amygdala). This protein is never expressed in the dopaminergic cells of the densocellular ventral tier of SNc (outlined
in white), the origin of the nigrostriatal system, or in any of the cells of the SNr. (Note that the spacing of the cells in the dorsal and ventral tiers is not easily seen with TH
immunohistochemistry, which labels dendrites as well as somata; the spacing is evident, however, from in situ hybridization or Nissl-stained material: see Ref. [9], Fig. 3).
Photomicrographs courtesy of Dr. Marisela Morales and Dr. Hui-Ling Wang; see Ref. [9] for full details.

Opinion Trends in Neurosciences Vol.32 No.10

518

2

1

3

4

5

6

7

8

9

10

8

9

7 6 5 4 3 2 1 0 1 2 3 4 5 6 7

7 6 5 4 3 2 1 0 1 2 3 4 5 6 7

7

6

5

4

3

2

1

0

Interaural 4.20 mm Bregma -4.80 mm

Figure 73
0

+10

10

10

-10 0Bregma
-15-5

55

+5

0 

+15 +5 -50

 Interaural

MM

ML
LM

PBPVTAR

SuMM

sumd

mtg

fr

Dk
PRscp

ml

VTM

PVG

Lth

VLi

SNR

mp
cp

hif

opt

str

rf

af

pc

RPF

MCPC
PCom

SCO

3V

REth

SPFPC

PIL

SNL

SNCD

GrDG

ZIC

MGV
Eth

APTV

VS

AHiPM
PMCo

PLCo
APir

BLP

Rad

CA1

LT

Pir
123

LEnt

PRh

VPM

Po

MZMG

MGD

PLi

LPLC DLG

Or SLu

Py

CA2

Py

CA3

V
LG

23

IGL

Or

Ect

TeA

AuV

IMA
LPMC

LV

Au1

AuD

PtPR

PtPD

V1

V2ML
V2MMRSD

RSGc

RSGb

IGcc

Or

Rad
CA1

Py

LMol

MoDG

PoDG

GrDG

APTD
OPT

MPT

OT

FC
chp

D3V

cg
alv

hif

EW

dhc

1

a

T
he

 R
at

 B
ra

in
 in

 S
te

re
ot

ax
ic

 C
oo

rd
in

at
es

  5
th

 E
di

ti
on

  P
ax

in
os

 &
 W

at
so

n

S
N VTA



The DA System
DA receptors:

• Two subtypes: D1-like and D2-like

ATP cAMP

+ -



D2 receptors, which sometimes form a conjoined heteromer
(Humphries and Prescott, 2010; Perreault et al., 2010, 2011).
Speculatively, the importance of D1 receptors in enabling gluta-
mate disruptions to generate appetitive behavior might reflect a
primacy of the direct pathway from NAc to VTA. In contrast, the
need for D1 and D2 coactivation for DNQX fear generation might
highlight a greater contribution of the indirect pathway.

Valence mode shifts and rostrocaudal biases:
mesocorticolimbic circuits
Shifts between familiar and stressful environmental ambience
modulate mesocorticolimbic circuits, likely altering glutamater-
gic inputs to NAc from prefrontal cortex, basolateral amygdala
(BLA), hippocampus, and thalamus (Swanson, 2005; Zahm,
2006; Belujon and Grace, 2008), which may interact with D1/D2

dopamine signals. For example, after theta burst firing from the
BLA, rostral shell neurons can show decreased responsiveness to
subsequent BLA stimulations, whereas neurons in caudal shell
are more likely to increase subsequent firing to the same BLA
stimulations, a difference that requires D2 receptors and that
might modulate the size of appetitive versus fear-generation
zones within the medial shell (Gill and Grace, 2011). Particular
features of mesocorticolimbic inputs may also be important for
the shell’s intrinsic rostrocaudal gradient. For instance, norepi-
nephrine from hindbrain is released chiefly in caudal regions of
shell, facilitated by dopamine D1 stimulation but inhibited by D2,
and might help modulate motivation valence (Berridge et al.,
1997; Delfs et al., 1998; Vanderschuren et al., 1999; Schroeter et
al., 2000; Park et al., 2010). Finally, point-to-point corticolimbic
targeting from prefrontal cortex zones to subregions of medial
shell, VP/LH and their downstream targets, permit multiple seg-
regated loops to travel through mesocorticolimbic circuits

(Thompson and Swanson, 2010), which could further contribute
to localization of desire and dread generators.

