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 Introduction

 A brief history of time (or least PET imaging in addiction)

 The Dark Side

 It’s good to be the king

 Discussion and future musings
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Radiotracer YPC Name Target

[11C]ABP688 ABP mGluR5

[11C]AFM AFM SERT

[11C]AMI000646 AM646 LPA1 receptors

[C-11]TASP0410699 APM699 V1B receptors

[C-11]UCB-J APP311 SV2A

[F-18]ASEM ASEM alpha-7 antagonist

[18F]AV1451 AV1451 Tau

[F-18]Florbetaben BPIB Amyloid

[11C]GSK189254 CBAN H3

[11C]Carfentanil CFN mu  agonist

[18F]MK6577 CFPYPB GlyT1

[11C]CUMI-101 CUMI 5HT1A agonist

[11C]DASB DASB SERT

[11C]EKAP EKAP Kappa agonist

[C-11]EMO EMO M1 receptors

[11C]erlotinib ERLO EGFR

[18F]FDG FDG Glucose met

[11C]FEKAP FEKAP Kappa agonist

[C-11]FLB457 FLB D2-extrastriatal

[F-18]AV45 FLOR Amyloid

[F-18]Flutametamol FLUT Amyloid

[F-18]LMI11195 FMIBG Cardiac sympathetic

[F-18]FMISO FMISO Hypoxia

[F-18]AS2471907-CL FMOZAT 11-beta-HSD1

[11C]Flumazenil FMZ Benzodiazepine

[18F](+)FP-DTBZ FPDTBZ VMAT2

[18F]FPEB FPEB mGluR5

[11C]MDL100907 MDL 5HT2A

[11C]Methionine MET Tumor uptake

[18F](-)FP-DTBZ
MFPDTB

Z

VMAT2 inactive 

enant.

[11C]GR103545 MKAP Kappa agonist

[C-11]AS2471907-

CL 
MOZAT 11-beta-HSD1

[11C]MRB MRB NET

[18F]NCFHEB NCFHEB
Nicotinic a4b2 

receptors

[C-11]OMAR OMAR CB1 receptor

[C-11]PF-

06427878
P7878 DGAT2

[11C]PF06809247 P247
MAG Lipase 

Inhibitor

[11C]P943 P943 5HT1B

[C-11]PBR28 PBR28 TSPO (microglia)

[F-18]BMS986192 PDL192 PD-L1

[F-18]BMS986229 PDL229 PD-L1

[11C]PE2I PE2I DAT

[11C]PHNO PHNO D2/D3

[11C]PIB PIB Amyloid

[11C]LY2795050 PKAB kappa antagonist

[F-18]PF-

05270430
PTA PDE2

[11C]GSK-215083 QUICS 5HT6

[11C]Raclopride Rac D2/D3

Rb-82 Rb MBF

[11C]SB-207145 SURF 5-HT4

[15O]water Water Blood Flow
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Volkow ND, et al., Nature 1997;386 (6627) 830- 833.
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Mark Slifstein, Eugenii A. Rabiner and Roger N. Gunn, 2014. Imaging the Human Brain in 
Health and Disease.
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Percent Change in [11C]Raclopride Nondisplaceable Binding Potential for Cocaine-Dependent and Healthy Comparison 

Subjects Following AMPT Administration. The percent change is significant in each region, with the exception of the posterior 

caudate.

Martinez et al., AJP. 2009;166(10):1170‐7. 
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Ashok et al., JAMA Psychiatry. 2017;74(5):511-519. 13
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 [11C]-()-4-propyl-3,4,4a,5,6,10 b-hexahydro-2H-
naphtho[1,2-b] [1,4] oxazine-9-ol ([11C]-(+)-PHNO) is an 
agonist D2/D3 dopamine receptor radioligand with 
preferential affinity for the D3 subtype.

 The affinity is 30-53 times higher for D3s than for D2s, 
and its D3 affinity is intrinsically high (0.16-0.21 nM).

 This high affinity is required to visualize D3 receptors due 
to their low density, and [11C]-(+)-PHNO is the first 
radiotracer usable for this application.

