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Outline of talk

Neurotransmission — what is it?

The Tool Kit: molecular and multimodal brain imaging

— Magnetic Resonance Imaging (MRI)
e Structural MRI
* Functional MRI

— Positron Emission Tomography (PET)
What makes a good radioligand for brain?

Typical study designs
— Studies of pathophysiology

e Group comparison: cross-sectional vs. longitudinal
* Imaging genetics: vulnerability vs. individual genes

— Studies of vulnerability traits in healthy subjects
— Studies of neurotransmission dynamics
— Large-scale studies



Levels of analysis

Structure-function

Plus: TSPO, beta-amyloid, tau, synaptic

vesicle glycoprotein, etc.

Neurochemistry




Brain PET imaging: pros & cons

e What is excellent:
— Molecule-level phenomena in living tissue = unique
— Non-invasive = no brain biopsy needed
— High chemical resolution = measure only one thing
— High sensitivity = measure very small amount (nanomolar)

e \What are the limitations:

— Modest spatial resolution (typically 4—-6 mm)

— Poor time resolution (minutes)

— lonizing radiation (typically about 2—4 mSv per injection for 11C tracers)
— Limited availability

— High cost
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Major differences between in vitro measurements
and in vivo PET

In vivo PET: usually, tracer doses are used (F<<Kp)

Thus, receptors are not occupied at all - B, or Ky cannot be measured
separately, only their ratio (BP)!

In vitro, multiple levels of saturation is used to describe B, and Ky

In vivo PET: regional blood flow, extraction, binding to plasma proteins,
non-specific binding, multiple populations of specific binding sites, internal
milieu (pH, ion concentrations etc), receptor trafficking (internalization),

radioactive metabolites of the radiotracer, endogenous neurotransmitters,
factors related to PET instrumentation...



What is neurotransmission?

e Mechanisms responsible for chemical communication between
neurons in brain

e Along the signaling pathway:

— Neurotransmitter synthesis and storage

— Neurotransmitter release

— Pre- and postsynaptic receptors

— Reuptake and catabolism

— Second messenger systems and other downstream effects




Neurotransmitter systems

Dopamine

— Synthesis capacity, dopamine D, receptors, dopamine D, receptors,
dopamine transporter

Serotonin
— Pre- and post-synaptic 5-HT,R, 5-HT, AR, serotonin transporter, MAO activity

Glutamate
— mGIluR5

Gamma-aminobutyric acid (GABA)
Cholinergic

Cannabinoid
— Presynaptic CB, receptors, CB, receptors?

Opioid

— Mu-, kappa-, sigma receptors



Table 1. Tracers listed by target category. Descriptions of distinguishing characteristics
are given as well as year of introduction (corresponding to first peer-reviewed publication
in humans). Years were determined by a keyword search of <tracer name> AND
(positron OR PET) using Thompson Reuters Web of Science.

Table 1. (Continued)