Caveats regarding D1 and D2 receptors in motivated behavior
We believe our findings do not necessarily conflict with others’
reports of D2/D3 involvement in incentive motivation (Bachtell
et al., 2005; Bari and Pierce, 2005; Xi et al., 2006; Heidbreder et al.,
2007; Gardner, 2008; Khaled et al., 2010; Song et al., 2011). As a
caveat, we note that our findings are strictly limited to mecha-
nisms that simultaneously involve (1) glutamate/dopamine in-
teractions (2) within the NAc medial shell that (3) generate
intense elevation of appetitive/fearful motivations. Although our
conclusions are consistent with reports that D1 (but not D2)
blockade in NAc shell prevents appetitive VTA-stimulated eating
(MacDonald et al., 2004) and prevents appetitive self-stimulation
via optogenetic activation of glutamatergic amygdala-NAc pro-
jections (Stuber et al., 2011), as well as reports that D2 signaling
contributes to active defensive behaviors (Filibeck et al., 1988;
Puglisi-Allegra and Cabib, 1988), our results do not preclude
other roles for D2/D3 receptors in generating appetitive motiva-
tion in different situations. In particular, we do not contradict
appetitive roles produced in different brain structures, involving
different reactions (e.g., learned rather than unconditioned) or
that involve deficits below normal levels of motivation. Under-
standing dopamine receptor roles in generating motivations will
eventually require integration of all relevant facts.

GABA and metabotropic glutamate generation of motivated
behavior
We suggest that rostral dopamine/glutamate interactions here
generated positive incentive salience, making food perceived as
more attractive to eat. In contrast, caudal or negatively valenced

Figure 6. Mesocorticolimbic circuits impacted by glutamate/dopamine interactions. Close-up representation of synapses in NAc medial shell and position in larger circuits. D1 receptors are
located postsynaptically on medium spiny neurons (red) that project via a direct output path to the VTA and via an indirect output path to the VP and LH. D2 receptors are shown postsynaptically on
medium spiny neurons that project via the indirect output path to the VP and LH (also D1–D2 coexpressing neurons). Dopamine receptors are also shown presynaptically in NAc on dopamine (black)
and glutamate (green) neurons. Glutamatergic inputs (green) are shown from medial prefrontal cortex, orbitofrontal cortex, hippocampus, thalamus, and basolateral amygdala. Dopaminergic
inputs (black) to NAc shell are shown from ventral tegmental area. GABAergic output pathways are shown to the VP and LH (indirect path; D1-, D2-, and D1/D2-expressing neurons) and to the VTA
(direct path; D1).

12876 • J. Neurosci., September 7, 2011 • 31(36):12866 –12879 Richard and Berridge • NAc Shell Dopamine Modes in Fear and Feeding
Mesocorticolimbic circuits

The DA System



The DA System

Adaptations in the DA system following chronic drug use:

• Reduction in DA D2 receptors in the striatum

PET scans in abstinent drug abusers - 
[11C]raclopride

(from Volkow & Wise 2005)



The DA System

Adaptations in the DA system following chronic drug use:

• Lower DA release in addicts

PET scans in abstinent drug abusers following 
methylphenidate (Ritalin) administration (i.v.)
(from Volkow et al., 1997)

Lower baseline D2 availability

Reduced DA release following MP



The DA System
Adaptations in the DA system following chronic drug use:

• Sensitization of DA release with repeated exposure (Boileau et al. 2006)

surements obtained during the control study were analyzed as
described previously herein. Pearson product-moment corre-
lation was applied to [11C]raclopride BP extracted from ROIs
to assess whether the novelty-seeking personality trait could
predict the extent of neurochemical sensitization ([11C]raclo-
pride BP at doses 4 and 5 minus [11C]raclopride BP at dose 1)
and whether the development of behavioral sensitization (be-
havioral response at doses 4 and 5 minus behavioral response
at dose 1) correlated with the reduction in [11C]raclopride BP.
Voxelwise linear correlation maps were also generated to test
the relationship between sensitization-induced decreases in
[11C]raclopride BP and novelty-seeking personality score.

