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Abstract

ABSTRACT

Jussi Lehto

The alpha,c-adrenoceptor as a neuropsychiatric drug target — PET studies in human subjects
University of Turku, Institute of Biomedicine, Department of Pharmacology, Drug Development and
Therapeutics

Positron emission tomography imaging has both academic and applied uses in revealing the
distribution and density of different molecular targets in the central nervous system. Following the
significant progress made with the dopamine D, receptor, advances have been made in developing
PET tracers to allow analysis of receptor occupancy of many other receptor types as well as
evaluating changes in endogenous synaptic transmitter concentrations of transmitters e.g. serotonin
and noradrenaline.

Noradrenergic receptors are divided into ai-, a,- and B-adrenoceptor subfamilies, in humans each of
which is composed of three receptor subtypes. The az-adrenoceptors have an important presynaptic
auto-inhibitory function on noradrenaline release but they also have postsynaptic roles in
modulating the release of other neurotransmitters, such as serotonin and dopamine. One of the
subtypes, the ac-adrenoceptor, has been detected at distinct locations in the central nervous
system, most notably the dorsal striatum. Several serious neurological conditions causing dementia,
Alzheimer’s disease and Parkinson’s disease have been linked to disturbed noradrenergic signaling.
Furthermore, altered noradrenergic signaling has also been implicated in conditions like ADHD,
depression, anxiety and schizophrenia.

In order to benefit future research into these central nervous system disorders as well as being
useful in the clinical development of drugs affecting brain noradrenergic neurotransmission,
validation work of a novel tracer for positron emission tomography studies in humans was
performed. Altogether 85 PET imaging experiments were performed during four separate clinical
trials. The repeatability of [!CJORM-13070 binding was tested in healthy individuals, followed by a
study to evaluate the dose-dependent displacement of [*!CJORM-13070 from a,c-adrenoceptors by
a competing ligand, and the final two studies examined the sensitivity of [*!1CJORM-13070 binding to
reflect changes in endogenous noradrenaline levels.

The repeatability of [*'*CJORM-13070 binding was very high. The binding properties of the tracer
allowed for a reliable estimation of a,c-AR occupancy by using the reference tissue ratio method
with low test-retest variability. [*!CJORM-13070 was dose-dependently displaced from its specific
binding sites by the subtype-nonselective a,-adrenoceptor antagonist atipamezole, and thus it
proved suitable for use in clinical drug development of novel axc-adrenoceptor ligands e.g. to
determine the best doses and dosing intervals for clinical trials. Convincing experimental evidence
was gained to support the suitability of [*!C]JORM-13070 for detecting an increase in endogenous
synaptic noradrenaline in the human brain. Tracer binding in the thalamus tended to increase in
accordance with reduced activity of noradrenergic projections from the locus coeruleus, although
statistical significance was not reached. Thus, the investigation was unable to fully validate
[1!C]ORM-13070 for the detection of pharmacologically evoked reductions in noradrenaline levels.

Key words: PET, noradrenaline, ketamine, atipamezole, dexmedetomidine
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TIIVISTELMA

Jussi Lehto

Alfa,c-adrenoseptori neuropsykiatristen ladkkeiden kohdemolekyylind — PET-tutkimuksia terveilla
vapaaehtoisilla

Turun yliopisto, Bioladketieteen laitos, Farmakologia, Iadkekehitys ja ladkehoito

Positroniemissiotomografiaa kaytetaan yleisesti akateemisten tutkijoiden ja teollisuuden tarpeisiin,
kun halutaan selvittdd keskushermoston reseptorimolekyylien esiintymistiheyttd eri aivoalueilla.
Dopamiinin D,-reseptorien PET-kuvantamiseen liittyneen tieteellisen edistyksen my6td metodia on
alettu soveltaa myds muihin reseptoreihin ja valittdjdaineisiin. PET:Ild voidaan havainnoida eri
reseptoreihin  vaikuttavien |adkeaineiden sitoutumisasteen lisaksi ihmisen omien
aivovalittdjaainepitoisuuksien muutoksia, eli hermovalitysta esimerkiksi serotoniini— ja dopamiini-
valittdjaainejarjestelmissa.

Noradrenaliinin reseptorit jaetaan oi-, 0,- ja B-reseptoreihin, ja ihmisilla nama jaetaan edelleen
kolmeen alatyyppiin. Noradrenaliinin a,-reseptorit vaikuttavat pd&aasiallisesti noradrenergisten
hermosolujen hermopéaatteissa hilliten itsesddtelyn kautta noradrenaliinin  vapautumista
synapsirakoon, mutta niilla on havaittu olevan my6s saatelevdd vaikutusta muihin
valittdjaainejarjestelmiin, esimerkiksi serotoniinin ja dopamiinin vapautumiseen. Tatd vaikutusta
valittdvat ko. hermopdatteissa olevat a,-reseptorit. Reseptoreiden a,c-alatyyppid on ihmisilla
merkittdvia maaria vain tietyilld aivoalueilla, ennen kaikkea tyvitumakkeissa. Dementoivien
neurologisten sairauksien osalta mm. Alzheimerin tauti ja Parkinsonin tauti on liitetty
hairiintyneeseen noradrenaliinihermovalitykseen, ja taman valittdjaainejarjestelman hairidihin on
liitetty my0s psykiatrisia sairauksia, kuten masennus, ahdistuneisuus ja skitsofrenia.

Vaitoskirjatydn aikana validoitiin  uusi noradrenaliinin  oc-PET-merkkiaine  ihmiskadyttdon.
Merkkiaineen toivotaan edistdvan seka ladkekehitysta ettd neurologisten ja psykiatristen sairauksien
tutkimusta. Vaitoskirjatyon aineisto sisdltdd yhteensa 85 PET-kuvausta. Ensin terveilld vapaaehtoisilla
tutkittiin  [*'*CJORM-13070-merkkiaineen sitoutumisen toistettavuutta, jonka jilkeen testattiin
merkkiaineen annosriippuvaista sitoutumisen vahenemistd samoihin a,c-reseptoreihin sitoutuvan
kilpailevan  lddkeaineen vaikutuksesta. Lopuksi [!C]JORM-13070:n  herkkyyttd ilmentda
noradrenaliinihermovalityksen muutoksia testattiin kahdessa eri tutkimuksessa.

[*C]JORM-13070:n sitoutumisen toistettavuus oli erittdin hyvd, ja sitoutumisominaisuuksien
katsottiin mahdollistavan a,c-reseptoreiden miehitysasteen luotettavan arvioinnin vertaamalla
vertailukudoksen ja  kohdekudoksen radioaktiivisuutta. Samaan reseptoriin  sitoutuva
salpaajamolekyyli, atipametsoli, kykeni syrjyttamaan [*'CJORM-13070:n kohdereseptoristaan
annosriippuvaisella tavalla. Taten merkkiaine todettiin kayttokelpoiseksi tyokaluksi uusien a;c-
reseptoreihin sitoutuvien l|a3kkeiden kliinisessd kehitystydssd. [*C]JORM-13070:lla on mm.
mahdollista maarittaa uusien ladkkeiden sopiva annostus ja annosvali. Lisaksi saatiin vahvaa nayttda
merkkiaineen kdyttokelpoisuudesta noradrenaliinihermovalityksen lisddantymisen havaitsemiseen
ihmisilla. Viimeisessa osatydssa saatiin viitteita nukutusaine deksmedetomidiinin aiheuttamasta
noradrenaliini-hermovalityksen vdhenemisesta talamuksen alueella sopien locus coeruleuksesta
nousevan hermovilityksen vdhenemiseen talla alueella, mutta tilastollista merkitsevyyttd ei
saavutettu, ja tieteellisesti vakuuttava ndyttd merkkiaineen kayttokelpoisuudesta vahentyneen
noradrenaliinin havaitsemisessa jai saamatta.

Avainsanat: PET, noradrenaliini, ketamiini, atipametsoli, deksmedetomidiini
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Abbreviations

ABBREVIATIONS

[*'CIMNPA  (R)-2-CHO-N-n-propylnorapomorphine
[*ic]PiB 11C-labelled Pittsburgh compound B
18F_fluorinated 1-((9H-carbazol-4-yl)oxy)-3-4(4-((2-(2-

[*FIFPTC (fluoromethoxy)-ethoxy)methyl)-1H-1,2,3-triazol-1-yl)propan-2-ol
[B] Concentration of bound ligand

5-HT 5-Hydroxytryptamine (serotonin)

ACh Acetylcholine

AD Alzheimer’s disease

ADHD Attention deficit hyperactivity disorder
AB Amyloid beta

AMPT Alpha-methyl-p-tyrosine

AR Adrenoceptor

BBB Blood-brain barrier

B/F Bound per free

Bmax Receptor density

BP Binding potential

BL Baseline

ICC Intra-class correlation coefficient

CBF Cerebral blood flow

CSF Cerebrospinal fluid

CcT Computed tomography

DAT Dopamine transporter

DSTR Dorsal striatum

EC Ethics Committee

FDG 2-deoxy-2-[*#F]fluoro-D-glucose

GABA Gamma-aminobutyric acid

GCP Good Clinical Practice

GCPR G-protein-coupled receptor

HD High dexmedetomidine

IC50 Half maximal inhibitory concentration
ICU Intensive care unit

l.v. Intravenous

Ko Dissociation constant

LC Locus coeruleus

LD Low dexmedetomidine

MHPG 3-Methoxy-4-hydroxyphenylglycol

MRI Magnetic resonance imaging

nbM Nucleus basalis of Meynert

NET Noradrenaline transporter

MOR u-opioid receptors

ORM- 1-[(S)-1-(2,3-dihydrobenzo[1,4]dioxin-2-yl)methyl]-4-(3-!C-
13070 methoxymethylpyridin-2-yl)-piperazine
PD Parkinson’s disease
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PET
PFC
PK
PPI
ROI
SERT
SNRI
SPM
SRTM

ti
TAC
TCA
TCI
VAS
VSTR
VTA

Positron emission tomography
Pre-frontal cortex
Pharmacokinetic

Pre-pulse inhibition

Region of interest

Serotonin transporter
Serotonin-noradrenaline re-uptake inhibitor
Statistical parametric mapping
Simplified reference tissue model
Half-life

Time-activity curve

Tricyclic antidepressant
Target-controlled infusion

Visual analog scale

Ventral striatum

Ventral tegmental area
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Introduction

1. INTRODUCTION

One of the consequences of in vivo binding studies of antipsychotic drugs in areas with abundant
dopaminergic innervation, was the concept of assessing endogenous transmitter levels with positron
emission tomography (PET) as first postulated by Friedman et al. in 1984. During the following
decades, a large number of PET tracers have been developed which target many types of
neurotransmitter receptors in the human central nervous system (CNS). Researchers operating in
both academia and the pharmaceutical industry have obtained novel opportunities to investigate
many types of CNS drug targets such as G-protein coupled receptors (GPCRs) and monoamine
transporters in vivo. For example, this had made it possible to achieve a smoother translation of
results from in vitro cell and tissue culture models and animal experiments into a better
understanding of receptor binding profiles and pharmacodynamic effects in humans. PET has often
been able to provide crucial information to assist in the clinical development of new
pharmaceuticals. As an example, nalmefene, an opioid receptor antagonist used to treat alcohol
addiction, was found to exhibit significant occupancy of the target receptors in the brain still 24 h
after oral drug administration (Ingman et al., 2005), even if at that time, the drug concentration in
blood was only a fraction of the peak concentration. This result was used to provide a justification
for a once daily administration schedule, which was ideal in terms of treatment compliance.

Academic research has also benefited from the development of PET methods since it is now possible
to study altered binding profiles of receptor subtype-selective PET tracers, and thereby to draw
conclusions about the location and nature of CNS pathology associated with many psychiatric and
neurological diseases. In particular, this has advanced the study of schizophrenia (Breier et al., 1997;
Laruelle et al., 2000; Howes et al., 2012), largely attributable to the existence of a relatively long-
standing, validated method to investigate dopamine D,-receptors, i.e. the PET tracer [!C]raclopride.

Disturbed noradrenaline neurotransmission has been implicated in many neuropsychiatric and
neurodegenerative disorders (Scheinin et al., 2001; Marien et al., 2004, Alsene et al., 2011) and
many of the currently used treatments for depression and attention deficit/hyperactivity disorder
(ADHD), i.e. tricyclic antidepressants and selective noradrenaline transporter inhibitors such as
atomoxetine, exert their pharmacodynamic effects by modulating the synaptic availability of
noradrenaline.

The goal of this thesis project was to validate a novel PET tracer which could target noradrenergic
azc-adrenoceptors (ARs) to be used in clinical trials aiming to develop new treatments for CNS
disorders involving noradrenergic disturbances, and also to develop a sensitive tool for monitoring
fluctuations in synaptic concentrations of noradrenaline, which could be used to investigate the
pharmacodynamic effects of CNS drugs on synaptic noradrenaline levels, and also various diseases
affecting synaptic noradrenaline concentrations and/or the availability of axc-AR binding sites in
humans.
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Review of the Literature

2.  REVIEW OF THE LITERATURE

2.1. POSITRON EMISSION TOMOGRAPHY (PET)
2.1.1. BASIC PRINCIPLES OF PET

Positron emission tomography (PET) imaging uses small quantities of radioactive substances,
referred to as tracers, which accumulate in different organs and regions of the body according to
each tracer’s individual properties. A tracer molecule has two functional components: its molecular
nature determines its distribution in the living organism, and a short-lived positron-emitting
radionuclide allows its quantitation within the investigated tissues in vivo.