Target Year of
System Radioligand Protein target Description introduction
Dopamine [''C]raclopride D2/3 receptor D2/3 antagonist 1985
['8F]fallypride D2/3 receptor D2/3 antagonist 2002
["'C]fallypride D2/3 receptor D2/3 antagonist 2009
[''C]FLB457 D2/3 receptor D2/3 antagonist 1999
['C]-(+)-PHNO  D2/3 receptor D2/3 agonist 2006
[''CINPA D2/3 receptor D2/3 agonist 2008
[MCIMNPA D2/3 receptor D2/3 agonist 2009
["'CINNC112 D1 receptor D1 antagonist 1998
[''C]SCH23390 D1 receptor D1 antagonist 1991
[''C]PE2I DAT DAT antagonist 2006
['!Claltropane DAT DAT antagonist 2007
['SFICFT DAT DAT antagonist 1998
[''C]CFT DAT DAT antagonist 1998
['*FIDOPA DA terminals Substrate for AADC 1986
['SFJFMT DA terminals Substrate for AADC 1995
[''CIDTBZ VMAT2 VMAT? antagonist 1996
['$F]AV133 VMAT2 VMAT? antagonist 2009
Serotonin [''CIMcN5652 SERT SERT antagonist 1995
[''CIDASB SERT SERT antagonist 2000
[''CIAFM SERT SERT antagonist 2011
[''CITHOMADAM  SERT SERT antagonist 2011
[''C -carbonyl] 5-HTa receptor ~ 5-HT) 5 antagonist 1998
WAY 100635
['*FIMPPF 5-HT4 receptor  5-HT;, antagonist 2000
['8FIFCWAY 5-HT4 receptor  5-HT, antagonist 2003
["'cjcuMiiol 5-HTa receptor ~ 5-HT) 5 antagonist 2010
["'"CIMDL100907  5-HT»a receptor  5-HT,4 antagonist 1998
[''C]CIMBI-36 5-HTaa receptor  5-HTaa agonist 2014
['8F)Altanserin 5-HT,a receptor  5-HT,4 antagonist 1994
[M'C1P943 5-HT,g receptor ~ 5-HT;p antagonist 2010
[''C]AZ10419369  5-HT;g receptor  5-HT;p antagonist 2011
[''C]GSK215083  5-HTgreceptor  5-HTg antagonist 2012
Norepinepherine ['*F]MeNER NET NET antagonist 2005
[''CIMRB NET NET antagonist 2007
Opioid ["'Clcarfentanil 4 opioid receptor  u opioid agonist 1988
[''C]diprenorphine  opioid receptor Non-selective opioid 1988
antagonist
[''CILY2795050 & opioid receptor & opioid antagonist 2015
Acetylcholine  2-['F]-FA-85380  nicotinic receptor 432 nAChR antagonist 2005
['SFIFP-TZTP muscarinic M2~ M2 agonist 2003
Glycine [''CIGSK931145  GlyT1 GlyT1 antagonist 2011
[''CIRO5013853  GlyTI GlyT1 antagonist 2013
GABA [''C]flumazenil GABA, receptor  GABA 4 antagonist 1985

(Continued)

Target Year of
System Radioligand Protein target Description introduction
Glutamate [''C]ABP688 mGIuRS Allosteric antagonist 2008
['SFIFPEB mGIuRS Allosteric antagonist 2013
Substance P ['*F]SPA-RQ NK1 receptor NK1 antagonist 2004
Enzymes [''C]deprenyl MAO B MAO B antagonist 1987
[''C]clorgyline MAO A MAO A antagonist 1987
[''C]rolipram PDE4 PDE4 antagonist 2002
[M'CIIMA107 PDEI10 PDEI10 antagonist 2014
['SFIMNI659 PDEI0 PDEI0 antagonist 2014
TSPO [''CIPK11195 TSPO TSPO ligand 1999
[''C]PBR28 TSPO TSPO ligand 2008
['FIPBRO6 TSPO TSPO ligand 2009
['*F]PBRI111 TSPO TSPO ligand 2013
['SFIFEPPA TSPO TSPO ligand 2011
Cannabinoid  [''CJOMAR CBI1 receptor CBI antagonist 2010
['|FIMK9470 CB1 receptor CBI1 antagonist 2008
[''C]CURB FAAH FAAH antagonist 2013
B-amyloid? [''CIpiB B-amyloid B-sheet fibrils of B-amyloid 2004
[''C]AZD2184 (B-amyloid (3-sheet fibrils of S-amyloid 2009
['CIAZD4694 (-amyloid B-sheet fibrils of 3-amyloid 2012
['®FIGE067 (-amyloid B-sheet fibrils of 3-amyloid 2009
[''cIsB13 B-amyloid B-sheet fibrils of B-amyloid 2007
['FIBAY94-9172  B-amyloid (-sheet fibrils of 3-amyloid 2008
['®F1AV45 (-amyloid (-sheet fibrils of -amyloid 2012
['*FJFDDNP (-amyloid B-sheet fibrils of 3-amyloid 2006
Tau ['SF]AV-1451° Tau PHF -tau 2013
['FITHK5117 Tau PHF -tau 2013
['8FITHK5351 Tau PHF -tau 2014
[''C]-PBB3 Tau PHF -tau 2013