RESULTS

BEHAVIORAL AND PHYSIOLOGICAL MEASURES

Subjective Ratings

Compared with the first amphetamine administration
(dose 1), reexposure to a fourth amphetamine dose (dose
4) led to increased energy (POMS energetic: F4,36=4.36,
P=.03; dose 1 vs dose 4: P=.06), alertness (VAS alert:
F4,36=11.6, P!.001; dose 1 vs dose 4: P=.048), clear-
headedness (POMS clearheaded: F4,36=3.02; P=.05; dose
1 vs dose 4: P=.009), and positive mood (POMS agree-
able: F4,36= 3.68, P = .04; dose 1 vs dose 4: P = .002)
(Figure 1). Conversely, reexposure to the fourth or fifth
dose of amphetamine did not significantly affect amphet-
amine-induced euphoria (POMS elated and VAS high, eu-
phoria, and rush), anxiousness (VAS anxious), or drug
wanting (VAS want-drug) relative to first exposure. The
“energy” response to amphetamine remained elevated af-
ter the 1-year latency (POMS energetic: F5,30=3.33,
P=.056; dose 1 vs dose 5: P=.045, 1-tailed).

Behavioral sensitization to the effects of amphet-
amine was also achieved, albeit to a lesser extent, in the
control study comparing the effects of amphetamine be-
tween doses 1 and 4 (Addiction Research Center Inven-
tory: F2,10=127.6, P=.001; dose 1 vs dose 4: P=.002; POMS
clearheaded: F2,10=7.10, P=.02; dose 1 vs dose 4: P=.03).

Physiologic Measures

Early amphetamine exposure yielded a time-dependent
increase in the number of eye blinks per minute at every
session (main effect of time: F4,36=7.47; P=.005) Rela-
tive to the first dose (dose 1), reexposure to amphet-
amine after the 2-week latency period (dose 4) resulted
in a small but significant increase in blinks per minute
(mean±SD, 1.1±0.4) (main effect of session: F4,36=7.47,
P=.001; dose 1 vs dose 4: P=.02) (Figure 2). This effect
was still present on amphetamine reexposure 1 year later,
although it was not statistically significant (Figure 2).
Heart rate response to amphetamine administration was
not significantly affected by preexposure to amphet-
amine (F4,32=1.25; P=.31).

Neuroendocrine Measures

Relative to the drug-free condition, the first amphet-
amine dose was associated with a significant increase in
cortisol (F1,9=7.80; P=.02) but not prolactin (F1,9=1.20;
P=.30) plasma levels. There were no differences in am-
phetamine-induced changes in cortisol or prolactin plasma
levels within participants across the different amphet-
amine sessions.

Plasma Amphetamine

Plasma amphetamine concentrations increased in all ses-
sions equally (main effect of time: F3,15=64.91; P!.001),
with plasma levels peaking on average at 120 minutes
(mean±SD: dose 1, 28.5±11 ng/mL, and dose 4, 30.1±11
ng/mL). There was no difference between sessions (main
effect of session: F3,15=0.22; P=.73). Amphetamine plasma
levels at 1-year follow-up were not analyzed.

PET/[11C]RACLOPRIDE

Parametric Map t-Statistical Tests

Voxelwise analysis of the whole brain revealed signifi-
cant bilateral clusters of decreased [11C]raclopride BP in
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• 10 healthy adults
• Sensitization procedure: 3 repeated amphetamine (AMPH) exposures (0.3 mg/kg, by mouth); ~ 2 days apart

strated exaggerated amphetamine-stimulated dopamine
release and symptomatic exacerbation in patients with
schizophrenia.23-25

Positron emission tomographic neuroimaging with
the D2/3 receptor ligand [11C]raclopride has been used to
investigate dopamine function in humans. There is sub-
stantial evidence that an intrasynaptic increase in dopa-
mine translates into a proportional reduction in the
binding potential (BP) of [11C]raclopride26 and that de-
creasing catecholamine neurotransmission increases
BP.27 This imaging modality has been used successfully
to demonstrate dopamine release in response to stimu-
lant drugs in humans.28-30 The mechanisms underlying
the changes in BP in response to changes in dopamine
are not fully elucidated. It has been suggested that in
the face of an agonist challenge, the internalization of
D2/3 receptors in the endosomal compartment may, in
part, explain the concurrent decrease in [11C]raclopride
binding.26

The purpose of this study is to test and validate an ex-
perimental model of stimulant-induced sensitization on
dopamine release in humans by using the PET/
[11C]raclopride technique. The specific hypothesis tested
is that amphetamine-stimulated dopamine release in the
striatum will be enhanced after repeated administra-
tion, indicative of neurochemical sensitization.