 Good test-retest reliability.
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Anatomically, D3R is densely present in the 
mesolimbic system where reward-related learning 
induced by cocaine occurs (Blaylock and Nader, 2012; Stanwood et al., 

2000; Xi and Gardner, 2007) 

D3R mRNA and protein in these areas show increased 
expression after exposure to stimulants and other 
drugs of abuse (Caine and Koob, 1993; Heidbreder and Newman, 2010; 

Neisewander et al., 2004; Staley and Mash, 1996; Xi and Gardner, 2007) 

Although some apparently inconsistent findings exist, 
D3R antagonists and partial agonists inhibit the actions 
of cocaine in preclinical models (Caine et al., 2012;; Heidbreder et al., 

2005; Le Foll et al., 2005; Newman et al., 2012; Xi and Gardner, 2007) 
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Amygdala =??

Substantia 

Nigra =100%

Pallidum =75%

Ventral 

Striatum=26% 

Putamen =6%

Thalamus =43%

Tziortzi et al., 2011. NeuroImage 54: 264–277. 18



Matuskey et al., 2015. Drug and Alcohol Dependence 139; 100–105
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Regions of Interest (BPND) between CD and HC

Mean BPND values (with standard deviation) for each ROI. 

Percent difference between CD and HC subjects is tabulated.

Matuskey et al., 2015. Drug and Alcohol Dependence 139; 100–105
20



Left Figures: representative CD subject displaying striatal (left) and 
amygdala involvement (outlined on right)  

Right Figures: representative HC subject displaying striatal

(left) and amygdala involvement (outlined on right)  

Matuskey et al., 2015. Drug and Alcohol Dependence 139; 100–105
21



Bigger, Better

ROI AND WHOLE-BRAIN ANALYSIS

Worhunsky et al., 2017 NeuroImage Mar 1;148:343-351 
22
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Amygdala Caudate Hypothalamus Pallidum Putamen SN/VTA Thalamus VST

NW

(n = 14)

0.27 

(0.08)

1.88 

(0.32)

1.24 

(0.42)

3.37 

(0.39)

2.52 

(0.35)

1.85 

(0.36)

0.35 

(0.09)

4.12 

(0.52)

OB

(n = 14)

0.30 

(0.07)

1.98 

(0.42)

1.27 

(0.24)

3.73 

(0.47)

2.73 

(0.41)

2.21 

(0.42)

0.37 

(0.07)

4.73 

(0.58)

ΔOB % +13 +5 +2 +11 +8 +20 +6 +14

p value 0.22 0.47 0.81 0.02 0.14 0.02 0.54 < 0.01

Voxel-wise analyses of OB relative to NW [11C](+)PHNO BPND in the substantia 

nigra/ventral tegmental area (SN/VTA), the ventral striatum (VST), and the pallidum. 

Whole-brain results displayed at uncorrected p <0.001 and k > 10;

Gaiser et al., 2016. Neuropsychopharmacology 41(13):3042-3050.

.
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 1.) Complexity of reward system

 2.) Lack of efficacy of DA treatments

 3.) Direct and indirect effects on other systems (e.g. opioid, 
serotonin, NET, sigma, glutamate subtypes)

25



 The 5-HT1B receptor is an inhibitory G protein-coupled metabotropic 
receptor found primarily as a presynaptic terminal auto and 
heteroreceptors (Pauwels 1997; Hoyer et al. 2002; Hannon and Hoyer 
2008)

 In reward, it is thought that 5-HT1B heteroreceptors inhibit GABA release 
in the VTA, thereby disinhibiting dopaminergic activity and amplifying 
drug reward mechanisms (Cameron & Williams, 1994, 1995; O’Dell & 
Parsons, 2004)

 Genetic studies in humans have found associations between 5-HT1B

receptor polymorphisms and substance abuse, suggesting that modified 
5-HT1B receptor activity may be a contributing factor for increasing 
susceptibility to addiction (Sun et al., 2002;  Huang et al., 2003 ; 
Proudnikov et al., 2006)