Quantitative imaging of protein targets in

the human brain with PET

Roger N Gunn'>3, Mark Slifstein*’, Graham E Searle” and

Julie C Price®

Gunn et al. Phys Med Biol 2015;60:R363-

R411.
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PET reporter systems for the brain
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Table 1. List of PET reporter systems

Reporter gene(s)

HSV1-TK
HSV1-sr39TK
hATK2
hDTK2

hDCK
VZV-TK

Pyruvate kinase
M2 (PKM2)

AADC TH/GAD1
hSSTR2
hD2R

Cannabinoid
(CB2) receptor

ecDHFR

Optogenetics:
ChRERa

Chemogenetics:
DREADDs

Chemogenetics:
PSAMs

hNIS
hNET

hSERT

Trends in Neurosciences, November 2023, Vol. 46, No. 11

Reporter probe(s)
["8FIFIAU, ['®FIFMAU, ['®FIFEAU, ['®FIFHBG

['®FIDASA-23

6-["®Ffluoro-L-m-tyrosine, [''C]raclopride
[(8Ga]DOTATOC, [®Ga]DOTATATE
[""CJraclopride, ['®Flfallypride, ['®F]spiperone derivative.

[''CIGW405833

['8F]FE-TMP
["®FIFES

[''clcLz, [''CIDCZ, and [*®FJJHU37107
['®FJASEM
["®Fltetrafluoroborate, ['8Flfluorosulfate

["'Clephedrine, ['?*ljmeta-iodobenzylguanidine (MIBG), and ['8F]
meta-fluorobenzylguanidine (MFBG), [''C]MeNER, and [''CIMRB

[''CIDASB, ['"C]McN 5652, ['"CJADAM, [''CJDAPA, and [''CJAFM



What makes a good radioligand for brain?

Sufficient target density and ligand affinity (B
High brain uptake (>100%)

High pharmacological selectivity

Optimal lipophilicity (LogP=2.5—-4)

— Sufficiently high to cross blood-brain barrier

— Not too high to cause non-specific binding

No brain-penetrant radiometabolites

Not substrate for efflux transporters at BBB (e.g., P-gp)
Quantifiable plasma protein binding

Amenability to rapid labeling with high specific activity
Fast enough kinetics to allow measurement in a few hours

/KDzS)

Mmax



LSE-FMPEP-d,: high brain uptake despite high
lipophilicity

BE-FMPEP-d, for cannabinoid CB; receptor
Very lipophilic (LogP= 4.8)

- high protein binding

- high non-specific binding
However, high brain uptake and specific binding because
CB4 receptor is highest density GPCR in mammalian brain
Monkey study shows 90% of V; is specific binding 0 30 60 90 120 150 180 210 240 270 300

Time after injection (min)

Terry et al. J Nucl Med 2010;51:112-120.



HC-PE2I: distribution of dopamine transporter in
human brain

Hirvonen et al. J Cereb Blood Flow
Metab 2008;28(5):1059-69.




carbonyl-**C-WAY-100635: distribution of serotonin
5-HT,, receptors in human brain

JAVAEEL Sagittal Coronal

Parsey et al. Biol Psychiatry 2010;68(2):170-8.



carbonyl-**C-WAY-100635: distribution of serotonin
5-HT,, receptors in human brain

Typical pattern ; “mv
of distribution:
little uptake in ' | 04& D-ﬁ .#’

cerebellum

Atypical pattern
of distribution:
high uptake in
cerebellum

Hirvonen et al. J Cereb Blood Flow Metab 2007;27:185-95.