METHODS

DESIGN OVERVIEW

Participants underwent magnetic resonance imaging (MRI) and
6 experimental sessions (Table), receiving 5 oral doses of am-
phetamine (dextroamphetamine sulfate, 0.3 mg/kg by mouth)
in the same physical setting at the same time of day (11 AM or
2 PM). The choice of dose and route of administration imple-
mented in this protocol is based on previous studies28 that
demonstrated that an oral dose of 0.3 mg/kg of dextro-
amphetamine reliably and safely elicits a significant decrease
in [11C]raclopride BP, increased alertness, and measurable
levels of amphetamine in plasma. During the sensitization
phase, participants received 3 doses of amphetamine with ap-
proximately 2 days between each dose (mean±SD, 1.95±0.6
days). A test dose was then administered 2 weeks (mean±SD,
17.2±3.2 days) after the last sensitization dose. The PET/

[11C]raclopride scans were conducted during (1) a drug-free
session, (2) the first exposure to amphetamine, and (3) the test
dose administered 2 weeks after sensitization. Seven of the 10
participants returned for a final [11C]raclopride amphetamine
scan after a 12-month latency (mean±SD, 407±60 days). Ani-
mal experiments indicate that sensitization is facilitated by con-
sistently pairing the drug with the same context.31 To that effect,
amphetamine doses 2 (mean±SD day 3.1±0.3) and 3 (mean±SD
day 5.8±0.73) were administered during sham PET, during
which participants underwent all aspects of the PET proce-
dure except radiotracer administration. The main purpose of
sham PET was to increase the number of pairings between drug
and the PET environment in the expectation that this would
facilitate the expression of sensitization. Drug-free baseline (con-
trol) PET randomized such that 5 of the 10 participants un-
derwent the drug-free session before receiving the first dose of
amphetamine (on experimental day 0) and 5 after completion
of the sensitization regimen (on experimental day !22;
mean±SD day 31.9±6.5).

A valid measurement of posttreatment amphetamine-
induced dopamine release using the PET/[11C]raclopride method
described herein requires that D2/3 receptor density and affin-
ity, in the absence of amphetamine, remain unchanged as a re-
sult of the sensitization regimen. To establish the stability of
D2/3 density and affinity, measurements of [11C]raclopride BP
were obtained in a separate group of healthy men (n=6), 1 be-
fore and 1 approximately 2 weeks (mean±SD, 18±2.5 days)
after administration of the last of 3 amphetamine doses (see
the control study design in the Table).

PARTICIPANTS

Ten men (mean±SD age, 25.8±1.8 years) were recruited to par-
ticipate in the sensitization study, 7 of whom returned for fol-
low-up PET 1 year later. In addition, 6 healthy men (mean±SD
age, 26.5±3.2 years) were recruited to participate in the con-
trol study. All the participants scored above the normal popu-
lation mean on the novelty-seeking subscale of the Tridimen-
sional Personality Questionnaire32 (participant mean±SD,
20.5±4.1; population mean±SD, 13.7±5.2), which measures
individual differences in response to novelty along 4 dimen-
sions on a scale from 0 to 35 (exploratory-excitability vs stoic-
reserve, impulsiveness vs reflection, extravagance vs reserve,
and disorderliness vs regimentation). Novelty-seeking partici-
pants were selected based on the hypothesis that trait novelty-
seeking is deemed analogous in humans to the hyperactive mo-
tor response to a novel environment in rats,33 a phenotype
believed to predict sensitization.13 Exclusion criteria were as

Table. Experimental Design

Sensitization Study (n = 10)*

0 or !22 d 1 d 3 d 5 d 21 d 1 y

PET baseline" PET AMP Sham AMP Sham AMP 14-d latency PET AMP Approximately 1-y
latency