Radionuclides most commonly utilized in PET tracers are !C, N, 8F and °0. The most important
difference between these radiolabels is their radiochemical half-life (ti2), which represents an
important practical difference between these positron emitters, in part determining their usefulness
for different imaging protocols. The radiochemical ti/; of the four labels are approximately 20 min,
10 min, 110 min and 2 min, respectively. As the radionuclide decays, it emits a positron (a positively
charged subatomic particle with the same mass as the electron), which then travels in the
surrounding tissue until it collides with an electron. An annihilation reaction (Fig. 1) then ensues,
which produces two 511 keV y-rays, i.e. photons, which travel in opposite directions.

4.y

Figure 1. Annihilation reaction: 1. A positron is emitted from the decaying radionuclide contained in the tracer molecule
2. The positron travels in tissue 3. An annihilation reaction with an electron in the tissue 4. Emission of two 511 keV
gamma rays in opposite directions.

As the two emitted photons simultaneously hit two detector crystals at opposite sides of the PET
camera, a coincidence event is registered. As multiple coincidence events are registered over a
period of time, a dynamic 4D PET image with spatial modalities as well as a time modality can be
computationally reconstructed. The accuracy of the reconstructed image is affected by the travel

11
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distance of the positron before it collides with an electron, i.e. the positron range, which is a limiting
factor in the spatial resolution of a PET image, and which depends on the radionuclide itself. Other
important factors determining the spatial resolution include the annihilation photon non-
collinearity, off-axis detector penetration, detector Compton scatter, and under-sampling of the
signal for the image reconstruction process. Reducing the size of the detector crystals has improved
spatial resolution up to a point where other factors start to limit further advances achievable by this
method (Levin and Hoffman, 1999).

Another important way of increasing PET image quality is to restrict the movement of the target (the
subject). In brain imaging, this is typically achieved by applying an individually molded thermoplastic
mask on the subject’s face. This mask is then fastened to the examining table, effectively preventing
any large-scale movement by the subject. Additional movement correction can be performed during
the pre-processing of PET data and additionally, subject movement is also typically registered by an
infrared camera.

PET tracers are usually administered in low microgram quantities that are devoid of pharmacological
effects of their own, because of the very low target occupancy that is achieved. This is important
because the tracer should not perturb the system under investigation. Low doses are enabled by
advanced radiosynthetic methods providing high specific radioactivity, which means that the
proportion of the tracer molecules containing the desired radiolabel is relatively high. Nonetheless,
the best methods are only able to achieve a small fraction of the theoretical maximum, which would
be one mole of radionuclide per mole of tracer. With !C, specific radioactivity in excess of
approximately 200 GBg/umol is typically considered “high”, i.e. sufficient, even though less than 1
out of every 10,000 tracer molecules are radiolabeled while the rest contain *2C. For example, In the
case of the !C-labeled tracer raclopride, ultra-high specific activity in the 5000 GBg/pmol range was
not found to affect binding estimates in comparison to the standard radiosynthetic method yielding
compounds with high specific activity (Fujimura et al., 2010).

These above factors apply to PET tracers that bind to specific low-abundance targets in the body,
such as neurotransmitter receptors and transporters, but it does not apply to all PET tracers. For
example, 2-deoxy-2-[*®F]fluoro-D-glucose (*¥F-FDG) until now has been the most successful PET
tracer in terms of volume of studies. This radiolabelled glucose analog has a wide array of indications
in diagnostics and also in studies on tissue metabolism. As the tracer does not bind to any specific
receptor-type binding site, there is no similar stringent demand for high specific activity. ®F-FDG is
taken up into tissues as a glucose analog and small quantities of this tracer do not affect the
processes involved in glucose uptake, storage and metabolism. Thanks to its widespread use, the
quality system of F-FDG production is at a very high level and much effort has been put into
developing efficient radiosynthetic methods. As a result, ®F-FDG radiosynthesis is among the most
repeatable of all PET tracers, and radiochemical yields of approximately 50-60% are routinely
achieved (Yu, 2006).

12
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2.1.2. DIAGNOSTIC APPLICATIONS OF PET

PET combined with computed X-ray tomography (CT), i.e. PET-CT scanning, is an imaging tool
capable of gathering functional (PET) and anatomical (CT) information. The ability to detect small
metabolically active targets otherwise undetectable by traditional imaging methods is especially
valuable in oncology. The most common diagnostically used radiotracer is ®F-FDG (Fig. 3). Its uptake
is increased in all metabolically active sites in which there is increased glucose metabolism, including
rapidly dividing cancer cells or sites of active inflammation. The latest application of PET imaging is
PET-MRI, which combines functional imaging with the superior soft tissue resolution of magnetic
resonance imaging (MRI) and exposes the subject to a smaller total dose of ionizing radiation than
PET-CT. The disadvantages of PET-MRI include the higher cost and longer scanning times compared
to PET-CT.

OH

O
HO

HO
18F

OH

Figure 2. The chemical structure of 2-deoxy-2-[**F]fluoro-D-glucose (*¢F-FDG).

18F-FDG-PET was introduced as a clinical tool in oncology in the 1980s to assist in diagnosing and
staging of cancers, but it was not until 1997 when 8F-FDG-PET became an established imaging tool
in oncology after approval for its commercial manufacturing and distribution was granted by the US
Food & Drug Administration (FDA). The usefulness of ®F-FDG-PET in oncology derives from its high
sensitivity, as functional alterations precede detectable structural changes, thus allowing earlier and
more sensitive diagnosis. Even although conventional CT and MRI still remain the primary tools in
first-line tumor imaging, PET has a confirmed place in cancer staging and follow-up, when the initial
diagnosis has already been established. PET imaging, if used alone, results in low diagnostic
specificity, and PET should mainly be used in conjunction with CT or MRI (Kitson et al., 2009). 8F-
FDG-PET improves the diagnostic accuracy over traditional imaging methods in many malignancies
including lung cancer, colorectal cancer, cancer of the esophagus, breast cancer, head and neck
cancers, lymphomas, sarcomas and melanoma (Czernin, 2002). The isotope-labelled amino acid
[**C]methionine has been used to detect hormonally active parathyroid adenomas with high
sensitivity (Oksiiz et al., 2011). [*8F]FDOPA is also used to image neuroendocrine tumors and it has
been recommended that the tracer should be the first choice in PET/CT imaging of medullary thyroid
carcinomas (Slavikova et al., 2013).

The increased F-FDG uptake in sites of inflammation may lead to difficulties in the differential
diagnosis in oncology. However, PET may also have useful clinical applications in the diagnosis and
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treatment of infectious diseases such as tuberculosis or fever of unknown origin, but further
research in this field is required (Kitson et al., 2009). ¥F-FDG-PET was estimated to exhibit an
accuracy of >90% in evaluating chronic osteomyelitis and infections surrounding orthopedic hip
prostheses, as well as in detecting or excluding underlying osteomyelitis related to soft tissue
infections (Chacko et al., 2003).

Other more recent applications of ¥F-FDG-PET include imaging of the brain affected by
neurodegenerative diseases, such as Alzheimer’s disease (AD) and the heart after myocardial
ischemia. 8F-FDG-PET is the most sensitive method to perform imaging of a viable myocardium, but
it lacks specificity compared to the more commonly employed echocardiography methods (Di Carli,
2002). The differential uptake of glucose in normal and in ischemic myocardium has also led to the
experimental use of ®F-FDG as an imaging agent for exercise-induced myocardial ischemia (Jain and
He, 2008). Since the uptake of [*!C]acetate into the tricarboxylic acid cycle is directly correlated with
oxygen consumption in myocardial cells, this tracer can be used to quantify oxygen consumption in
the myocardium (Visser, 2001). Cardiac output and myocardial mass can also be quantified with PET
or with a simultaneous ultrasound or MRI assessment, and together with oxygen consumption,
these variables can be used to calculate the mechanical efficiency of the heart, e.g. the extent to
which it has been damaged in pathological states like heart failure. It has been hypothesized that
inefficient energy expenditure is involved in disease progression (Knaapen et al., 2007).

The diagnosis of Parkinson’s disease (PD) is traditionally made based on clinical symptoms and
typical disease progression, but differentiating early-stage PD from other diseases that cause
Parkinsonian symptoms, including essential tremor, Lewy body dementia and supranuclear palsy, is
not always possible by conventional methods. PET tracers, such as [**F]DOPA, which are taken up
into dopaminergic brain cells, and [*®F]PE2I and [*!C]PE2I, which bind to dopamine transporters
(DAT), can be employed in the differential diagnosis. Decreased [*®F]DOPA uptake in the putamen is
a typical characteristic of PD (Kitson et al., 2009).

In AD, asymmetric disturbances affecting the association neocortices but sparing the primary
sensory and motor neocortices precede and predict deficits in cognitive functions in the early stages
of this disease, indicating that PET could be used for its early diagnosis. In late-stage AD,
disturbances in glucose metabolism correlate with the regional densities of neurofibrillary tangles
but not of senile plaques (Rapoport et al., 1991). 'C-labelled Pittsburgh compound B ([*'C]PiB) PET
can be used to image cortical amyloid beta (AB) deposition in vivo. [*!C]PiB has been successfully
used for the imaging of possible treatment-related reductions in the AR load in AD patients who had
received the anti-AB antibody bapineuzumab or a placebo for 78 weeks (Rinne et al., 2010). In
subjects with mild cognitive impairment (MCI), increased ['!C]PIB retention in the frontotemporal
regions and anterior and posterior cingulate predicted conversion to AD (Briick et al., 2013).
Unfortunately, the clinical significance of early detection methods for AD has been reduced by the
non-availability of disease-modifying treatments i.e. the present therapies have only limited value in
delaying the need for institutional care and cannot significantly decelerate disease progression.
Further research is needed to develop better tools for early detection of AD but especially to devise
effective disease-modifying medications.
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2.1.3. PET PHARMACOKINETICS AND MODELLING OF RADIOLIGAND
UPTAKE

The raw data in PET imaging consist of data points containing information about location, time and
radioactivity; this is usually converted to regional time-activity curves (TACs, Fig. 3) and expressed as
units of radioactivity in a given tissue volume over a defined time window (e.g. as Bq x cm™ x min™).
This data registered by the PET camera is sometimes related to plasma TACs (e.g. expressed as Bq x
ml?t x min?) produced by registering the radioactivity present in arterial blood that is collected with
a blood pump and/or manual sampling from an arterial cannula during the scan. The behaviour of a
radiotracer in these compartments, i.e. the tissue compartments of interest and the plasma
compartment can be modelled with varying degrees of complexity and the method required is
dependent on the characteristics of each tracer. Many of these tracers’ kinetics can be modelled in
several different methods that yield rather similar outcomes.
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Figure 3. Time radioactivity curves (TACs) measured in arterial plasma, putamen, thalamus and cerebellum after an
intravenous bolus injection of a carbon-11 labeled tracer (Original communication I).

The binding of a receptor ligand to its cognate receptor under equilibrium conditions can be
expressed with equation 1 (Eq. 1), where the amount of bound ligand [B] is determined by the
amount of available binding sites, i.e. receptor density [Bmax], the dissociation constant Kp and the
concentration of the free radioligand [F].

[Bmax]x[F]

Fa. 1 [B] = KD+[F]
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In the evaluation of tracer pharmacokinetics, [F] is typically neglected. This is permissible when the
tracer has high specific activity, i.e. the proportion of the radioactively labeled ligand is high
compared to the total free ligand concentration (sum of labeled and non-labeled or “cold” ligand);
this allows for a very low overall ligand concentration without sacrificing the required amount of
bound radioactivity. Very low levels of bound radioactivity would inevitably reduce the ratio of true
sighal-to-noise. In PET imaging, Eq. 1 is therefore reduced to Eq. 2, where the hyperbolic binding
curve is converted into a linear relationship.

B _ Bmax _

Eq.2 -= =BP
F KD

The term “binding potential” (BP, Eq. 2) was first defined in PET imaging by Mintun et al. (1984) as
the ratio Bmax/Kp. As explained above, with tracer doses of a receptor-binding ligand, this ratio is
equal to the ratio of bound to free tracer concentrations at equilibrium between the tissue
compartments. When BP is designated without a subscript, this generally represents an in vitro
measurement of the Bmax/Kp ratio, whereas BPs with subscripts (BPp, BPr and BPnp) usually refer to
results of in vivo PET measurements obtained with different modeling techniques, i.e. techniques
that use the total tracer-associated (metabolite-corrected) radioactivity concentration in arterial
plasma, the protein-unbound (free) concentration in plasma and the non-displaceable radioactivity
uptake in a reference tissue, respectively, as reference; they reflect but never completely equal the
in vitro measured BP (Innis et al., 2007).

In traditional pharmacological terminology, the model displayed in Figure 4 would be called a four
compartment model.

k1 k5
Flasma —}; F %’E Nan-
iR displaceahle
k2 kB
k3 [T ke
Specifically
bound

Figure 4. The four compartments of PET tracer pharmacokinetics. In situations where the non-displaceable and free
compartments can be combined, only rate constants k;, k», k3 and ks are used.

In these models, there are four compartments; 1) the plasma compartment, 2) a compartment of
free radioligand in tissue (assumed to be in equilibrium with the protein-unbound or free radioligand
in plasma), 3) a compartment of non-displaceable (or non-specific) binding in the tissue of interest
and 4) the compartment of specific binding, where the tracer binding to its target is thought to take
place according to normal receptor kinetics (Eq. 1). In PET modeling, the nomenclature usually
follows the number of tissue compartments, and the plasma compartment is often omitted even
though with some PET tracers, this compartment has to be included in the model.

Therefore, a two-tissue compartment model in PET in which the free and non-displaceable
compartments are combined translates to [Plasma] ¢ [Free + Non-displaceable] <> [Specifically
bound] and a one-tissue compartment model translates to [Plasma] <> [Free + Non-displaceable +
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Specifically bound] (Innis et al., 2007). This last model is employed in conjunction with different
reference tissue models, where tracer uptake is quantified using the total amount of radioactivity in
the target tissue in reference to a tissue known or assumed to display no specific binding of the
tracer.