26



High 

5HT1B 

areas

Anterior Cingulate

DA

GLUT

27



 P943 (R-1-[4-(2-methoxy-isopropyl)-phenyl]-3-[2-(4-methyl-
piperazin-1-yl)benzyl]-pyrrolidin-2-one)

 Potent 5-HT1B antagonist in vitro

 Highly selective ligand. It has 10-fold greater affinity for the 5-
HT1B receptor relative to the 5-HT1D 

 1,000-fold higher for 5-HT1B receptors than for 5-HT2A, 5-
HT2B, 5-HT2C, and 5-H7 receptors, more than 100 times 
higher than for 5-HT3 receptors and more than 50 times higher 
than for 5-HT1A receptors 

 Test-retest variation (<10%) in the measure of receptor 
availability using [11C]P943, with MRTM2 providing the least 
variability

 

 

Figure 1: Chemical Structure of [C-11]P943 
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Region of interest analysis after gray matter masking (GMM) 

and associated mean [11C]P943 BPND values for HC (blue) and 

CD (red) subjects. Asterisks are statistically significant at P=0.01 

or better. Error bars denote standard deviation. 

Matuskey et al., 2014. Biological Psychiatry. Nov 15; 76(10):816-22.
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Matuskey et al., 2014. Biological Psychiatry. Nov 15; 76(10):816-22.
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Matuskey et al., 2014. Biological Psychiatry. Nov 15; 76(10):816-22.
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Mu opioid binding in cocaine-dependent men (n = 10) and 

HC (n = 7). 

Zubieta et al., 1996. Nature Medicine, v2;11 1225-1229
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Heroin abusers also had greater MOR binding potential in the 

inferofrontal cortex and anterior cingulate regions compared to 

matched HCs with [11C]carfentanil. Sublingual buprenorphine 

36–50% at 2 mg and 79–95% at 16 mg (N=3).

Zubieta et al., 2000. Neuropsychopharmacology 23:3. 326-334
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Graph showing VD changes in whole brain [11C]diprenorphine binding with opioid use. Note that there is a slight, nonsignificant 

reduction in binding in the methadone group compared with the normal controls (N=8).

Melichar et al., 2005, Journal of Pharmacology and Experimental Therapeutics
35



Williams et al, 2007, British Journal of Psychiatry

N=10; Dark bars are Heroin Users; N=20 HC
36



Specific binding of [18F]cyclofoxy (mean + S.E.M.) in 13 brain regions of normal 

volunteers and long-term, 14 methadone-treated former heroin addicts (dark bar).

Kling et al. J Pharmacol Exp Ther 2000;295:1070-1076
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Dysphoria and aversive effects also play an 
important role in assessing the value of a reward

KOR and dynorphin, its endogenous ligand, have 
thus been characterized as a counterbalance or 
aversive system to the rewarding dopamine system

 Implicated in drug use and stress induced relapse

Generally, agonists at KOR are aversive, compared 
to other opioid receptor agonists such as mu and 
delta that are rewarding and reinforcing
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KOR tracers

11C-GR103545
(11C-MKAP) 

11C-EKAP 11C-FEKAP

11C-LY2795050

(11C-PKAP)

11C-LY2795050
(F3PB) 

Agonist Antagonist
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KOR tracers

11C-GR103545
(11C-MKAP) 

11C-EKAP 11C-FEKAP

11C-LY2795050

(11C-PKAP)

11C-LY2795050
(F3PB) 

Agonist Antagonist
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 EKAP: in vitro Ki binding affinity: 𝜅=0.28nM, μ=8.6nM, 𝛿=386nM; selectivity of 𝜅/μ
over 30 times and 𝜅/𝛿 over 1,300 times

 All have good brain uptake that distribute in a pattern consistent with known KOR 
rank order in the primate and human brain (i.e., high uptake in cingulate cortex, 
insula and globus pallidus, intermediate uptake in the caudate, putamen, temporal 
and frontal cortex, and lower uptake in the thalamus and cerebellum)

 Mean MA1 VT values were highest for 11C-GR103545, followed by 11C-EKAP, 
then 11C-FEKAP

 Minimum scan time for stable VT measurement: 90min for 11C-EKAP, 110 min for 
and 11C-FEKAP and 140 min for 11C-GR103545

 11C-GR103545 is not ideal in high binding areas due to the prolonged scan time 

 11C-EKAP displays faster kinetics, better test-retest variability (~6%) across 
regions except for the amygdala (17%) and high specific binding signals in vivo

Naganawa et al, J Nucl Med. 2020 Mar 13:jnumed.119.227694. 
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 12 healthy subjects (age: 26-50, gender: 6 M and 6 F) underwent 
baseline and blocking scans on the same day with EKAP. 