PET AMP

Control Study (n = 6)

0 1 d 3 d 5 d 21 d 22 d

PET baseline AMP AMP AMP 14-d latency PET baseline AMP

Abbreviations: AMP, participants received amphetamine in a room outside of the positron emission tomography (PET) unit; PET AMP, PET scan performed 1
hour after the administration of amphetamine (dextroamphetamine sulfate, 0.3 mg/kg by mouth); PET baseline, no-drug control scan; PET baseline", no-drug
control scan performed in a counterbalanced order, either before (day 0, n = 5) or after (day 22, n = 5) the sensitization regimen; Sham AMP, sham scan
performed 1 hour after administration of amphetamine (these sessions included all aspects of the PET procedure except tracer injection).

*Seven of the 10 participants returned for a final [11C]raclopride amphetamine scan after an approximately 1-year latency (mean ± SD, 407 ± 60 days).
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Subjective ratings

response to amphetamine doses 1, 4, and 5 relative to
the drug-free control scan (t!4.2; P".05) (Figure3A-C).
The clusters appear smaller in height and extent in the
drug-free, dose 1 t-map compared with the drug-free, dose
4 or drug-free, dose 5 t-maps, suggesting increased do-
pamine release in response to doses 4 and 5. The region
of statistically significant reduction in [11C]raclopride BP
for dose 1 (relative to control) was confined to the VS
and the PDP. However, with doses 4 and 5, there was pro-
gressive anterodorsal extension of this region to include
the DC and the anterior precommissural DP. Figure 3D
illustrates the trend toward decreased BP as a factor of
repeated drug administration. No significant clusters were
detected in the comparison between drug-free [11C]ra-
clopride BP obtained before and after the sensitization-
inducing regimen in the control study.

ROI Analysis

Two-way repeated-measures analysis of variance of
[11C]raclopride BP using ROI and session (drug-free, dose
1, dose 4) as factors confirmed the t-map results
(Figure 4). Amphetamine doses 1 and 4 resulted in a
decreased [11C]raclopride BP relative to the drug-free ses-
sion in 2 subcompartments of the striatum (ROI # ses-

sion interaction: F4,36=3.89; P=.01). In bilateral VS and
PDP, this effect corresponded to a significant decrease
in the mean±SD [11C]raclopride BP of −17.7%±9% in the
VS (Bonferroni corrected for 1-tailed planned compari-
son; P=.03) and −7.3%±3% in the PDP (P=.03) after dose
1 of amphetamine and −28.4%±9% in the VS (P=.007)
and −14.3%±3% in the PDP (P=.001) after dose 4. The
first dose of amphetamine did not significantly reduce
[11C]raclopride BP in the anterior and posterior DC or
in the anterior precommissural DP. Amphetamine dose
4 resulted in a greater [11C]raclopride BP reduction than
dose 1 in VS and PDP, corresponding to an additional
mean±SD −12.1%±5% (VS; P=.02) and −7%±3.5% (PDP;
P=.03) reduction in [11C]raclopride BP but no differ-
ence in DC (−0.3%±2%; P=.99). The inspection of in-
dividual data indicated that 7 of 10 participants dis-
played a change in BP greater than 10% in the VS. At 1-year
follow-up (dose 5, n=7), amphetamine further reduced
[11C]raclopride BP relative to the drug-free session
(mean±SD: −24.23%±12.5% in the VS, −7.84%±4.5% in
the DC, and −20.10%±4.8% in the PDP). This effect cor-
responded to significant BP decreases from dose 1 (ROI
# session interaction: F6,36=2.48; P=.04) (−15.40%±5.4%
in the VS, P=.02; −7.38%±5.2% in the DC, P=.09; and
−13.97%±5.3% in the PDP, P=.01) and from dose 4

A Control - Dose 1 D Dose 1 > Dose 4 > Dose 5

B Control - Dose 4

C Control - Dose 5
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Figure 3. t-Statistical maps of [11C]raclopride binding potential (BP) change illustrating a decrease in [11C]raclopride BP after dose 1 (A), dose 4 (B), and dose 5
(C) amphetamine administrations (0.3 mg/kg by mouth) relative to the drug-free control condition (x, y, z=28, 2, 0). D, General linear model with dose as a
regressor illustrating the progressive decrease in [11C]raclopride BP as a factor of repeated amphetamine doses (x, y, z=9, 7, −6). Colored t-maps are overlaid on
an averaged T1-weighted magnetic resonance image of all the participants.
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(−9.09%±2.5% in the DC and −9.05%±3.2% in the PDP).
This effect was present in 6 of the 7 participants studied
at 1 year.