The two main modeling approaches in the analysis of raw PET data either include the use of an
arterial input function or circumvent the need for arterial cannulation via the use of a reference
tissue. An arterial input function enables the use of a direct kinetic approach, where the rate
constants between the compartments (ki, kz, ks, kq if two tissue compartments are used) are
acquired by nonlinear least squares fitting to regional time activity curves using a model of 1-3 tissue
compartments and a plasma compartment which, depending on the properties of the tracer, can be
metabolite-corrected, as well as subdivided into free and protein-bound compartments.

There are several techniques of using a reference tissue devoid of specific binding in PET studies. The
cerebellum has been found to be suitable for this purpose and this brain area is used with many
brain receptor tracers, such as the dopamine D, receptor tracer [*'C]raclopride and the p-opioid
receptor tracer [!C]carfentanil. The advantages of reference tissue models include their minimal
invasiveness and the rather straightforward modeling, i.e. there is no need for a metabolite-
corrected arterial plasma function. Their possible disadvantages include the assumption that non-
specific, non-displaceable binding is similar in the reference tissue as it is in the investigated brain
region, which cannot always be fully verified, and that there are no treatment- or condition-related
alterations in this non-specific tracer uptake.

The simplified reference tissue model (SRTM) emerged from the experiments conducted by
Lammertsma and Hume (1996). The model is based on the following equations, where k’; and k’> are
the rate constants for transfer of tracer from plasma to the reference tissue and vice versa, ki and k,
are the rate constants for transfer from plasma to the free tissue compartment of the region of
interest and vice versa, and ks and k4 are the rate constants for transfer from the free compartment
to the specifically bound compartment and vice versa. Subscripts p, r, f and b designate plasma,
reference, free and specifically bound, respectively:

Eq.3 dCr(t)/dt =K'1Cp(t) - K'2Cr(t)
Eq. 4 dCr (t)/dt = k1Cp(t) - k2Ce(t) - k3Cr(t) + kaCo(t)
Eq.5 dCo(t)/dt = k3Cs(t) - kaCo(t)

Ct and Cp cannot be directly determined and C, can only be measured from arterial blood. The
distribution volumes of the non-displaceable compartments in the target and reference regions are
assumed to be equal, which results in k’1/k’> being equal with ki/k.. If the free and specific
compartments can be satisfactorily fitted into a single tissue compartment, Equations 4 and 5 can be
replaced by Eq. 6, where kj: represents the total rate constant from the specific compartment, i.e.
[bound + free + non-displaceable], to plasma:

Eq. 6 dCe(t) /dt = kiCp(t) - kaeCe(t)

BPnp can be determined from the solved differential function (Eq. 7) derived from Eq. 3, Eq. 6 and
the assumptions described above and require knowledge of only the following parameters: the ratio
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(R) of ki'/ks1, Ky, C: and C;, where C:is the total measured activity in the target region. K; and k; can
be derived by non-linear regression from the TACs obtained from the reference region and the
target region.

Eq. 7 Ce(t) = RCe(t) + [kz - Rkz/(1+BPxp)]Cr(t) X elkzt/(1+BP)]

Other reference tissue methods include the model-independent graphical approach, i.e. the Logan
plot (Logan 1996) and the tissue ratio method, where the areas under the curve (AUCs) of
radioactivity are compared between the region of interest (ROI) and the reference region according

to Eq. 8, where Cspecifically bound = AUCRoI — AUCref.

t
ft Cspecifically bound(t)dt
t
ft Ccerebellum()dt

Eq. 8 BP =

There are several different ways for determining (t) in Eq. 8: the transient equilibrium (Farde et al.,
1989) method uses the time point where the derivative for specific binding is zero. The interval
method uses a pre-defined time interval, which commonly contains parts of the ascending and
descending parts of the TACs and consequently also the point of transient equilibrium, and the late
time method only utilizes the late part of the curve (Ito et al., 1998). The aforementioned
approaches are all viable when the PET tracer is given as a rapid bolus injection; in the case of
[1*C]raclopride, their results have been shown to agree relatively well with true equilibrium
conditions (Ito et al., 1998). The labour-intensive process of defining the exact point of transient
equilibrium is often omitted as this method has been found to introduce bias into the binding
potential estimates (Ito et al., 1998). True equilibrium can be achieved with the bolus-infusion
method, where a rapid tracer bolus is followed by a continuous intravenous infusion (Ito et al.,
1998). The fraction of the total radioactivity dose given in the initial bolus is dependent on the
kinetics of the tracer. The examined time interval is determined by the time it takes to reach
equilibrium, which can take more than 60 minutes. In contrast, a typical total scanning time with a
bolus approach is only 30-60 minutes, which explains why the bolus approach is often preferred in
the clinical setting with human study subjects. Additionally, with *'C-labelled receptor tracers, the
amount of radioactivity required for long infusion protocols often exceeds the radioactive yields
attainable. In addition, long infusions may increase the total administered tracer dose to
unacceptable levels, both in terms of radioactivity and tracer mass.

When a reference tissue method is employed, there is no need to correct for the metabolism of the
tracer or its binding to plasma proteins — as long as there are no treatment- or condition-related
alterations in its metabolism. This can be ascertained by collecting venous plasma samples during
the scans and requires the insertion of an additional venous cannula, but the invasiveness of this
procedure is clearly less than that of arterial cannulation. However, in cases when a tracer is
extensively metabolised, it is not always clear how the radioactive metabolites behave with regards
to binding in the specific and non-specific compartments. This problem can be at least partly
circumvented with the use of a robust ratio method, which cancels out any possible bias caused by
radioactive metabolites as long as non-displaceable binding is equal in the ROl and in the reference
tissue (Passchier et al., 2002). However, should the tracer or a radioactive metabolite bind to a
receptor other than the target receptor, the ratio method would not be able to compensate for this
property and this would introduce an error into the final result. Additionally, some radioactive
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metabolites may accumulate in the non-displaceable compartment in the brain, which can result in
reduced signal-to-noise ratios with longer scanning times.

2.1.4. THE OCCUPANCY MODEL AND ITS APPLICATION TO
NEUROTRANSMITTER SYSTEMS

The theoretical basis for using PET to examine synaptic neurotransmission in vivo is referred to as
the occupancy model, where changes in tracer BP are assumed to be a direct result of a changing
concentration of an endogenous transmitter occupying the receptor binding sites (Laruelle 2000).
The model predicts that as the endogenous transmitter concentration increases, tracer binding
should decrease accordingly and vice versa. In this technique, researchers are able to monitor acute
and chronic fluctuations in neurotransmitter concentrations, for example in order to understand
better the pathophysiology behind different psychiatric and neurological disorders affecting the
central nervous system (CNS) in humans.
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Figure 5. A schematic representation of the occupancy model. In the in vivo condition, receptor occupancy by the tracer
is negligible but the proportional changes in tissue radioactivity and binding potential are comparable to the situation in
the schematic presentation. Adopted from: Laruelle. J Cereb Blood Flow Metab. 2000.

The adoption of the occupancy model has also enabled monitoring of drug-induced changes in
endogenous transmitter levels, which has provided information on CNS drug pharmacodynamics
beyond target occupancy analysis. Following the initial success with dopamine (discussed below),
increased effort has been put into conducting assessment of changes in extracellular concentrations
of other neurotransmitters e.g. serotonin, noradrenaline (see original communications II-1V), y-
aminobutyric acid (GABA), acetylcholine (ACh), and opioid peptides. Here, as a supplement to the
PET results, an additional exploration will be provided of the interaction of ketamine with
dopaminergic neurotransmission (see below), as ketamine is a central drug in the context of this
thesis work, while the other transmitter systems will be discussed more briefly.

Dopamine and its D,-type receptor is the receptor-ligand pair which has been investigated most
extensively with the occupancy model. While some results have been inconclusive, most studies
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performed in non-human primates and human study subjects, where increased endogenous
dopamine levels have been most commonly evoked by administration of either amphetamine or
methylphenidate, comply with the occupancy model (Laruelle, 2000). Amphetamine, a drug with
strong effects on synaptic monoamine concentrations including dopamine, has been reported to
reduce the binding of [*!C]raclopride (Breier et al., 1997) and [*?%(]IBZM (a SPECT ligand; Abi-
Dargahan et al., 1998) significantly more in patients with schizophrenia in comparison with healthy
controls. Studies have also linked decreased tracer uptake to transient increases in the positive
symptoms of schizophrenia (Laruelle et al., 1996; Laruelle, 2000). SPECT experiments with the D,
tracer [!C]IBZM have demonstrated that radioligand binding can only be reduced when endogenous
dopamine is present: administration of monoamine-depleting agents alpha-methyl-p-tyrosine
(AMPT) and reserpine inhibited the amphetamine-induced reduction in specific radioligand binding
(Innis et al., 1992; Laruelle et al., 1996). When measured with PET, AMPT-induced dopamine
depletion caused a larger increase of [*'C]raclopride binding in the pre-commissural dorsal caudate
nucleus in untreated schizophrenics compared to healthy controls, a finding which indicates that
there is increased synaptic dopaminergic activity in the associative striatum in schizophrenia, but
raises questions about the therapeutic relevance of the mesolimbic selectivity of 2" generation
antipsychotics (Kegeles et al., 2010).

Ketamine did not reduce the extent of striatal [*!C]raclopride binding in healthy human subjects in a
parallel-group study design with ketamine and placebo groups, and there was no relationship
between the hallucinogenic effects of ketamine and the amount of [*!C]raclopride BP (Aalto et al.,
2002), even though ketamine is generally accepted as a clinical model for studying schizophrenia
(Murray et al., 2013), a disorder associated with disturbed dopamine neurotransmission where
positive symptoms correlate with increases in Dz-agonism; furthermore neuroleptics, which
primarily function as D;-antagonists, are efficacious in treating positive symptoms. Negligible effects
on striatal dopamine release by ketamine have been also been reported in microdialysis experiments
performed in non-human primates (Adams et al., 2002), and in rodents, NMDA antagonism has been
found to mainly affect cortico-limbic dopamine release (Hertel et al., 1995; Adams and Moghaddam,
1998). Ketamine has been demonstrated to evoke the release of dopamine levels in the rat
prefrontal cortex (PFC) (Lindefors et al., 1997), and chronic ketamine exposure has also been
reported to increase D;-receptor availability in the PFC (Narendran et al., 2005). These results
suggest that while the dorsal striatum receives an extensive dopaminergic innervation, ketamine
seems to affect primarily dopamine neurotransmission in (prefrontal) cortical areas. This conclusion
is also supported by the aforementioned finding of elevated synaptic dopamine in the
precommissural caudate in schizophrenia, as this area has functional connections with the PFC
(Kegeles et al., 2010), thus providing a possible mechanism to explain the similarity in clinical
symptoms. Baseline binding of the high-affinity antagonist D, radioligand [*¥F]fallypride in both the
cortical areas and the caudate nucleus was predictive of the severity of ketamine-induced psychotic
symptoms in human study subjects, even though ketamine administration did not significantly affect
tracer uptake (Vernaleken et al., 2013). Another D, radioligand, the agonist tracer [*XCIMNPA, was
found to be more sensitive to stimulant-induced dopamine release in the striatum of non-human
primates than the antagonist ligand ['!C]raclopride (Seneca et al., 2006).

While some subtypes of 5-HT receptors have also been targeted similarly to dopamine receptors, the
main focus has been centered around the serotonin transporter (SERT), which is currently the most
prevalent drug target in this system. [1!C]McN5652 was the first radiotracer used to image SERT
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density in brains of nonhuman primates (Laruelle, 2002). Subsequent experiments have focused on
differences in receptor density associated with psychiatric disorders and displacement studies with
SERT ligands, rather than the occupancy by the endogenous transmitter itself, although the binding
differences measured in reality are a combination of receptor density and ligand affinity, as is always
the case with binding potentials measured with PET. The increased availability of SERT which has
been observed in certain psychiatric conditions such as depression (Reivich et al., 2004), when
imaged with tracers like [*X*C]McN5652, may not be entirely due to adaptive changes taking place in
the expression of the target (i.e. SERT) secondary to decreased basal serotonin levels, but in part
attributable to a higher concentration of the endogenous ligand serotonin competing with the tracer
in healthy controls. Many of the commonly used drugs which elevate synaptic serotonin levels also
bind to SERT, which complicates pharmacological challenge protocols.

A more recently developed diarylsulfide tracer [*'CIMADAM has also been used to investigate SERT
occupancy of drugs such as the novel multi-modal antidepressant vortioxetine (Stenkrona et al.,
2013). Imaging of fluctuations in endogenous transmitter levels with a SERT tracer has been
attempted by dietary tryptophan depletion, a procedure postulated to deplete synaptic serotonin,
and by administering a monoamine oxidase (MAO) inhibitor to increase synaptic serotonin
concentrations. Two PET studies carried out in monkeys with ['C]DASB were successful in
decreasing tracer binding after treatment with an MAO inhibitor (Lundquist et al., 2007) and with
the 5-HT precursor, 5-hydroxy-L-tryptophan (Yamamoto et al., 2007), but human studies utilizing
tryptophan depletion have yielded negative results (Talbot et al., 2005).

In addition to SERT, also most 5-HT receptor subtypes have been examined with PET methods:
antagonist tracers have been characterized for the 5-HTia, 5-HT1s, 5-HT.a, and 5-HT, receptors
(Paterson et al., 2013). Nonetheless, displacement protocols with endogenous serotonin utilizing the
5-HT1a ligand [*C]WAY-100635 have been unsuccessful in healthy human subjects (Rabiner et al.,
2002), and rodent studies have yielded mixed (Hume et al., 2001) or negative (Maeda et al., 2001)
results. The newly developed 5-HTip tracer [''C]AZ10419369 was reported to be sensitive to
fenfluramine-induced serotonin release in cynomolgus monkeys (Finnema et al., 2010). Further
studies will be needed to confirm whether the occupancy model can be applied to the serotonin
system with this tracer, but thus far there has been no success in cross-species validation of 5-HT
receptor PET tracers for studying endogenous serotonin levels (Finnema et al., 2015).