 The blocking scan was conducted at 70 min after an oral 
administration of 150 mg of the nonspecific opioid antagonist 
naltrexone. 

 Distribution volumes decreased in all regions after naltrexone 
administration, which suggests that there is no ideal reference 
region for this radiotracer

 The occupancy by 150 mg of naltrexone was 93 ± 6% (n = 6)

 Non-displaceable distribution volume (VND) was 3.5 ± 0.8 
mL/cm3

43



ROI Age p value BMI p value
Amygdala -0.2975 0.23 -0.5438 0.02

ACC -0.2478 0.32 -0.4753 0.05

Caudate -0.4399 0.07 -0.6944 <0.001

Frontal cortex -0.3904 0.11 -0.7266 <0.001

Hippocampus -0.3067 0.22 -0.6300 <0.01

Occipital 

cortex
-0.4074 0.09 -0.7156 <0.001

Pallidum -0.3485 0.16 -0.6391 <0.01

Parietal cortex -0.4422 0.07 -0.6986 <0.01

Putamen -0.4044 0.10 -0.7362 <0.001

Temporal 

cortex
-0.3854 0.11 -0.7400 <0.001

Thalamus -0.4137 0.09 -0.7055 <0.01

VS -0.4096 0.09 -0.6607 <0.01

Age Gender Race BMI (kg/m2) BSMSS

35 (10); range 
20-51 9 M, 9 F 8 C, 6 AA, 3 O,1 

H 

26 (3); range 
20-31

60 (18); range 
22-87

44
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Males Females

N Mean Std Dev N Mean Std Dev DF t Value Pr > |t|

Amygdala 9 21.2 6.7 9 23.5 5.1 16 -0.86 0.40

ACC 9 13.4 2.6 9 16.0 3.2 16 -1.89 0.08

Caudate 9 6.7 1.5 9 9.2 1.8 16 -3.26 <0.01

Frontal 

cortex
9 8.6 1.5 9 11.0 1.7 16 -3.26 <0.01

Hippoca

mpus
9 7.8 1.7 9 9.5 2.1 16 -1.89 0.08

Insula 9 13.0 2.6 9 16.9 2.7 16 -3.09 0.01

Occipital 

cortex
9 7.3 1.3 9 9.3 1.1 16 -3.48 <0.01

Pallidum 9 10.4 2.0 9 14.2 3.3 16 -2.98 0.01

Parietal 

cortex
9 7.6 1.3 9 9.7 1.3 16 -3.46 <0.01

Putamen 9 8.7 1.4 9 11.4 2.0 16 -3.38 <0.01

Temporal 

cortex
9 9.3 1.7 9 11.7 1.7 16 -3.12 <0.01

Thalamus 9 4.5 0.7 9 5.8 0.9 16 -3.47 <0.01

VS 9 12.1 2.6 9 15.9 3.0 16 -2.88 0.01

45Matuskey et al. 2019. Neuropsychopharmacology



Kappa opioid receptor binding in major 

depression: A pilot study

Synapse, Volume: 72, Issue: 9, First published: 23 June 2018, DOI: 

(10.1002/syn.22042) 



Vijay et al., Neuropsychopharmacology. 2018 Dec; 43(13): 2539–2547.

47

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6224533/


 17 CUD subjects and 14 HCs

 Two types of self-administration sessions in CUD 
were performed: 1) choice sessions following a 
cold pressor test, and 2) binge cocaine sessions. 

 A significant association between the agonist 
[11C]GR103545 binding and cocaine self-
administration was seen: greater KOR availability 
was associated with more choices for cocaine. 