Study of pathophysiology: CB, receptors are region-specifically
downregulated in cannabis smokers
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In Vivo Imaging of the Cannabinoid CB, Receptor  PISCOVERY
With Positron Emission Tomography

: 1,2
J Hirvonen

-33%
@ 25 : '
§ -15%
X A
% 120
E
>I— 15-
N
ks
o 10
Ll
S
e 9
(1
(o]
— 0

[] Healthy
I Cannabis

-34%

———— B Alcohol
-3%

| p—

Cortical

Subcortical_

ORIGINAL ARTICLE
Reduced cannabinoid CB; receptor binding in alcohol

dependence measured with positron emission tomography
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Decreased Cannabinoid CB4 Receptors in Male
Tobacco Smokers Examined With Positron
Emission Tomography

Jussi Hirvonen, Paolo Zanotti-Fregonara, David A. Gorelick, Chul Hyoung Lyoo,

Denise Rallis-Frutos, Cheryl Morse, Sami S. Zoghbi, Victor W. Pike, Nora D. Volkow,
Marilyn A. Huestis, and Robert B. Innis

Biological

Psychiatry

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 97 NUMBER 6 | JUNE 2015



Prefrontal CB, receptors increased in
schizophrenia in vitro
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Neurochemistry in obesity: decreased u opioid
receptors, unchanged dopamine D2R

Obese Lean

Vet

JS 7Y

LL opioid receptor

Dopamine D2R @

Karlsson et al. J Neurosci 2015;35:3959-65




Striatal Dopamine D, Receptor Imaging Studies in Schizophrenia:

Wong et al. (1986)=-
Corripio et al. (2006)=
Nordstrom et al. (1995)=
Tune et al. (1993)=-
Crawley et al. (1986)=
Laruelle et al. (1996)=-
Hietala et al. (1994)=-
Martinot et al. (1991)=-
Kegeles et al. (2010b)=
Abi-Dargham et al. (2000)=-
Farde et al. (1990)=
Okubo et al. (1997)-
Kegeles et al. (2010a)=-
Martinot et al. (1990)=-
Abi-Dargham et al. (1998)=
Yang et al. (2004)=-
Breier et al. (1997)-
Martinot et al. (1994)=
Pilowsky et al (1994) =
Knable et al. (1997)=-
Kessler et al. (2009)=-

Study (year)

Meta-Analysis

Average effect size 0.53
(95% Cl 0.37-0.69), p=0.004
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Effect size: (mean,snis - MeaN. 41 )SD controns

Hirvonen & Hietala CNS Neurosci Ther 2011;17(2):89-96.



Study of pathophysiology: Imaging genetics:
Dopamine receptors in twins with schizophrenia

Third degree relatives:
12.5 % shared genes

Second degree relatives:
25 % shared genes

First degree relatives:
50 % shared genes

100 % shared genes

General population
Spouses of patients

First cousins

( Uncles/aunts

50-fold increase in
risk for schizophrenia

Nieces/nephews
Grandchildren

_ Half-siblings
(Parents
Siblings

Children

Siblings with 1
schizophrenic parent

{ Dizygotic twin

( Children with 2
schizophrenic parents

Monozygotic twin
\

Lifetime morbid risk of schizophrenia (%)

Tsuang Biol Psychiatry 2000;47:210-220.



Study of pathophysiology: Imaging genetics:
Dopamine receptors in twins with schizophrenia

Increased caudate dopamine D, receptors in unaffected co-twins of
patients with schizophrenia

Increased cortical dopamine D, receptors in unaffected co-twins of
patients with schizophrenia

Temporal and parietal cortex Medial prefrontal cortex

Hirvonen et al. Arch Gen Psychiatry 2005;62(4):371-37, Hirvonen et al. Am J Psychiatry 2006;163:1747-1753.