There has also been academic and pharmaceutical interest to develop radioligands for the purpose
of investigating ACh neurotransmission, as boosting of ACh neurotransmission in the brain is the
current principal mechanism of action of the clinically approved treatments for AD, even although
their efficacy is far from satisfactory. There are imaging agents which target nicotine-type a4f2 ACh
receptors e.g. 2-['F]FA-85380 and [‘®F]nifene, the latter compound has rapid kinetics suitable for
clinical trials in humans. [*®F]nifene binding was found to be significantly reduced in response to
treatment with the ACh esterase inhibitors physostigmine and galantamine in an in vitro binding
assay with 100 nM ACh (Easwaramoorthy et al., 2007) and that positive result could be duplicated in
vivo in a PET study in anesthetized Sprague-Dawley rats (Hillmer et al., 2013).

The p-opioid receptors (MOR) are expressed in brain regions associated with circuits of addiction.
MORs are connected to the dopamine system via inhibiting GABA neurons; the activation of p-opioid
receptors disinhibits the mesolimbic dopaminergic neurons and thus increases dopamine
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neurotransmission (Nutt, 2014). [*!C]Carfentanil is a widely used selective MOR tracer which has
been exploited to investigate receptor occupancy by drugs like nalmefene (Ingman et al., 2005) that
are used to treat substance abuses, as well as occupancy by endogenous opioid peptide ligands (see
below).

Successful competition protocols include a study involving an assessment of the levels of
endogenous transmitters in a single chronic pain patient where the extent of [*!C]carfentanil BPyp
was considerably reduced after treatment with transcranial direct current stimulation (tDCS), and
this change correlated with the degree of alleviated symptoms (DosSantos et al., 2012). Another
study linked the endogenous reward system to d-amphetamine administration in healthy
volunteers. [''C]Carfentanil BPyp was significantly reduced after d-amphetamine (5 mg/kg)
administration (Colasanti et al., 2012). The alcohol-induced release of opioid peptide could be
detected with [*!C]carfentanil in both the nucleus accumbens and the orbitofrontal cortex and tracer
uptake in the orbitofrontal cortex was linearly associated with excessive alcohol use (Mitchell, 2012).

2.1.5. REQUIREMENTS FOR CNS PET TRACERS AND CURRENTLY
AVAILABLE TRACERS FOR THE NORADRENERGIC SYSTEM

PET tracers with specific receptor binding properties can be used in drug development to
demonstrate target engagement, to determine whether novel drug candidates can gain access to
the CNS or other target tissues, and if so, what doses and dosing intervals should be used in efficacy
trials (clinical phases 2 and 3). This can be achieved by quantifying reductions in PET tracer binding to
the target receptor due to the dose-dependent competition binding of the novel drug candidate.
This information can help to estimate the doses required to reach significant target occupancy and
clinical efficacy. In addition to their significant potential in clinical and preclinical drug development,
specific receptor tracers can also be used to obtain a dynamic perspective into the activities of
endogenous transmitter systems, which can also benefit the clinical development of drugs affecting
neurotransmission in the brain, as well as in the exploration of various neurological and psychiatric
disorders.

In order to be useful for brain imaging, a PET tracer must meet several criteria; i.e. relatively high
lipophilicity and an ability to cross the blood-brain barrier in order to enter the brain in detectable
amounts, and if possible without producing confounding radioactive tracer metabolites. It is
desirable that peripheral metabolism is not extensive, and if metabolites are formed, they should
preferably be hydrophilic to preclude their access into the CNS. If the lipophilicity of the parent
tracer is excessively high, nonspecific binding can become an issue and low signal-to-noise ratios
may ensue. While reversible brain uptake is preferred, a prospective PET tracer should not be a
substrate for efflux transporters, and clearance from the CNS should not be too rapid. Additionally,
rapid receptor binding is necessary to allow the binding equilibrium to develop during the scan time
window that is determined by several factors associated with the employed radiolabel (Laakso and
Hietala, 2000; Pike, 2009). The prospective tracer’s affinity to the target receptor should be in the
low nanomolar range (approximately 0.5-10 nM). The use of a low affinity tracer will be reflected in
a low Bmax/Kg ratio, which leads to a poor capacity to detect drug interactions in PET imaging
(Passchier et al., 2002).
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Most experience of selective radioligands for PET imaging of CNS adrenoceptors has originated from
attempts to develop PET radioligands for a,-ARs, although efforts have also been expended in
developing ligands for a;-ARs and B-ARs. [*'C]-labeled sertindole analogues exhibited high in vitro
selectivity for a1-ARs, but a high degree of non-displaceable binding combined with poor CNS uptake
makes these ligands unsuitable for in vivo experiments (Airaksinen et al., 2013). [*¥F]FPTC exhibited
specific binding to B-ARs in vitro, but the standardized uptake value (SUV) increased rather than
decreased in response administration of the non-selective B-AR antagonist propranolol (expected to
displace [*¥F]FPTC from its specific binding sites), which was interpreted as evidence of non-
displaceable CNS binding in vivo in rodents, even though propranolol had dose-dependently
inhibited [* F]FPTC binding in vitro (Mirfeizi et al., 2014)

Until recently, no radioligand for PET imaging of brain a.c-ARs has met the aforementioned criteria.
Two recently developed PET tracer candidates, [**CIMBF and [*'C]JP-1302, are selective for the oic-
AR subtype, but are unsatisfactory since they are substrates for efflux transporters, which became
evident in a study performed with p-glycoprotein/breast cancer resistance protein knockout mice
compared to wild-type mice (Kawamura et al., 2010). Other tracers like [*C]MK-912 (Shiue et al.,
1998), [O-methyl-''C]RS-15385-197, [!C]JR107474 (Van der Mey et al., 2006), [*'Clyohimbine
(Jakobsen et al., 2006; Landau et al., 2012) and [*'C]mirtazapine do not differentiate between the -
AR subtypes. Additionally, [0-methyl-'*C]JRS-15385-197 exhibits minimal brain extraction in humans
(Hume et al., 2000).

In addition, with the exception of [*!C]mirtazapine (Munk et al., 2011), none of these tracer
candidates has been validated in humans. [*!C]Mirtazapine binding was significantly reduced in
antidepressant non-responders compared to healthy controls (Smith et al., 2009), but the receptor
level implications of this finding are speculative at best, i.e. in addition to subtype-nonselective
binding to ay-ARs, mirtazapine also binds with high affinity to 5-HT,, 5-HTs and histamine H;
receptors (Kast, 2001; Van der Mey, 2006).
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2.2. NORADRENALINE
2.2.1. NORADRENALINE AND ITS RECEPTORS

Noradrenaline is a monoamine neurotransmitter that shares its synthesis pathway and its main
structural features with the two other catecholamine neurotransmitters, adrenaline and dopamine.
The catecholamines are composed of a benzene ring substituted with two hydroxyl groups and an
amine side chain. Their synthetic route from the precursor L-tyrosine is shown in Fig. 6.
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Figure 6. The synthesis pathway of the catecholamine neurotransmitters.

Adrenaline is a fight-or-flight hormone with mainly peripheral actions mediated via the bloodstream,
whereas noradrenaline mainly functions as a local neurotransmitter in the CNS and in the peripheral
sympathetic nervous system. Upon intravenous administration, the primary peripheral effect of
noradrenaline is an elevation in blood pressure, and the immediate effect is mostly due to the
increased vascular resistance caused by activation of vascular aj-adrenoceptors (ARs). Additionally,
systemic administration of noradrenaline increases heart rate and cardiac contractility via activation
of cardiac Bi-adrenoceptors, which also acts to elevate the blood pressure. Vascular ozs-ARs
contribute by exerting direct vasoconstriction, but their effect is weaker than that of the a1-ARs. oza-
ARs in the CNS have an opposite effect as they reduce sympathetic outflow, which results in a
delayed decrease in blood pressure.

With respect to noradrenaline’s neurotransmitter function in the CNS, normal cognitive functioning
is associated with moderate transmitter levels, whereas cognitive dysfunction is typically related to
decreased or increased levels of one or several monoamine neurotransmitters, resulting in an
inverted U -shaped dose-response curve (Devoto and Flore, 2006). According to observations of
behavioral and cellular effects in experimental animals, a moderate level of noradrenaline
strengthens working memory by engaging of post-synaptic az-ARs, whereas stress induces excessive
levels of noradrenaline resulting in a decline in cognitive performance (Arnsten et al., 1997). The
positive symptoms in schizophrenia, i.e. hallucinations, have been associated with increased
dopaminergic activity (see sections 2.2.2-4. below), and thus atypical antipsychotics have been
developed to act primarily as dopamine (D;) antagonists, but they also simultaneously increase
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dopamine and noradrenaline levels throughout the cortex (Li et al., 1998; Devoto et al., 2003), an
effect which was reversed by the a,-AR-agonist clonidine, and which is regarded as fundamental to
their overall clinical efficacy (Devoto et al., 2003, Kalkman and Loetcher, 2003).

Table 1. The classification of adrenergic receptors. The relative abundance of the AR subtypes in the CNS is indicated by
+/-. Typical peripheral tissues where each subtype is expressed are also listed, although the distributions overlap
considerably.

Q1A Ais A1p QoA Q28 Qe [31 Bz [33
+ ++ ++ ++ ¥ + + + -
large
arteries, Small Smooth
pancrea | arteries, Heart, muscle,
Vascular smooth muscle, S, veins, liver, heart, Adipose
prostate kidney kidney kidney muscle muscle tissue

Modified from: Piascik and Perez, 2001; Fagerholm et al., 2008; MacDonald et al., 1997; Scheinin et al., 1994;
Ferrer-Lorente et al., 2005; Faber et al., 2001; Nicholas et al., 1996. *Present in negligible amounts compared
to the other subtypes, exclusively in the thalamus.

Noradrenergic receptors (Table 1) belong to the family of G-protein coupled receptors (GPCRs) with
seven transmembrane domains. Although other drug targets like receptor tyrosine kinases and ion
channels have emerged as focal points of pharmaceutical industry interest in recent years, GPCRs
are still, by far, the most common target receptors for the currently marketed drugs (Flower, 1999).

Based on their signaling mechanisms, structure and function, the noradrenergic GPCRs are divided
into three main classes, i.e. the ai-, az- and B-adrenoceptors, each of which is further divided into
three subtypes. Three aj-adrenoceptor subtypes have been identified in humans and other
mammalian species, i.e. the a,a-, 02s- and axc-ARs. The actions of the axa-subtype are predominantly
pre-synaptic and auto-inhibitory, and this receptor subtype has the most widespread distribution
both peripherally and in the CNS. The azs-subtype has a largely peripheral distribution and in situ
hybridization studies performed in rats have revealed a CNS distribution limited to the thalamus
(MacDonald et al., 1997). The a,c-subtype is considered to have a predominantly modulatory
function with a presynaptic heteroreceptor localization, but there is also evidence of a presynaptic
auto-inhibitory role similar to the more widespread aza-subtype (Sallinen et al., 1997; lhalainen and
Tanila, 2002), and the CNS distributions and functions of these two subtypes are partly overlapping.
In contrast to the aza-ARs, aac-ARs are predominantly found in the CNS, where their distribution is
much more limited compared to a;a-ARs. The highest densities of ac-ARs are found in the ventral
and dorsal striatum (Scheinin et al., 1994; MacDonald et al., 1997; Fagerholm et al., 2008). The
paucity of peripheral targets together with its neuro-modulatory heteroreceptor role make the a;c-
AR subtype an appealing CNS drug target (Scheinin et al., 2001).

At the cellular level, axc-ARs have been detected in intracellular compartments as well as on the cell
surface, whereas the a;a-AR subtype has been found to exist almost exclusively on cell membranes,
predominantly in axonal terminals (Olli-Lahdesmaki et al., 1999), which is in line with the known pre-
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synaptic autoreceptor role of this subtype (lhalainen and Tanila, 2002). Agonist-induced intracellular
sequestration of the axa-AR subtype has been observed in cell-based model systems, while the a,c-
AR subtype has proven challenging to investigate in this regard due to its predominantly intracellular
localization in the employed cell lines, but some evidence of agonist-induced internalization does
exist (Daunt et al., 1997; Olli-Léhdesmadki et al., 2003). It has also been demonstrated that while the
ac-AR subtype is predominantly intracellular in non-neuronal cells, cell surface expression is
significantly more pronounced in neuronal cells (Hurt et al., 2000). To summarize the current
knowledge of the a,c-AR distribution in the CNS, this subtype is thought to have a prominent cell
surface distribution in striatal neurons and it is possible that this expression is significantly affected
by agonist/antagonist exposure.

2.2.2. ALPHA;-ADRENOCEPTORS IN THE NORADRENERGIC TRANSMITTER
SYSTEM AND MODULATORY EFFECTS ON OTHER TRANSMITTER
SYSTEMS

Noradrenaline is produced and stored in axonal nerve endings, where its release is regulated by
autoreceptors, primarily of the oxa-AR subtype (Fig. 7). 0,-ARs are the primary autoinhibitory
mechanism in the noradrenergic system (Millan et al., 2000).

Post-synaptic

Pre-synaptic

Figure 7. A schematic simplification of a noradrenergic synapse. Presynaptic a,-AR autoreceptors regulate the
stimulation-evoked release of noradrenaline and thereby the activation of postsynaptic adrenoceptors. Adapted from a
figure by Prof. Lutz Hein (Siidhof and Starke: Pharmacology of neurotransmitter release, Vol. 184, p. 279. Springer-Verlag
Berlin Heidelberg. 2008).

