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Do dopamine neurons report an error
in the prediction of reward?
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Presynaptic radiotracers
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Table 1. Effects of two doses of amphetamine (0.2 and 0.4 mg/kg) on striatal extracellular dopamine levels (nmol/liter)
in four Rhesus monkeys

Monkey Baseline 0.2 mg/kg % baseline 0.4 mg/kg % baseline
1 5.9 43.6 +632.2 114.4 +1820.5
2 4.6 51.6 +1006.9 120.0 +2470.7
3 6.6 14.4 +116.5 65.4 +881.3
4 4.5 8.3 +84.1 17.6 +288.5
Mean (=SEM) 5.4 (=0.5) 29.5 (=10.6) +459.9* (x221.4) 79.3 (£23.9) +1365.2% (£485.0)

“t = 3.3, P = 0.045; % baseline, 0.2 mg/kg vs. % baseline, 0.4 mg/kg.

Table 2. Effects of two doses of amphetamine (0.2 and 0.4 mg/kg) on [''C]raclopride binding ratios
(striatum/cerebellum —1) in four Rhesus monkeys

Monkey Baseline .2 mg/kg % baseline Baseline 0.4 mg/kg % baseline
l 1.9 1.6 —17.5 1.8 1.2 —33.3
2 2.0 2.1 +4.9 1.9 1.8 —7.8
3 1.7 1.4 -19.2 1.6 1.2 —25.5
4 23 2.1 —10.1 2.1 1.7 —18.4
Mean (=SEM) 2.0 (x0.1) 1.8 (£0.1)  —10.5% (£5.5) 1.8 (£0.101) L4 (£0.1)  —21.3% (£5.4)

“t = 5.0, P = 0.015; % baseline, 0.2 mg/kg vs. % baseline, 0.4 mg/kg.

Breier et al., PNAS 1997
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Dopaminergic dysfunction in cocaine users

Cocaine-Dependent

Healthy Subjecis (N=24) Participants (N=24) Group
Mean Change Mean Change Difference

Functional and Anatomical Subdivision (%) sD (%) SD (%a) p?
Limbic striatum (ventral striatum) -12.4 9.0 1.2 7.3 11.2 < 0.001
Associative striatum -6.7 5.7 2.6 6.6 4.1 0.03

Precommissural dorsal caudate -4.6 6.2 -2.8 7.8 1.8 0.39

Precommissural dorsal putamen -8.7 7.0 -1.0 6.5 7.7 < 0.001

Postcommissural caudate -6.9 7.8 6.3 10.7 0.6 0.82
Sensorimotor striatum: postcommissural putamen “14.1 7.8 - 7.5 9.8 < 0.001
Striatum m 5.9 -3.0 6.5 6.5 0.001

? Unpaired t test. U U

Martinez et al., Am J Psychiatry 2007
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Dopaminergic dysfunction in dexamphetamine users

post vs. baseline
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Schrantee et al., Neuropsychopharmacol 2015



Dopamine depletion by a-methyl-para-tyrosine

Baseline

Available
1{¢]
[123IBZM

a-MPT

Abi-Dargham et al., PNAS 2000

Occupied by
dopamine

>

Depleted

&

Available -
to
['231]IBZM



A Guanosine triphosphate (GTP)

GTPCH

Meoptern  #+=——Dihydroneoptenn tnphosphate

PIPS

&-Pymveoyl-tetrahy droptenn

SR o
r Phenvlalanine Tyrosine Tryptophan Arginine
Tetrahyd robiopterin (B H4)
DHPR
PAH TH TFH NOS
FCD
q-Dihydrobieptenn *= Pterin-4a-carbinol armine
Tyrosine L-DCPA  5-OH-tryptophan  Citrulline
| | | y
EBioptenin Primapterin Dopamine Serotonin NOe
HVA 5-HIAA

Abeling et al., Mol Gen Metab 2006



Martinez et al., Am J Psychiatry 2009

TABLE 3. Estimated Occupancy of D2/D3 Receptors Measured as AMPT-Induced Change in [''C]Raclopride Nondisplaceable
Binding Potential

Increase in Nondisplaceable Binding Potential (%)

Healthy Comparison Subjects (N=15) Cocaine-Dependent Subjects (N=15)
Striatal Subdivision Mean SD Mean SD Unpaired t test (p)
Ventral striatum 10.6 6.5 3.4 7.4 0.007
Precommissural dorsal caudate 9.8 4.7 4.0 9.7 0.04
Precommissural dorsal putamen 10.5 4.8 4.7 7.6 0.02

Postcommissural caudate - 9.4 - 10.3 0.43
Postcommissural putamen 12.3 5.4 6.7 6.1 0.01
Striatum 111 4.4 5.7 5.9 0.009
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Koob and Volkow NNP 2009
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* Prefrontal cortex (orbitofrontal cortex/anterior
cingulate gyrus), involved in salience
attribution/inhibitory control

* Disruption linked to compulsive behavior and
poor impulse control



Volkow et al., Neuropharmacology 2009
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Wiers et al., Neurosc Letters 2016
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Wiers et al., Neurosc Letters 2016
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Buckholtz et al., Science 2010
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Presynaptic radiotracers

[ [**F]DOPA
| O | [*F]FMT
Amino Acid @ [1C]DTBZ
Transporter » - [HCJCFT
["'C]PE2I
WAL Booij et
al., 2014
Vesicle
DAT
Dopamine

-
.