To investigate whether repeated exposure to amphet-
amine affected baseline (drug-free) [11C]raclopride BP,
we compared the baseline [11C]raclopride BP of partici-
pants who underwent the drug-free scan before first ex-
posure (n=5; mean±SD striatal BP=3.0±0.2) with that
of those whose scan was obtained after the last exposure
(dose 4) (n=5; mean±SD striatal BP=2.9±0.36) and
found that the 2 groups did not differ in baseline [11C]ra-
clopride BP (t=0.469; P=.65). This finding was again con-
firmed in the 6-participant cohort (control study) in which
baseline [11C]raclopride BP was measured before and af-
ter the sensitization-inducing regimen. Specifically, the
mean±SD striatal BP was 2.35±0.15 before and 2.36±0.23
after repeated amphetamine administration (main effect
of session: F1,5=0.01; P=.94). Voxelwise analyses con-
firmed that baseline (drug-free) [11C]raclopride BP was
not significantly decreased by the repeated amphet-
amine sensitization regimen.

BRAIN-BEHAVIOR
RELATIONSHIPS

There were regionally specific correlations between do-
pamine release and various behavioral responses that sen-
sitized to repeated amphetamine exposure. Among those,
the increase in eye blink rate (dose 4−dose 1: PDP,
r=−0.73; P=.02), energy (dose 4−dose 1: PDP, r=−0.67;
P=.03; dose 5−dose 1: VS, r=−0.69; P=.04), and alert-
ness (dose 5−dose 1: VS, r=−0.75; P=.02) correlated with
the reduction in [11C]raclopride BP (dose 4−dose 1).
Moreover, the magnitude of the reduction in [11C]raclo-
pride BP in the DC was proportional to novelty-seeking
trait scores (dose 5 − dose 1: DC, r = −0.73; P = .06)
(Figure 5) and impulsiveness (dose 5−dose 1: DC,
r=−0.85; P=.01).

COMMENT

Although widely described in experimental animals, sen-
sitization to amphetamine has seldom been investigated
in humans.15,16 Herein we report, using the [11C]raclo-

∗∗

∗

∗†

∗

n = 7

n = 7

n = 7

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0
VS DC PDP

[11
C]

 R
ac

lo
pr

id
e 

BP

Control
Dose 1
Dose 4
Dose 5

Figure 4. Mean [11C]raclopride binding potential (BP) in 3 subcompartments
of the striatum during the control drug-free scan and after amphetamine
administration before (dose 1) and after repeated amphetamine (dose 4)
(n=10) and at 1-year follow-up (n=7). DC indicates associative
precommissural dorsal caudate; PDP, postcommissural dorsal putamen; VS,
ventral striatum. *Significantly different from dose 1 (P!.05). †Significantly
different from dose 4 (P!.05). Error bars represent SEM.

30

25

20

15

10
–40 –20

R = –0.77 r = –0.90

0 20 40
% Change From Dose 1 in the Cluster Identified in B

No
ve

lty
-S

ee
ki

ng
 S

co
re

 (T
PQ

)

A

B

Dose 4 Dose 5 Linear (Dose 4) Linear (Dose 5)

30

25

20

15

10
–40 –20

R = –0.72

r = –0.50

0 20
% Change From Dose 1 in the DC

Dose 4 2    t    7

2    t    7
Dose 5

No
ve

lty
-S

ee
ki

ng
 S

co
re

 (T
PQ

)

Figure 5. Relationship between dopamine sensitization and novelty-seeking
personality. A, Comparison of the percentage change in [11C]raclopride
binding potential (BP) compared with dose 1 and the novelty-seeking score.
The higher the novelty-seeking score, the greater the effect of (dose 4 and
dose 5) amphetamine-induced changes in [11C]raclopride BP from dose 1;
this effect involves changes in the dorsolateral regions. B, Voxelwise
regression maps illustrating the relationship between the novelty-seeking
score and sensitization-induced changes in [11C]raclopride BP. Top,
Percentage difference between dose 4 and dose 1 (x, y, z=13, 15, 7);
bottom, percentage difference between dose 5 and dose 1 (x, y, z=1, 15,
15). DC indicates precommissural and postcommissural dorsal caudate;
TPQ, Tridimensional Personality Questionnaire.
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[11C]raclopride binding potential