While inhibiting the exocytosis of noradrenaline, a>-ARs simultaneously inhibit the release of co-
transmitters co-stored with noradrenaline in the same storage vesicles. For example, purinergic co-
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transmission, in the form of ATP release, exerts a synergistic effect on oxytocin and vasopressin
release (Burnstock, 2006). Furthermore, it appears that not all dopamine is converted to
noradrenaline in noradrenergic nerve endings, and that dopamine is co-released with noradrenaline
in the cerebral cortex (Devoto and Flore, 2006).

One way to assess the activity of a transmitter system in the brain is to measure the concentration
ratio of a transmitter metabolite to its parent compound. The ratio of 3-methoxy-4-
hydroxyphenylglycol (MHPG) to noradrenaline reflects noradrenaline turnover in the brain and is
considered as an indicator of the activity of inhibitory pre-synaptic autoreceptors, i.e. the oz-ARs.
This can be demonstrated by injecting rats with atipamezole, a subtype non-selective a,-AR
antagonist which, by blocking inhibitory adrenoceptors, significantly increases the activity of the
noradrenergic neurons in the rat brain, and thus also the MHPG/noradrenaline concentration ratio
(Scheinin et al., 1988). The same effect has also been detected in human subjects in the peripheral
blood, where noradrenaline concentrations are significantly increased after administration of
atipamezole, accompanied by increases in blood pressure and heart rate (Karhuvaara et al., 1990).

There are seven (A1-A7) noradrenergic cell groups in the rat brain, of which the locus coeruleus (LC,
or A6) is regarded as the primary noradrenergic nucleus; the cerebral cortex is exclusively innervated
by the LC (Nicholas et al., 1996). The LC is located at the level of the roof of the fourth ventricle in
the rostral pons and it sends projections to virtually the entire central neuraxis with cortical as well
as subcortical targets (Keren et al.,, 2009). The cortical projections from the LC reach all lobes
although with variable densities. Somatosensory areas receive an extensive innervation while
innervation in the primary visual cortex is scarce. Axons project to all cortical depths, but layers II-V
receive the most widespread innervation (Levitt et al., 1984). Other noradrenergic nuclei include the
lateral tegmental (A1, A5, A7) and the dorsal medullary (A2) cell groups, which project to the lower
brain stem and the spinal cord and form the ventral noradrenergic bundle projecting to the lower
thalamic and hypothalamic regions (Ressler and Nemeroff, 2000; Marien et al., 2004).

Since the LC and other noradrenergic nuclei are anatomically small structures, functional in vivo
imaging protocols investigating possible functional disturbances related to different neurological
diseases have been hindered by the relatively low spatial resolution of currently available brain
imaging methods (Keren et al., 2009). However, as the projection areas that these nuclei innervate
are much larger and more readily defined, an indirect approach where changes in the activity of the
LC and other noradrenergic nuclei can be assessed by examining changes in neurotransmitter
release in the target areas; these approaches may be well suited for studying neurological and
psychiatric disorders in vivo in humans.

Compared to DAT and SERT, the noradrenaline transporter (NET) has a relatively more limited
distribution in the brain (Laakso and Hietala, 2000), and the anatomical knowledge of the
distribution of noradrenergic axons is still incomplete. In non-human primates and other mammals,
the highest concentrations of NET have been found in the LC and, at lesser levels, in other
noradrenergic nuclei in the midbrain. NET is also found in the thalamus, hypothalamus, amygdala,
raphe nuclei, ventral tegmental area (VTA) and parts of the neocortex (Charnay et all, 1995; Smith et
al., 2006). Even though the a,c-AR subtype is concentrated in the dorsal striatum (DSTR; Scheinin et
al., 1994; MacDonald et al., 1997; Fagerholm et al., 2008), this region is almost completely devoid of
NET. Compared to the DSTR, NET is relatively abundant in the ventral striatum (VSTR) and axc-ARs
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are also found in this region of the brain, albeit in smaller quantities compared to the DSTR. It can be
hypothesized that receptor expression is indicative of innervation, but the lack or presence of one
adrenoceptor subtype cannot be considered to be evidence for or against the functionality of
noradrenergic innervation in that brain region. There is some indirect evidence from a rodent study
indicating that the nucleus accumbens, the region with the highest NET and o,c-AR densities in the
VSTR, does receive a noradrenergic innervation. Intraperitoneal administration of DSP4 (N-(2-
chloroethyl)-N-ethyl-2-bromobenzylamine), a neurotoxin selective to noradrenergic neurons,
significantly decreased the amount of noradrenaline in the rostral part of the nucleus accumbens
(Russell et al., 1989).

Noradrenergic heteroreceptors are involved in modulating the release of many neurotransmitters
such as GABA, serotonin, ACh (Marien et al., 2004), and perhaps most notably, dopamine (Millan et
al., 2000; Marien et al.,, 2004). The latter two are discussed further in conjunction with some
associated neurological disturbances.

GABA is the primary inhibitory neurotransmitter in the CNS; GABA—containing interneurons are
involved in inhibitory modulation of monoamine transmitters, including noradrenaline. GABA
reduces noradrenergic cell firing via inhibitory GABAergic inputs from the nucleus prepositus
hypoglossi to the LC (Ressler and Nemeroff, 2000). Experimental evidence also indicates that a,-
heteroreceptors reciprocally inhibit GABA release. Based on monitoring of synaptic events recorded
using whole cell voltage clamp methodology in vitro in slice preparations of the rat brain stem,
clonidine significantly inhibited GABAergic neurotransmission through its agonist effect on az-ARs
(Philbin et al., 2010). The modulatory effect of a,-ARs has also been demonstrated with patch-clamp
methods in rat olfactory bulb slices, where inhibitory postsynaptic currents were reduced as a sign of
attenuated GABAergic inhibition (Nai et al.,, 2009). GABAergic interneurons regulate many
transmitter systems and conversely the GABA system is modulated by transmitters like glutamate
(Gwak and Hulsebosch, 2010) and the endogenous opioid peptides (Nutt, 2014).

The p-opioid receptors (MORs) are widely present in the mesolimbic and mesocortical dopamine
pathways which are regarded as key components in the reward system linked to the development of
addictive behaviours such as alcoholism. In the VTA, MORs are located on GABAergic inhibitory
interneurons that inhibit dopaminergic neurotransmission to the striatal nucleus accumbens, the
PFC and the amygdala (Nutt, 2014), which are also areas in which there is relatively abundant
expression of 0»-ARs (Holmberg et al., 2003; Boyajian, 1987). Although the above receptor
distributions had been assessed in rodents, PET studies in humans have not contradicted these
results. The aAR subtype nonselective PET tracer [*'C]mirtazapine exhibited significant specific
binding in the amygdala of healthy volunteers (n=18; Smith et al., 2009). The noradrenergic system
of the brain is sensitive to opioid exposure and withdrawal symptoms display features which are
attributable to noradrenergic hyperactivity. Rodent responses to clonidine administration in
naloxone-induced withdrawal symptoms have been successfully potentiated by pre-treatment with
the subtype non-selective a,-AR antagonist yohimbine. It was concluded that a,-AR-antagonists may
be useful in the management of withdrawal by causing up-regulation of auto-inhibitory ARs (Streel
et al.,, 2006). The effects of opioids on the noradrenergic system are possibly mediated through
kappa-type opioid receptors, which have been localized in the somata and dendrites of LC neurons
(Reyes et al., 2009).
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The serotonin and noradrenaline transmitter systems share reciprocal connections, and os-
heteroreceptors play an important role in the modulation of 5-HT release. The experimental
evidence from test animals includes a study utilizing microelectrodes in the serotonergic dorsal
raphe nucleus and the LC of sedated rats; milnacipran, a selective 5-HT/noradrenaline re-uptake
inhibitor, administered alone, caused a 75 % reduction in the noradrenergic firing rate in the LC, and
furthermore, the responsiveness to the agonist effect of clonidine following 14-day treatment with
milnacipran was reduced by 60 %. The 5-HT neuron firing rate in the dorsal raphe nucleus was found
to be significantly reduced after 2 days’ administration of milnacipran but complete reversal of this
effect was seen during a 14-day follow-up with continued administration. No significant
desensitization to 5-HT in the dorsal raphe nuclei was observed and the result was interpreted as a
modulatory effect of the noradrenaline transmitter system on 5-HT neurons (Mongeau et al., 1998).
The ar-AR-antagonist idazoxan was reported to enhance the release of cortical serotonin in rats
when co-administered with citalopram (Maura et al., 1992). It is known that the dorsal raphe nuclei
are extensively innervated by the LC (Mongeau et al., 1997), and there is evidence of significantly
reduced 5-HT, noradrenaline and dopamine turnover as a response to a,-AR-agonists like
dexmedetomidine (MacDonald et al., 1997, Sallinen et al., 1997). In the mouse midbrain, intense
aa-and oc-AR immunoreactivity has been observed in the LC, where the aja-subtype has a
presynaptic axonal localization, while the ac-subtype has a predominantly postsynaptic dendritic
localization (Lee et al., 1998). a,c-AR immunoreactivity has also been detected in the substantia
nigra, the VTA and the raphe nuclei (Homberg et al., 2003), and the LC is reciprocally innervated by
the raphe nuclei. Taken together, experimental data suggest that noradrenergic a,-heteroreceptor
activation inhibits 5-HT release.

Considering the multi-layered nature and reciprocal connections only briefly described above, the
influences of one transmitter system on another can never be simply accepted or dismissed as a
simple causal relationship. A recent study linking the serotonin and opioid systems together with a
parametric voxel-level approach represents one step in the right direction in an actual effort to
connect functional inferences of two transmitter systems in a single study (Tuominen et al., 2013).
However, progress in these types experiments highlight the need for receptor subtype-selective
tracers to allow more detailed receptor mapping and better functional understanding in humans. As
an example, although the connections of the dopamine system to the noradrenaline system
described below are supported by solid experimental evidence, the neuronal patterns of the
connections involved, or the possible multiple co-existing patterns and reciprocal connections
behind this phenomenon in the human CNS are presently unclear.
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2.2.3. DISORDERS LINKED WITH DISTURBANCES IN THE NORADRENERGIC
TRANSMITTER SYSTEM

In recent years, Alzheimer’s type dementia has been a major focal point of research in neuroscience
and in the pharmaceutical industry, as this disease has been estimated to affect over 70 % of all
individuals with progressive cognitive impairment. In an autopsy study of 675 demented individuals,
77 % fulfilled the histological criteria of AD, but only 60 % expressed “pure” AD neuropathology,
while 8 % had additional features of PD and another 8 % had co-existing vascular lesions (Jellinger et
al., 1990). As AD prevalence increases with age and as the mean age of the population of not only
western societies but also those in the developing world continues to rise, the socioeconomic
burden of AD is enormous and all avenues need to be explored to find effective treatments.

According to one theory supported by abundant experimental data, neurological diseases ranging
from AD to PD are different manifestations of the same underlying pathology in the LC and in the
related noradrenergic nuclei. These diseases initially manifest themselves with very different
symptoms e.g. movement disorders (PD) and impaired cognition and working memory (AD), but as
the diseases progress towards their end stage, the clinical manifestations begin to align remarkably,
i.e. many PD patients will develop dementia and many AD patients will experience movement
disorders. Patients with PD have a five-fold risk of developing dementia by the age of 80 and this risk
is not related to accompanying movement disorders (Marien et al., 2004). Extrapyramidal
Parkinsonian symptoms are prevalent in AD patients compared to age-matched control subjects, and
autopsy results have confirmed that PD pathology is common in the brains of AD patients (Leverenz
and Sumi, 1986).

Rodent models have linked abnormalities in several neurotransmitter systems including the
serotonin and noradrenaline systems (Dringenberg, 2000) to AD, and immunocytochemistry has
been used in non-human primates to visualize the anatomical interactions of monoaminergic axons
and cholinergic cell bodies (Smiley et al, 1999). Nonetheless, based on post-mortem
histopathological examinations of Alzheimer’s patients, the main characteristic in AD remains the
severe cholinergic disturbance, presenting with as much as 90 % loss in activity of the ACh
synthesizing enzyme choline acetyltransferase and the associated decrease in cortical and
hippocampal ACh levels, combined with the extensive cell loss in the basal forebrain’s nucleus
basalis of Meynert (nbM), the primary cholinergic nucleus which sends widespread projections to
the affected brain areas (Coyle et al., 1983).

LC cell loss has been found to have an even stronger correlation to AD and the duration of AD
symptoms compared to cell loss in the nbM (Zarow et al., 2003). LC cell loss is also a dominant
feature in PD and has been found to be even greater in PD than in AD. In post mortem studies of PD
patients, some evidence of cell loss in substantia nigra’s pars compacta was also reported, but this
was not as extensive as the loss in LC (Zarow et al., 2003). LC neuronal counts have also been shown
to inversely correlate with the amount of AB plaques and neurofibrillary tangles (Bondareff et al.,
1987), the two classical pathological hallmarks typically seen in AD brains.

The subtype non-selective a,-AR agonist dexmedetomidine decreased electrically stimulated
dopamine overflow, as measured with chronoamperometry, in the rat striatum, and atipamezole, a
subtype non-selective antagonist, reversed this effect (Yavich et al., 1997). a,-AR antagonists like
atipamezole increase, while agonists decrease the release of ACh in the PFC of rodents (Tellez et al.,
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1997). Thus, the noradrenaline transmitter system has been linked to both dopamine and ACh by
pharmacological experiments in rodents as well as post-mortem studies in humans and disturbances
in the two systems correlate with AD and PD pathology.