Mitochondrion

-y

Postsynaptic radiotracers

[ [MC]NNC112
| [MC]SCH23390
" [MC]NPA '

[**C]PHNO

[**C]Raclopride

[*8F]Fallypride ‘
| [*21]1BZM




F/\/\N

As/

CO,CH5

[12311FP-CIT: DaTSCAN

Affinity (Ki) to dopamine transporter: 3.50 (0.39) nM
(Abi-Dargham et al., 1996)



Suwijn et al., Parkinsonism Relat Disord 2014
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Coordination goal-directed behaviour by dopaminergic cortico-striatal-
thalamocortical circuits (parallel/segregated)
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Vriend et al., J Neurol Neurosurg Psychiatry 2014
Vriend et al., Neurosc Biobehav Rev 2014
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Cognitive deficits in PD

Cognitive deficits in PD affect visuospatial, attentional,
executive and memory functions due to abnormal
neurotransmitter systems (DA and ACh) and Lewy bodies
(cortical and subcortical)

“Dual Syndrome” hypothesis:

Dopaminergic corticostriatal deficits affect executive
functions (planning, response inhibition, working memory)
Posterior cortical LB and cholinergic loss affect visiospatial,
mnemonic and semantic functions

Janvin Mov Disord 2006; Aarland and Kurx, Brain Pathol 2010; Pedersen et al.,
JAMA neurol 2013; Kehagia et al., Neurodegener Dis 2013



Ekman et al., Lancet Neurology 2012

Lower caudate DAT binding in PD and MCI (n=30) versus
PD without MCI (n=26)

Working memory test (fMRI) in PD and MCI vs PD without
MCI: under-recruitment in anterior cingulate cortex
(bilaterally) and right dorsal caudate nucleus

A Anterior cingulate cortex B Right caudate

Z=15 Z=31 Z=17



Ekman et al., Lancet Neurology 2012

Caudate DAT SPECT correlated with striatal fMRI BOLD signal
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Executive deficit
in PD mediated
by DAT binding

Siepel et al., Mov Disord 2014

Age moderator;
Mediation effect
is stronger for
younger than
older patients

No association

DAT and
Group Executive
(Controls:1, PD:2) cognition memory or
visuospatial
functions

158 controls and 339 PD patients from the Parkinson’s Progression
Markers Initiative (PPMI) study



Age-normalized ['IJFP-CIT binding (in %)

Age-normalized ['#I]FP-CIT binding (in %)

ICD in PD (DAT imaging)

Baseline striatal DaT ilability of Parki i with and without ICD symptoms

Vriend et al.,
Mov Disord
2014
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ICD in PD (D,,; imaging)
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DA agonists (pramipexole; D;) impair processing of
negative feedback during reward learning
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Dopamine dysregulation syndrome in PD; compulsive drug use
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Martinez et al., Biol Psychiatry 2005

Table 3. [''CJRaclopride Specific to Nonspecific Partition Coefficient (V5"

unitless)
Functional Anatomic
Subdivision  Subdivision HC AD Difference p°
LST VST 209+ .24 181 .27 —132% 006
AST 260+ .28 217+ .27 —16.4% <<.001
preDCA 247 £ 28 212+ .25 —14.4% .001
preDPU 302+ .32 250=.31 —17.3%  <.001
postCA 180+ .30 149 =30 —17.1% .008
SMST postPU 297 £ 31 242 + 32 —18.5% =2.0001
STR 265+ 27 221+ .27 —16.7% .0001

Values are mean = 5D, n = 15 per groups. See Table 1 for abbreviations.
“Unpaired t test.

Baseline D, ; receptor binding



Martinez et al., Biol Psychiatry 2005

Table 4. Percent Change in Amphetamine-Induced [' 'CJRaclopride
Displacement (AV,")

Functional Anatomic
Subdivision Subdivision HC AD p°
LST VST —13.0 £ 8.8% —5.2 *+ 3.6% 004
AST —6.7 £ 54% —4.6 = 5.8% 31
preDCA —4.2 + 5.6% —3.1 £ 5.6% 60
preDPU —8.8 £ 6.7% —5.6 = 6.9% 20
postCA —7.8 = 8.3% —5.6 = 8.1% 46
SMST postPU —13.7 = 7.5% —123 = 7.3% 59
STR —94 = 59% —7.2 = 53% 28

Values are mean = SD, n = 15 per groups. See Table 1 for abbreviations.
“Unpaired t test.



Oberlin et al., Psychopharmacology 2015

26 males heavy beer drinkers
3 IC-raclopride PET scans

Baseline; flavor favorite beer/Gatorade; by infusion
alcohol (3 U) or saline
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Oberlin et al., Psychopharmacology 2015
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Williams et al., ENPP 2009

13 controls and 11 early abstinent alcohol dependent patients
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11C-carfentanil
PET

Heinz et al.,
Arch Gen Psychiatry
2005
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Conclusions

PET/SPECT: measure DA D, ; receptors, DA release, DAT, opioid
receptors....

Addiction: lower D, ; receptor binding and blunted DA release;
association with drug wanting; opioid receptors increased and
association with craving

Impulsivity: more DA release, due to lower D, ; binding in SN?

ICD in PD due to DA agonists: impaired processing negative
feedback during reward learning
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