 Additionally, the three day cocaine binge 
significantly reduced [11C]GR103545 binding by 
18% in the striatum and 14% across brain 
regions. 

 No difference in [11C]GR103545 binding was 
found between the CUD subjects and controls.

Martinez et al., 2019 Neuropsychopharmacology
48
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 Opioid use can release dynorphins and engage KORs through its 
capacity to trigger a stress reaction 

 Dynorphins and KORs not only enable the behavioral, emotional, 
and cognitive response to drug exposure  but also decrease 
dopamine release

 Clinical trials showing that “functional” KOR antagonists 
(buprenorphine, a MOR agonist/ KOR antagonist, combined with 
naltrexone) increased effectiveness and retention over naltrexone 
alone for the treatment of heroin-dependent patients 

 KOR antagonists are now part of “the 10 most wanted” 
mechanisms proposed by NIDA for developing new and 
innovative medications to overcome the opioid crisis

50
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Psychopharmacol, 2006. 20(6): p. 806-14.
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 Twenty experimentally naive adult male cynomolgus monkeys 
were individually housed for approximately 10 months before the 
initial PET scans

 Approximately 8 months (range, 5–12 months) after the first PET 
scan and after at least 3 months of social housing, the second 
PET scan was conducted

 Monkeys were first trained to respond with food as the reinforcer
and then increasing doses of cocaine

 Fixed number of responses on the response lever (for example, a 
fixed ratio of 30) resulted in presentation of a banana pellet or 
activation of the infusion pump for 10 seconds

Morgan et al., 2002. Nat Neurosci 5:169–174 53



Morgan et al., 2002. Nat Neurosci 5:169–174
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Morgan et al., 2002. Nat Neurosci 5:169–174
55



56



49
57



Martinez et al, 2010. Biological Psychiatry 275-278 58



“Monarchy is the greatest thing on earth. 

Kings are rightly called gods since just like 

God they have power of life and death over 

all their subjects in all things. They are 

accountable to God only ... so it is a crime 

for anyone to argue about what a king can 

do"    King James I
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62

Wiers et al. 2016, Socioeconomic status is associated with striatal

dopamine D2/D3 receptors in healthy volunteers but not in

cocaine abusers. Neuroscience Letters.



Region of 
Interest (ROI)

VT Mean 
(SD)

Pearson R p value Slope p value 
(Hommel)

Amygdala 22.4 (5.9) -0.69 <0.01 -0.1963 0.04

ACC 14.7 (3.1) -0.56 0.02 -0.0892 0.04

Caudate 7.9 (2.1) -0.66 <0.01 -0.0493 0.03

Frontal 9.8 (2.0) -0.52 0.04 -0.0353 0.04

Hippocampus 8.7 (2.0) -0.60 0.01 -0.0579 0.04

Pallidum 12.3 (3.3) -0.59 0.02 -0.0733 0.04

Putamen 10.1 (2.1) -0.62 0.01 -0.0432 0.04

VS 14.0 (3.4) -0.66 <0.01 -0.0817 0.04

Matuskey et al., Social Status and Demographic Effects of the Kappa Opioid Receptor: A PET Imaging Study with a Novel 

Agonist Radiotracer in Healthy Volunteers 

63



20

30

40

50

60

70

80

90

8 10 12 14 16 18 20

B
S

M
S

S

[11C]EKAP  VT

Averaged Brain Reward Area 

Martinez et al, 2010. Biological Psychiatry 275-278

Matuskey et al. 2019. Neuropsychopharmacology
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PET imaging can be successfully used to 
investigate the underlying physiology of addiction

This can provide us in-vivo evidence in living 
humans

Has been used to study the role of dopamine and 
other neurotransmitter systems (e.g. 5HT1B or 
KOR)

Translational-can bridge preclinical to clinical and 
provide valuable insight into pharmacologic 
treatments before large scale clinical studies are 
begun
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Environmental factors

New targets

Temporal events
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Environmental factors

New targets

Temporal events
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 Dept. of Psychiatry: Gustavo Angarita, Patrick Wohunsky, 
Edward Gaiser, Brian Pittman, Zubin Bhagwagar, Marc 
Potenza, Robert Malison
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