Based on experimental findings such as those listed above and the fact that dementia developing as
a consequence of ischemic brain injury does not share this pattern of cell loss, it has been postulated
that LC cell loss is not a retrograde process but in fact that it precedes dementia (Marien et al.,
2004). In addition to elucidating the pathophysiology of AD, detecting this noradrenergic disturbance
in vivo could prove to be a way of achieving early detection of AD as well as a tool for the differential
diagnosis of dementia-like disorders. A validated adrenoceptor PET ligand could serve this purpose,
although it seems unlikely that a PET imaging method would be feasible for mass screening of
patients in the near future. However, earlier and more reliable AD biomarkers that precede
neurological damage and the appearance of cognitive symptoms are constantly being explored for
research purposes. It has been estimated that the AP depositions detectable by PET precede clinical
symptoms of AD by at least 10-15 years (Bateman et al., 2012) and the cerebrospinal fluid (CSF)
biomarker, AB42, reaches its pathologically low concentration approximately 10 years before
conversion to AD (Bucchave et al., 2012). Clinical phase lI-lll trials aiming to discover new disease
modulating treatments have tended to focus almost exclusively on MCI and prodromal AD (i.e. MCI
with positive biomarkers for AD) in recent years. At present, it seems unlikely that treatments based
on the amyloid hypothesis would possess significant therapeutic efficacy once moderate to severe
cognitive impairment accompanied by neurodegeneration has developed. The amyloid load
measured with PiB PET has been found to significantly correlate with impaired cognition in the
elderly, but this correlation disappears in individuals with higher education (Roe et al., 2008). The
gap between CNS pathology and symptoms has been explained by cognitive reserve and adaptive
resistance to pathology, which have been hypothesized to be augmented by the noradrenergic
stimulation induced by environmental enrichment and novelty. Possible mechanisms to explain this
phenomenon include neurotrophic effects (i.e. cortical volume and connectivity) and anti-
inflammatory effects, e.g. resistance to amyloid-induced cell death (Robertson et al., 2013).

Noradrenergic disturbances have also been implicated in mood disorders, and increased densities of
a2-ARs have been observed in the LC of patients with major depressive disorders (Ordway et al.,
2003). This finding suggests that depression, one of the leading contributors to the disease-
associated socioeconomic burden in western societies, is linked to increased noradrenergic neuronal
activity in the LC. Since the ay-ARs function primarily through presynaptic autoinhibition of
noradrenaline release, the upregulation of a,-ARs can be considered as an adaptive change. Stressful
stimuli lead to activation of the LC through increased corticotrophin releasing factor (CRF) from the
amygdala and hypothalamus, an effect which can be counteracted via an inhibitory serotonin input
to these neuronal circuits. Together with the serotonergic system, dysregulation of the
noradrenergic innervation to areas including the cerebral cortex, thalamus and hippocampus has
been linked to the different clinical manifestations of depression, including impaired concentration,
insomnia and loss of appetite, respectively (Ressler and Nemeroff, 2000).

Unipolar depression has been linked to increased MHPG levels in plasma and cerebrospinal fluid
(Roy et al., 1988) as a sign of increased noradrenaline turnover. There have also been studies where
no significant correlation was found (Oreland et al., 1981), but it is not reasonable to expect that
there would be a clear correlation to synaptic noradrenaline levels which could be drawn from these
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predominantly peripheral findings. Sewy et al. (1989) found no correlation between noradrenergic
activity and major depressive disorder while increased plasma MHPG and noradrenaline levels were
associated with generalized anxiety disorder, a condition which often accompanies depression.
Nearly half of patients with bipolar depression fulfill the diagnostic criteria of an anxiety disorder at
some point. Anxiety seems to be accompanied by depressive periods and this symptom is a predictor
of an inadequate response to treatment (Vazquez et al., 2014).

As amphetamine is known to elevate synaptic dopamine levels (Laruelle et al., 1996), the dopamine
hypothesis of schizophrenia has one of its origins in the observations that amphetamine was able to
induce psychotic symptoms in healthy individuals that mimic schizophrenia as well as the property of
the drug to exacerbate the symptoms in schizophrenics. Further support is derived from the known
dopamine D2 receptor antagonist potency of all current antipsychotic drugs and the remarkable
efficacy of these drugs in the treatment of psychotic disorders (Murray et al.,, 2013). Direct
experimental support for this hypothesis was gained when amphetamine was found to affect
[*C]IBZM binding more in schizophrenics than in healthy controls, and the decrease in [*!C]IBZM
binding, suggestive of increased dopaminergic activity, correlated to worsening of psychotic
symptoms (Laruelle et al., 1996). Mouse strains over-expressing dopamine D2 receptors are used as
animal models in schizophrenia research, and exhibit the same kinds of cognitive and motivational
deficits which are associated with this condition in humans (Sumiyoshi et al., 2013).

Although dopamine-related drug targets dominate the current treatment regimen of schizophrenia
and related psychotic disorders, the brain’s dopamine systems are known to be modulated by
noradrenergic innervation, and 0,-AR antagonism could potentially act as a co-treatment in reducing
dopaminergic firing, as well as in alleviating the negative (cognitive) symptoms of schizophrenia.
Receptor affinity results obtained with clinically used antipsychotic drugs and recombinant a,-ARs
have predicted antipsychotic efficacy for a,-AR antagonists, as many important antipsychotic drugs
have significant affinity for az-ARs, especially for the a,c-AR subtype; in addition, clozapine, a drug
which is among the most efficacious known antipsychotics, also had the highest a,c/D, receptor
affinity ratio (Kalkman and Loetscher, 2003). As mentioned above, there is indirect evidence of
dopamine’s co-transmitter role in noradrenergic nerve endings (Devoto and Flore, 2006), and while
there is evidence of decreased turnover of all monoamine neurotransmitters in response to a,-AR
agonists (MacDonald et al., 1997; Sallinen et al., 1997), in particular increased prefrontal dopamine
release has been detected in rodent experiments with a,c-AR antagonists (Sallinen et al., 2013).

According to post mortem immunohistochemical findings in monkeys, brain areas which are involved
in attentional processing, including the parietal cortexes, the superior colliculi and the pulvinar
nuclei, receive a dense noradrenergic innervation from the LC (Morrison and Foote, 1986).
Catecholamines seem to enhance inhibitory as well as excitatory responses of target neurons to
other stimuli. It has been postulated that noradrenaline-mediated increases in the responsiveness of
individual cells could be generalized into an enhanced signal-to-noise ratio at the systemic level and
better performance in attentional tasks at the behavioural level (Servan-Schreiber et al., 1990).
Phasic activation of LC neurons does not simply result from a sensory stimulus but has been shown
to occur either in conjunction with stimulus processing or with the resulting decision-making
process, or both (Aston-Jones et al., 2000). The common neuropsychiatric condition, attention
deficit hyperactivity disorder (ADHD), has been speculated to be a result of inappropriate tonic LC
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function and disrupted transition to the phasic mode needed in focused attention (Aston-Jones et
al., 1999).

One study conducted in mice revealed that injections of a noradrenergic agonist into specific brain
areas innervated by the LC, particularly the mediodorsal thalamus, disrupted pre-pulse inhibition
(PPI) (Alsene et al., 2011). The authors had previously found that stimulating the LC evoked a deficit
in PPl through increases in noradrenaline levels in innervated areas and this effect could be
countered by prior administration of second generation antipsychotics (Alsene and Bakshi, 2011).
Disrupted PPI as a sign of inadequate sensorimotor gating is present in many psychiatric disorders
characterized by inadequate processing of different modalities of sensory information. These include
attention disorders, anxiety disorders and psychotic disorders. The PFC is another important brain
area with regard to ADHD; lesions in that region have been found to evoke many ADHD-associated
symptoms including hyperactivity, impulsivity and distractibility. In monkeys, oxa-AR antagonism in
the PFC produced a clinical picture much like ADHD with hyperactivity and impaired working
memory (Arnsten, 2006).

2.2.4. DRUGS THAT TARGET NORADRENERGIC NEUROTRANSMISSION IN
THE CNS

Classical tricyclic antidepressants (TCAs) like doxepine, amitriptyline and its active metabolite
nortriptyline inhibit the neuronal reuptake of serotonin and noradrenaline by blocking the functions
of SERT and NET (Sekine et al., 2010). Their troublesome anticholinergic side effects and relatively
narrow therapeutic window have meant that they have been largely replaced by selective serotonin
reuptake inhibitors (SSRIs) and other second/third generation antidepressants, which are superior in
terms of side effect profiles and safety margins. Several antidepressants used in today’s clinical
practice, i.e. the serotonin-noradrenaline re-uptake inhibitor (SNRI) class of antidepressants, reduce
noradrenaline reuptake through NET inhibition. These drugs include duloxetine, venlafaxine and
milnacipran (Takano et al., 2006; 2013). Agomelatine is a melatoniny; -and 5-HT,c receptor
antagonist which has no affinity for a-ARs or B-ARs and no affinity for monoamine transporters, but
it also thought to increase extracellular noradrenaline and dopamine levels, especially in the PFC
(Millan et al., 2003). Moclobemide selectively and reversibly inhibits monoamine oxidase A (MAQO-A),
which is anticipated to result in increased extracellular concentrations of serotonin, noradrenaline
and dopamine (Fulton and Benfield, 1996).
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Figure 8. The molecular structures of venlafaxine (left) and duloxetine (right)

Mirtazapine’s CNS effects are predominantly mediated through different 5-HT-receptors, but it also
has significant a,-AR antagonist properties and the result is an increase in all monoamine
neurotransmitters including noradrenaline (Devoto et al., 2004; Masana et al., 2012; Kaminska et al.,
2014). According to a large meta-analysis, mirtazapine is one of the most efficacious of the currently
marketed antidepressants (Sipriani et al., 2009) although its side effects, especially sedation and
weight gain, which are not shared by drugs in the SSRI class, reduce its acceptability and make it a
second line choice for many individuals.

There is evidence of decreased 5-HT levels as well as a downregulated serotonergic input in
depression but in addition, a,-ARs are upregulated. This entire picture could be interpreted as a sign
of attempted attenuation of noradrenergic signaling and the relative efficacy of SNRIs could be seen
as simply a product of 5-HT re-uptake inhibition. Reboxetine, a selective NET inhibitor (Hajos al.,
2004), is used for the treatment of major depressive disorder, even though meta-analyses indicate
that SSRIs and mirtazapine are more efficacious than reboxetine in terms of both remission rate and
cost-effectiveness (Ramsberg et al., 2012; Cipriani et al., 2012; Purgato et al., 2014). Depression is
not an FDA-approved indication of reboxetine. The noradrenaline component of antidepressants has
an established role in the treatment of chronic pain (Mika et al., 2013), a common comorbidity
associated with depression, but at the cost of a less favourable adverse event profile compared to
the SSRIs (Cipriani et al., 2009, 2012). TCAs have been reported to exert an alleviating effect on
chronic pain which is independent of their anti-depressant efficacy (Mika et al., 2013). In much
smaller doses than used to treat depression, TCAs such as amitriptyline are recommended to treat
chronic pain (Mika et al., 2013). Conversely, duloxetine displayed efficacy in the treatment of chronic
pain in patients with diabetic neuropathy, but a significant effect was only seen with typical anti-
depressant doses and thus the recommended dosage is the same for both indications (Goldstein et
al., 2005). It has been postulated that noradrenaline re-uptake inhibition has a stimulating effect on
descending anti-nociceptive pathways (Mika et al., 2013) but the exact mechanism of this CNS gating
effect is unclear. It is known that a,-ARs are abundant in the dorsal horn of the spinal cord and it has
been postulated that a-ARs inhibit dorsal horn nociceptive responses together with the p-opioid
receptors through a relay in the rostral medulla (Budai et al., 1998).

While NET is also found in the thalamus, hypothalamus, amygdala, raphe nuclei, VTA and parts of
the neocortex, the largest concentrations of NET are present in the LC and other noradrenergic
nuclei in the midbrain and an elevated concentration of a-ARs in the LC has been linked to
depression (Ordway et al., 2003). Thus, re-uptake inhibition in this key area, resulting in locally
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increased synaptic noradrenaline levels, which in turn would activate autoinhibitory a,-ARs, could
act to readjust the dysregulated firing of neurons in the vast projection areas originating from the
LC. The clinical relevance of such an effect is, however, currently not backed up by efficacy trials in
humans. Additionally, the commonly prescribed SNRI duloxetine, the only SSRI/SNRI class drug still
on patent, has been found to have significantly lower tolerability than the most extensively
prescribed SSRIs (Cipriani et al., 2012).

The most commonly prescribed medicine for ADHD in Finnish clinical neuropsychiatric practice is
methylphenidate, a stimulant drug which is thought to affect extracellular dopamine and
noradrenaline levels through re-uptake inhibition (Umehara et al., 2013; Takamatsu et al., 2015).
One PET study has confirmed methylphenidate’s high affinity for NET. The BPnp of ["C]IMRB was
reduced in a dose-dependent manner when methylphenidate was administered at clinically relevant
doses and the estimated EDso was lower than that of DAT, which would imply that noradrenaline re-
uptake inhibition is an important part of methylphenidate’s mechanism of action (Hannestad et al.,
2010). It has been speculated that stimulant medications exert at least part of their actions through
increased a,a-AR activation in the PFC (Arnsten et al., 2006).

ZT

Figure 9. The molecular structures of methylphenidate (left) and atomoxetine (right).

Atomoxetine has previously been considered a highly selective inhibitor of NET and it was the first
non-stimulant to be approved for the treatment of ADHD (Corman et al., 2004). Atomoxetine also
exerts many peripheral noradrenergic effects, including increases in blood pressure and heart rate
(Wernicke et al., 2003). In a PET study with non-human primates, atomoxetine administered as an
i.v. infusion was estimated to result in complete NET occupancy at plasma concentrations
corresponding to those achieved in humans after approximately 1.2 mg/kg repeated doses of the
drug, i.e. clinically relevant oral doses (Takano et al., 2009). A recent PET study, however, revealed
that atomoxetine also significantly occupied SERT at clinically relevant doses, thus it is not entirely
NET-selective. The authors suggested that while the noradrenaline component was crucial in the
treatment of ADHD, SERT blockade could mediate additional beneficial antidepressive effects (Ding
et al., 2014). In rats, systemic administration of atomoxetine (3 mg/kg) has been found to elevate
prefrontal extracellular dopamine and noradrenaline levels, but not those of serotonin (Ago et al.,
2014).