Variation at the CNR1 gene in vitro

e  Polymorphisms in CNR1 associated with substance abuse

e (Callele of the rs2023239 polymorphism:
— Increased CB, agonist binding in prefrontal cortex

— Increased alcohol-induced activation of brain reward system

— Increased subjective reward from alcohol

b T = o o

Tritium-Labeled CP55,940 Binding

(=]
—

O Individuals
with the 7T
genotype

W Individuals
with the CT
genotype

=]

BA 9 BA10

Post mortem

Hutchison ym. Arch Gen Psychiatry 2008;65:841-850.
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In VIVO

[ C allele non-carrier
I C allele carrier

Hirvonen et al. Molecular Psychiatry 2013;18:916-921



Challenge studies: Classical occupancy model

Depleted < > Baseline < > Stimulated
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Laruelle & Huang Q J Nucl Med 2001;45:124-38.



Study of drug action: Occupancy of EVT 301, a novel
MAO-B inhibitor, in human brain

Baseline

Hirvonen et al. Clin Pharmacol Ther 2009;85(5):506-512.



Challenge studies: Increased amphetamine-induced
dopamine release in schizophrenia

Controls Schizophrenics
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Challenge studies: Opioid release after repeated

transcranial magnetic stimulation (rTMS)
1C-carfentanil PET

Lamusuo et al. Eur J Pain 2018.



Psychotherapy increases cortical serotonin 5-HT, ,
receptor density in patients with major depression
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Karlsson et al. Psychol Med 2010;40(3):523-528



Opioid Release after High-Intensity Interval Training in Healthy

Human Subjects
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Aerobic exercise modulates anticipatory reward processing via
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BOLD-GLM beta in OFC

PET + fMRI: u opioid receptors
modulate responses to viewing foods

MOR-dependent responses to palatable versus non-palatable foods

1r=-0.63
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BOLD-GLM beta in OFC

BFyp In thalamus BPyp in vSTR Nummenmaa et al. Nat Comm 2018



PET: Activation of p opioid receptors after social
touching in healthy subjects

51-min social touch scan 2-hour decay break 51-min baseline scan

T-score

Nummenmaa et al. Neurolmage 2016;138:242—7



Endogenous Opioid Release After Orgasm in Man: Tl T —————
A Combined PET/Functional MRI Study Left Medial
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Study of human behavior:
LL opioid receptors correlate with sex drive in males
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Study of vulnerability traits: Serotonin 5-HT,, receptors correlate with
neuroticism in healthy subjects

i -
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1 ] )
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0 20 40 60 80 100
Neuroticism

Hirvonen et al. Psychiatry Res Neuroimaging 2015;234:1-6



Study of vulnerability traits: U opioid receptors correlate with avoidant

A) Orbitofrontal cortex

1.6
1.4
1.2
1.0

0.5

1.5 25 35
ECR avoidance

attachment in healthy subjects

4.5

X=-3

PCC MCC ACC

Thalamus OFC Amygdala

Nummenmaa et al. Hum Brain Mapp 2015;36:3621-8



Study of vulnerability traits: W opioid receptors correlate with
subclinical depression and anxiety
in healthy subjects (N=135)

A) Negative association with BDI-Il scores
Y=-2 Z=-1 Right Left

ey Y
&

' 4
Nummenmaa et al. Neuropsychopharmacology 2020

B) Negative association with STAI-X scores
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Publications / year

Publications

Neurotransmitter PET/SPECT studies in
psychiatric disorders: 30 years of progress
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Interindividual variability and lateralization of p-opioid receptors in the — e Males Females
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Talk summary

e Neurotransmission —what is it?

The Tool Kit: molecular and multimodal brain imaging

— Magnetic Resonance Imaging (MRI)
e Structural MRI
e Functional MRI

— Positron Emission Tomography (PET)
What makes a good radioligand for brain?

* Typical study designs
— Studies of pathophysiology

e Group comparison: cross-sectional vs. longitudinal
* Imaging genetics: vulnerability vs. individual genes

— Studies of vulnerability traits in healthy subjects
— Studies of neurotransmission dynamics
— Large-scale studies
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