Opiates
• Also known as opioids


• Opium, the extract of the poppy plant is the source for the 
opiate family of drugs


• The active ingredients: morphine, codeine, and thebaine


• Opium can be smoked or eaten, morphine is usually injected


• Heroin is 2-4 times more potent than morphine and acts 
faster (and is a Schedule I drug)


• Heroin is taken IV, snorted, or injected under the skin (“skin 
popping”)


• Heroin is converted (rapidly) into 6-monoacetylmorphine (3-10 
times more potent than morphine) and then (slowly) to 
morphine in the brain and blood


• Fentanyl (synthetic, 80x more potent than morphine); 
Oxycodone/Oxycontin (semisynthetic, 1-4x morphine potency) 



Opiates
• Physiological effects: Decreased BT, suppressed cough reflex (and 

breathing center), nausea, decreased gastro-intestinal secretion 
and motility, constricted pupils, coma


• Behavioural/subjective effects: at low doses - analgesia; higher 
doses - euphoria   “high”      “nod”      “being straight”


• Some effects on cognitive function with chronic use (related to 
neurotoxicity?)


• Some effects show tolerance - analgesia, euphoria, sedation, lethal 
dose. Expressed as weaker effect and shorter duration


• Patterns of use: “Chippers”; Marginal subjects; Addicted


• Withdrawal: Physical and affective symptoms. Physical symptoms 
peak 36-48 hr after last dose and linger up to 72 hr. Most 
symptoms will be over within 7-10 days



Opiates
Mechanism of action:

• Three major types of opiate receptors: μ, δ, κ


• Different distribution in the brain, different affinity to opiate 
peptides, and somewhat different function. The μ opiate receptor  
seems to be the most critical for the rewarding effects of 
opiates.


• Metabotropic, open K+ channels, close Ca2+ channels, inhibit 
adenylyl cyclase activity - Reduced excitability of the neuron



Opiates
Mechanism of action:

• DA-dependent and DA independent mechanisms.

• DA seems to be critical for some, but not all, of the 

rewarding effects of opiates

• Opiate reward-related DA transmission is affected by removal 

of GABA inhibition



Cannabinoids
• Found in cannabis plants (e.g. Cannabis sativa)

• Schedule I drug (schedule II in Canada; might 

change…)

• Distributed as marijuana or hashish. Usually smoked 

(“joints”, “bongs”, chillum), but can be eaten (weed 
cookies, brownies…)


• The psychoactive ingredient: 


Δ9-6a-10a-trans-tetrahydrocannabinol (THC)


• Physiological effects: Increased heart rate and blood 
pressure. Increases hunger. Some suppression of the 
immune system


• Behavioural/subjective effects: 

• Low to moderate doses -  “Buzz”, “High”, “Stoned”, 

“Come down”

• High doses: Psychedelic effects, sometimes 

hallucinations 



Cannabinoids

• Some cognitive and motor impairments


• Chronic use may lead to “amotivational syndrome”


• Tolerance: Readily develops for most behavioural/
subjective effects, but not to the orexigenic effects


• Addiction potential: Although at first thought to be  
minimal, there is an increasing number of reports on 
subjects that meet the DSM criteria and seek help


• Withdrawal: Not easy to describe (clinically). May 
include decreased appetite/weight lose, irritability, 
anxiety, sleep disturbance, aggression, depressed mood. 
Can last a couple of weeks



Cannabinoids
Mechanism of action:

• Endocannabinoids: Enandamide, 2-AG

• Two types of receptors: CB1 and CB2

• Activation of CB1 can inhibit the release of many 

neurotransmitters (GABA, glutamate, NE, 5-HT...)

• Endocannabinoids act as retrograde messengers

• Reinforcing effect of THC mediated by DA and opiates 

in the VTA and NAc. DA-independent mechanisms?