Dexmedetomidine is used for sedation in intensive care units (ICUs) where it may offer advantages
over other sedation regimens, e.g. propofol infusions, in terms of decreased length of ICU stay and
reduced risk of delirium (Xia et al., 2013). Dexmedetomidine has also been used off-label in the
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treatment of acute alcohol withdrawal symptoms, where increased sympathetic tone plays an
important role (Muzyk et al., 2013). The major advantage of dexmedetomidine compared to other
sedative agents is that the subject can be readily awakened regardless of the drug concentration in
plasma, and the depth of anesthesia is easily monitored.

The carbon atom in the middle of the medetomidine molecule is methylated, which results in a
stereoisomeric structure. Levomedetomidine is considered functionally inert in doses below 1
mg/kg, while dexmedetomidine is a potent a,-AR agonist (MacDonald et al., 1991).
Dexmedetomidine exhibits dose-dependent a,-AR selectivity. In animals that receive low to medium
doses at slow rates of infusion, high a,-AR selectivity is observed (Virtanen et al., 1988). According to
current knowledge, dexmedetomidine’s sedative effect is primarily mediated through aza-ARs in the
LC (Correa-Sales et al., 1992; Mizobe et al., 1996; Bucheler et al., 2002; lhalainen and Tanila, 2004),
i.e. it has been observed that the action potential frequency is reduced in response to a,-AR
activation (Alsene and Bakshi, 2011). Activation of presynaptic a,-ARs in the CNS induces
sympatholysis, which is associated with a biphasic peripheral blood pressure response when
dexmedetomidine is administered intravenously. The initial short-lived increase in blood pressure is
followed by long-lasting decreases in blood pressure and heart rate. The initial reaction can be
explained by activation of peripheral ass-adrenoceptors in vascular smooth muscle and can be
attenuated by administering at a slow infusion rate (Gertler et al., 2001), though even at slower
infusion rates, the increase in mean arterial pressure over the first 10 minutes was shown to be in
the range of 7 % with a decrease in heart rate between 16 % and 18 % (Hall et al., 2000). It has been
reported that the initial response lasts for 5 to 10 minutes and is followed by a decrease in blood
pressure of approximately 10 % to 20 % below baseline and stabilization of the heart rate below
baseline values (Xu et al., 1998).

Other centrally acting a,-AR agonists with sympatholytic effects include moxonidine and clonidine,
which in Finnish clinical practice are typically used in idiopathic hypertension and hypertensive crisis,
respectively. Especially in the US, clonidine is also used for the treatment of ADHD either with
concomitant stimulant treatment or as monotherapy (Kornfield et al., 2013).

Close to one hundred patents for different approaches to a,c--AR modulation have been sought
during the last ten years (Quaglia et al., 2011), but until recently, there has been a lack of highly
selective a,c-AR ligands, the first candidates are only now entering clinical efficacy and safety trials in
humans. As the primary role of axc-ARs in the CNS is presynaptic autoinhibition of noradrenaline
release and reduced noradrenergic signaling has been implicated in the pathogenesis of neurological
diseases like PD and AD (see section 2.2.3.), there is a theoretical rationale for using a,c-AR
antagonism to treat these conditions. Noradrenaline’s immunomodulatory role is manifested via the
in vitro reductions in inflammatory cytokines and inflammatory gene expression in brain glial cells
(Feinstein et al., 2002), which have been speculated to be non-neuronal targets for noradrenergic
projections (Stone and Ariano, 1989). This neuroprotective effect appears to counteract AB-induced
increases in oxidative stress and cell death (Counts and Mufson, 2010), which is at least partially
mediated by postsynaptic B1/,-ARs activating neurotrophic pathways with a subsequent increase in
the release of brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF) (Schwartz
and Mischler, 1990; Counts and Mufson, 2010). Evidence has also emerged from work done in
transgenic mice to suggest that BDNF is secreted directly from noradrenergic neurons to promote
neuronal differentiation and survival in cortical target regions (Fawcett et al., 1998).
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a-AR antagonism also enhances the antipsychotic efficacy of risperidone, a drug which has low
affinity for ax-ARs on its own (Marcus et al., 2010). Clozapine is known to have the highest affinity
for a-ARs of all second-generation antipsychotics and it has been claimed to exhibit superior
efficacy in treatment-resistant schizophrenia (Kalkman and Loetscher, 2003). While traditional
treatment strategies of schizophrenia are relatively successful with regard to the positive symptoms
like auditory hallucinations, adjunctive a>-AR antagonism represents a promising treatment strategy
and it is not unreasonable to predict that it may also have efficacy in treating or preventing the
development of negative symptoms, such as impaired cognition. Currently there are no effective
pharmacological treatments against the negative symptoms of schizophrenia, and furthermore in
the elderly, agitation and other behavioural symptoms associated with Alzheimer’s type dementia
have also been relatively resistant to conventional treatments with second generation antipsychotics
like risperidone, which in Finland is the only antipsychotic drug with an official indication for the
treatment of agitation/aggression associated with AD.
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3. AIMS OF THE STUDY

The main goal of this thesis work was to validate a new tracer for PET imaging in humans. This was
achieved by examining the repeatability of [*'CJORM-13070 brain imaging in healthy individuals
followed by a study to test the dose-dependent competition of an antagonist with [*!CJORM-13070
binding to a,c-ARs, and finally two studies to evaluate the possibility that [**CJORM-13070 binding
could reflect changes in synaptic concentrations of noradrenaline evoked by different
pharmacological and physiological challenges. Prior to this thesis work, there had been a distinct lack
of specific and selective PET tracers for CNS adrenoceptors available for human use. The validation
process of [XCJORM-13070 was seen as removing hurdles to the advancement of research on
noradrenergic neurotransmission, and it will hopefully benefit the future clinical development of
drugs affecting brain noradrenergic neurotransmission.

The specific aims of the individual studies were as follows:

. To determine the reproducibility [1!C]JORM-13070 PET in quantifying cerebral o,c-AR
binding in vivo in the human brain.

Il To validate [**CJORM-13070 for a,c-AR occupancy studies in humans by determining the
maximal striatal a,c-AR occupancy that could be achieved by administration of the
subtype-nonselective a»-AR antagonist atipamezole, and to explore whether brain
uptake of [*C]JORM-13070 would be sensitive to increased release of noradrenaline.

Il. To test the sensitivity of [*XCJORM-13070 to increased levels of synaptic endogenous
noradrenaline via two different noradrenaline challenges: intravenous ketamine infusion
and atomoxetine combined with cold stimulation.

\A To evaluate the effect of depleted synaptic noradrenaline concentrations on [1!C]JORM-
13070 uptake by evoking inhibition of noradrenaline release with intravenous infusions
of dexmedetomidine.
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4. MATERIALS AND METHODS

4.1 ETHICAL ASPECTS

In all four clinical studies, the study protocol, its appendices, and other documents required by the
Ethics Committee (EC) were reviewed and approved by the EC of the Hospital District of Southwest
Finland before the studies were initiated. Correspondence between the EC and the study site’s
person responsible for EC correspondence was filed in the Investigator’s study file. The Finnish
Medicines Agency, as the Competent Authority in Finland, was also notified before the
commencement of the studies. The general conduct of all studies followed the regulations and
guidance for biomedical research involving human subjects, such as the Declaration of Helsinki, the
International Conference on Harmonization’s Good Clinical Practice (ICH-GCP) guidelines and
relevant national laws and regulations. Adverse events (AEs) were recorded according to GCP
guidelines.

As the study subjects were healthy volunteers, no personal medical benefits were expected or
provided from participation. The subjects were administered two radioactive tracer injections in
study |, four injections in study I, and three injections in studies Ill and IV. The total effective
radiation dose from a single injected 500 MBq dose of [*!C]JORM-13070 has been estimated to be 2.0
mSv at the maximum, and thus 2, 3 and 4 injections amount to maximal total doses of 4.0, 6.0 and
8.0 mSy, respectively. None of the subjects were allowed to participate in more than one study, and
they were instructed to refrain from further participation as healthy volunteers in any scientific trials
involving radiation. According to the Radiation and Nuclear Safety Authority of Finland, the annual
radiation dose from normal environmental sources of a person living in Finland is approximately 3.2
mSv per year. Even though the radiation exposure caused by these studies was low, all exposure to
ionizing radiation may result in harmful effects. This was adequately explained to the participants
and special emphasis was put on the informed consent process and the well-being of the subjects. It
was not possible to perform the experiments in any patient group as the validation process of
[*1C]JORM-13070 needed to be performed in healthy humans before reliable results in different
patient populations could be even considered.

4.2. STUDY SUBJECTS

The study subjects were healthy 20-39-year-old males. Good general health was ascertained via
interviews, physical examinations, recording of vital signs and ECG and analysis of blood and urine
samples. No substances of abuse, excessive alcohol consumption or use of nicotine-containing
products more than 5 cigarettes or equivalent/day were allowed. Subjects were allowed to use
paracetamol or ibuprofen for occasional pain, if necessary. All other concomitant treatments were
prohibited as a general rule. Subjects were recruited with an e-mail campaign targeting medical
students in the University of Turku (UTU); these individuals comprised the majority of the study
subjects. Notifications on UTU web pages were also used.
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4.3. ['"CJORM-13070 AND OTHER STUDY DRUGS

1C]ORM-13070

The synthetic route of [*'C]-labelled ORM-13070 (1-[(S)-1-(2,3-dihydrobenzo[1,4]dioxin-2-yl)methyl]-
4-(3-1C-methoxymethylpyridin-2-yl)-piperazine) and its precursor ORM-13333 is illustrated in figure
10. The radionuclide required for the production of [*?CJORM-13070 was obtained from a 103 cm
isochronous MGC-20 cyclotron (D.V. Efremov Institute, St. Petersburg, Russia) at the Accelerator
Laboratory of Turku PET Centre. [*!C]JORM-13070 was synthesized by !C-methylation of O-
desmethyl ORM-13070 (ORM-13333) with [*'C]methyl triflate prepared from cyclotron-produced
[*}C]methane. [!C]Methyl triflate was bubbled through a solution of the desmethyl precursor in
acetonitrile in the presence of tetrabutyl ammonium hydroxide. [*!C]JORM-13070 was purified with
semi-preparative high performance liquid chromatography (HPLC).
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Figure 10. Synthesis of [*:CJORM-13070.

[*!C]JORM-13070 is a selective noradrenergic a,c-AR antagonist PET tracer developed by Orion
Pharma and Turku PET Centre. ORM-13070 has very high affinity for the a,c-AR according to in vitro
studies. Receptor binding assays carried out with recombinant human a,-AR subtypes and ORM-
13070 revealed calculated binding affinities of (K; values and the corresponding 95 % confidence
intervals) 3.8 (2.0-7.3) nM, 23 (14-38) nM and 109 (86-138) nM for the ayc-, azs- and aa-AR
subtypes, respectively (see original communication Il for details). Results from functional antagonism
studies have also indicated that ORM-13070 is a potent and selective antagonist of a,c-ARs (Orion
Pharma, data on file).
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A radiation dosimetry study in healthy human subjects revealed that the highest absorbed doses
were in the liver and pancreas (Luoto et al., 2014). ORM-13070 is rapidly metabolized in human
subjects after intravenous (i.v.) injection. HPLC analyses have revealed that the intact fraction of the
administered tracer is around 30-40 % at 30 minutes after an i.v. bolus injection (Luoto et al., 2014).
[**C]JORM-13070 has two radioactive metabolites (M1 and M2); their specific binding properties are
unclear. It is currently thought that at least M1 can pass through the BBB and enter the brain
(Arponen et al., 2014).

Five clinical Phase 1 studies with tracer (<10 ug) doses of [*C]JORM-13070 (clinicaltrials.gov identifier
NCT00829907 in addition to original communications I-IV) and one Phase 1 single ascending dose
(SAD) study (dose range 3-40 mg) with the non-radiolabelled analog ORM-13070 (also known as
ODM-102; see NCT01839019 for details) have so far been conducted. [*!CJORM-13070 has been
demonstrated to be safe and well tolerated in all PET studies and it penetrates rapidly into the brain
with the most prominent accumulation of radioactivity occurring in the caudate nucleus and
putamen, which is in line with the known relative distribution of a,c-ARs in the human brain
(Fagerholm et al., 2008). In conclusion, ORM-13070 is a potent and selective a,c-AR antagonist. No
pharmacological effects in man have been observed at tracer dose levels.

Ketamine

Cl

NH
\

O

Figure 11. Molecular structure of ketamine

Racemic ketamine (Ketalar®, Pfizer) was administered as a target-controlled infusion (TCI), with a
computer containing the pharmacokinetic simulation software StanPump controlling the infusion
pump (Harvard apparatus 22 infusion syringe pump 55-2222) inputted with knowledge of each
subject’s age, height, weight, as well as the predetermined pharmacokinetic (PK) properties of the
study drug to maintain a pseudo steady-state plasma concentration of ketamine during the PET
scans. The targeted ketamine concentration in plasma was 200 ng/ml in study Il and 300 ng/ml in
study Ill. N-methyl-D-aspartate (NMDA) receptor antagonism is regarded as ketamine’s primary
mechanism of action (Sinner and Graf, 2008), and ketamine administration is known to increase
plasma catecholamine concentrations and evoke inotropic cardiac effects as a reflection of increased
sympathetic activity (Kienbaum et al., 2000). Ketamine’s positive inotropic effect is sometimes
utilized in general anesthesia in humans in situations where decreased blood pressure is particularly
undesirable, e.g. in hemodynamically compromised patients (Morris et al., 2008). Ketamine-evoked
increased neuronal release of noradrenaline (and dopamine) in the brain has been detected in rat
brain microdialysis studies (Lorrain et al., 2003; Tose et al., 2009). In studies Il and lll, ketamine
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infusions were started approximately 15 min before the tracer injection and continued until the end
of the PET scans.

Atomoxetine

Atomoxetine (Strattera®, Eli Lilly) was used at a dose of approximately 1.2 mg/kg to inhibit striatal
noradrenaline re-uptake in studies Il and Ill. Atomoxetine was administered orally as capsules 60 min
before the injection of the tracer. Atomoxetine has been associated with many peripheral
noradrenergic effects, including increased blood pressure and heart rate (Wernicke et al., 2003).
Significant increases in brain extracellular fluid (ECF) noradrenaline concentrations have been
detected in rats following acute atomoxetine administration (Montezinho et al., 2010; Koda et al.,
2010). Atomoxetine was administered acutely i.e. as a single oral dose, and increases in dose were
not expected to have resulted in significantly improved efficacy of noradrenaline re-uptake
inhibition. Therefore, in study lIl, the 1.2 mg/kg dose was combined with cold stimulation of the
subject’s foot, i.e. the cold pressor test. Previously in study Il, cold stimulation had been found to
decrease tracer uptake on its own as a sign of increased synaptic noradrenaline levels.

Dexmedetomidine

Dexmedetomidine was administered as a TCl in study IV in an analogous fashion to the ketamine
infusions in studies Il and Ill, according to Talke’s PK dataset (Talke et al., 2003). The targeted plasma
concentrations were 0.2 ng/ml and 0.6 ng/ml. The infusions were started at the beginning of each
PET scan, i.e. simultaneously with the tracer administration.
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Figure 12. Molecular structure of dexmedetomidine.

4.4. PET METHODS

The data sets in studies I, II, Ill and IV involved 12, 32, 23 and 18 PET scans, respectively. A total of 85
PET scans were performed in four separate study protocols with the High Resolution Research
Tomograph (HRRT) in the Turku PET Centre. Before each scan, the subject’s head was fixed with an
individually prepared thermoplastic mask and a transmission scan was performed for attenuation
correction with a *3’Cs rotating point source. Slices of approximately 1.22 mm in thickness covered
the whole brain. The camera was used in the 3D mode with scatter correction. The HRRT is capable
of registering 4.5x10° lines of response with 120,000 detector crystals and achieves transaxial and
axial spatial resolution (full width at half maximum, FWHM) of 2.5 mm. [}!C]JORM-13070 was
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administered as an intravenous rapid bolus injection with a maximum target activity of 500 MBq.
Image reconstruction from list mode data was performed with the OP-OSEM algorithm (Hong et al.,
2007) with 8 iterations and 16 subsets.

Images of each dynamic PET scan were aligned for each subject, and the movement-corrected image
was then co-registered with the subject’s 1.5 T MRI (Philips Intera) scan using the Statistical
Parametric Mapping (SPM 2 and SPMS8; Department of Cognitive Neurology, University College
London, England) software package for MATLAB™ (The MathWorks Inc.). ROIs (see Figure 13 for an
example) were drawn manually on the co-registered PET/MRI images using the Carimas
(http://www.turkupetcentre.fi/carimas) software to obtain regional time-radioactivity concentration

curves. Striatal and other structures were analyzed with reference to the cerebellar cortex. The ratio
method assumes that the obtained binding parameter (BPnp) reflects the ratio of specifically bound
radioligand over non-displaceable radioligand. The AUC values in the time window of 5-30 minutes
from tracer injection were used in studies I-IV, and additional modelling approaches and time
windows were tested in studies | and lll-IV, respectively. BPyxp of [C]JORM-13070 was calculated
according to the equation (where Cspecifically bound = AUCvo1— AUCecerebellum):

/ Cspecifically bound(t)dt
f Ccerebellum(t)dt

BPND =

The dftratio (http://www.turkupetcentre.net/software/show.php?program=dftratio) software was

used to obtain the estimates for bound per free tracer (referred to as BPnp in this context) in studies
Il'and Il and in the ROI-based analysis portion of studies Ill and IV.
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Figure 13. An example of manually defined regions of interest in the putamen (above) and the caudate nucleus (below).

4.5. STATISTICAL METHODS AND STATISTICAL PARAMETRIC
MAPPING

In studies II-1V, the statistical testing of the main variables, i.e. the changes in tracer binding
potential and receptor occupancy, was conducted with one-way analysis of variance (ANOVA) with
no correction for multiple comparisons. The repeatability of [*!CJORM-13070 PET was assessed in
study | with intra-class correlation coefficients (ICC) and by calculating the absolute test-retest
variability of the BPyp estimates. The statistical analyses were performed with SAS™ software (SAS
Institute Inc). Non-linear regression analysis with a sigmoidal Emax model was performed with
GraphPad Prism™ programs (GraphPad Software, Inc.) to calculate estimates of maximum receptor
occupancy (Emax) and half maximal inhibitory concentration (ICso), as well as their 95 % confidence
intervals in study II.

Statistical parametric mapping was used in studies llI-IV to test for differences in specific tracer
binding without any pre-defined regions of interest. Parametric B/F images were calculated in
Matlab with the following equation: Ratio(X-Y)=[AUCimage(X-Y)/AUCcerebeiium Tac(X-Y)]-1 to obtain
whole-brain representations of tracer binding for each treatment and the control condition. B/F
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images were spatially normalized into MNI space with SMP8 by utilizing the unified segmentation
algorithm (Ashburner and Friston, 2005): T1-weighted MRI images and the MNI template were used
create a deformation field which was then applied to project parametric B/F PET images into MNI
space. The normalized PET images were smoothed by an 8 x 8 x 8 mm Gaussian kernel. Within-
subject ANOVA was used to create a design matrix (Figure 14) in SPM8 and to create parametric
maps that visualised significant changes in the B/F tracer.

contrast(s)

2 4 £ g
Design matrix

Figure 14. A screenshot from SPM8 displaying a within-subject ANOVA design matrix used in study IV. The control
condition (column 1) is subtracted from the high dexmedetomidine condition (column 2).

The anatomical brain area corresponding to the peak coordinates of each significant cluster was
determined with SPM Anatomy Toolbox 2.0 (Eickhoff et al., 2005). The effect on tracer binding
within the significant clusters was then quantified by applying the clusters as masks in Carimas and
then using these masks on the normalized PET images from each subject and treatment.

45



Results

5.  RESULTS

5.1. Repeatability of [''CJORM-13070 PET in humans (study I)

Six healthy males provided informed consent for the study. The age of the subjects [mean (standard
deviation, SD)] was 27 (7) years, their weight was 78 (6) kg, and their body mass index (BMI) was 24
(3). All subjects were non-smokers and were not using any medications. A duration of 90 min of PET
imaging with HRRT was performed twice with each subject. The mean (SD) radioactive dose was 478
(63) MBq during PET scan 1 and 486 (28) MBq during PET scan 2.

The tracer entered the brain swiftly, with only perfusion appearing to limit its passage. The plasma-
to-brain transport rate (K1) was estimated to be approximately 0.3 ml plasma/(ml brain tissue x min).
Specific tracer binding in the brain reached its maximum at about 15 min after the injection, as
determined by visual inspection of the target / reference region ratios of the dorsal striatum.
Pseudo-equilibrium of tracer binding in the dorsal striatum occurred approximately 5-10 min post-
injection, as estimated by visual inspection of the TACs (cerebellum subtracted from regional TACs).

Figure 15. The bound/free ratio of tracer uptake from repeat experiments illustrated at the whole brain level.
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The bound/free ratios (BPnp) of tracer uptake were highest in the putamen and caudate nucleus,
followed by the thalamus. Lower ratios were observed in all cortical regions and also in the
hippocampus. The average BPyp of [1C]-ORM-13070 relative to the cerebellum ranged from 0.77 in
the putamen to 0.08 in the hippocampus. The mean values of absolute variability ranged from 4.3 %
in the putamen to 29.1 % in the hippocampus; the average variability was < 10 % also in the caudate
nucleus and the thalamus (Table 2). The intra-class correlation coefficient ranged from 0.50 in the
hippocampus to 0.89 in the thalamus, and was >0.70 also in the caudate nucleus, putamen, lateral
frontal cortex and parietal cortex. Test-retest variability was slightly inferior with SRTM: mean
absolute variability was 8.5 % and 5.5 % and the ICCs were 0.67 and 0.79 for the caudate nucleus
and the putamen, respectively (Table 2).

Table 2. The repeatability of [*1C]-ORM-13070 binding in different brain areas

Region BPg Scan 1 BPg Scan 2 Absolute variability % (SD)  ICC

Caudate nucleus 0.58 (0.07) 0.58 (0.07) 6.5 (4.2) 0.76
Putamen 0.76 (0.08)  0.77(0.10) 43(3.5) 0.88
Thalamus 0.29 (0.06)  0.30 (0.06) 6.6 (6.1) 0.89
Hippocampus 0.11(0.03)  0.08 (0.04) 29.1(28.7) 0.50
Lateral frontal cortex 0.19 (0.05) 0.18 (0.05) 13.6 (7.3) 0.84
Occipital cortex 0.19 (0.03) 0.18 (0.04) 13.9(12.8) 0.63
Parietal cortex 0.18 (0.06) 0.17 (0.06) 13.2(7.5) 0.89

The ratio of the cerebellum TAC to metabolite-corrected plasma TAC seemed to increase linearly
over time, suggestive of additional uptake of radioactivity into the cerebellum, most likely caused by
radioactive metabolites (M1 and/or M2). The sum of the parent tracer and both metabolites seemed
to best abolish the trend in the ratio curve, but the contribution of M2 was negligible. A
compartmental model with a single tissue compartment for the parent tracer and another tissue
compartment for both metabolites fitted the data reasonably well. The assumption that the
transport rates from plasma to brain tissue should be the same for the parent tracer and the
metabolites did not cause any deterioration to the fit. Assuming that either only M1 or both
metabolites could pass the BBB resulted in similar fits. The BPyp derived from a compartmental
model correlated well with the BP estimated from the tissue ratios.

In conclusion, the results of study | validated the determination of B/F ratios as a reliable way of
obtaining a compound estimate of receptor density and affinity with [1!CJORM-13070. High test-
retest reliability and good agreement with compartmental model combined with the short scanning
times and no requirement for arterial blood sampling all meant that [*!CJORM-13070 represented an
appealing option for use in PET studies in humans.
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5.2. Estimation of dose-dependent occupancy of a2c-ARs by atipamezole
and exploration of sensitivity to endogenous noradrenaline (study II)

The study subjects (n=8) were healthy Caucasian males [average age 28 (SD 5.6), weight 73 kg (SD
8.1), BMI 23 kg/m? (SD 2.6)]. Each subject underwent a control PET scan, a scan with atipamezole
pre-treatment, and two scans with two different noradrenaline challenges in a balanced,
randomized study design. PET imaging with the HRRT camera was used to investigate the capacity of
different doses (20-450 ug/kg) of atipamezole to block tracer binding (Fig. 16) and as an exploratory
part of the study, the effects of four different noradrenaline challenges on the striatal uptake of
[1!C]JORM-13070. The noradrenaline challenges included intravenous ketamine injection, peroral
administration of atomoxetine capsules, a hypoglycemic insulin clamp protocol and immersion of
the subject’s left foot in cold water.

The maximal extent of inhibition of striatal [*!CJORM-13070 uptake achievable by the administration
of atipamezole, as estimated using non-linear regression analysis of the tracer binding potential and
atipamezole plasma concentration data, was 78 % (95 % Cl 69—87) in the caudate nucleus and 65 %
(95 % Cl 53-77) in the putamen. These estimates were similar when the atipamezole dose was
plotted against receptor occupancy, with Emax estimates of 79 % and 66 %, respectively. ECso was
estimated to be 1.6 ng/ml (95 % Cl 0.6-2.7) in the caudate nucleus and 2.5 ng/ml (0.3-4.7) in the
putamen.
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Figure 16. The concentration-effect relationship of atipamezole pre-treatment (n=8) in the caudate nucleus.
The solid line represents an unconstrained one-site binding hyperbole. The dotted lines represent the 95 %
confidence interval.

The mean (SD) atomoxetine concentrations at the start and end of the PET scans were 346 (205)
ng/ml and 345 (171) ng/ml, respectively, and the mean (SD) insulin concentrations were 101 (20)
mU/I and 99 (30) mU/I, respectively. Ketamine concentrations were [164 (34) ng/ml] at the end of
the PET scan, while the concentrations at the start of the scans were lower [54 (17) ng/ml]. The
determined binding affinities of the study drugs for a,c-ARs ranged from negligible (atomoxetine) to
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non-existent (ketamine), which confirmed that no direct competition with tracer binding
confounded the noradrenaline challenges.

The average reduction in tracer uptake in the dorsal striatum was about 10-12 % after atomoxetine
and the cold pressor test. Ketamine was associated with 13-16 % average reductions in tracer
uptake. Insulin-induced hypoglycaemia was not associated with any changes in tracer uptake. Even
though the atipamezole results pointed to a possible underestimation of receptor occupancy, it was
concluded that [*!C]JORM-13070 was suitable for clinical imaging of brain a,c-AR occupancy by
competing ligands. Preliminary support was also acquired for the capacity of [*!C]JORM-13070 PET to
reflect endogenous noradrenaline neurotransmission.

5.3. Sensitivity of [''"C]ORM-13070 to increased synaptic noradrenaline
(study IIT)

Eight subjects underwent a baseline PET scan with [XCJORM-13070 and two PET scans after two
different noradrenaline challenges, i.e. intravenous administration of ketamine and an oral dose of
atomoxetine combined with immersion of the left foot in cold water in a randomized order to test
whether tracer binding could be reduced by increased synaptic noradrenaline levels. The subjects
were Caucasian males in good general health. The BMI of the subjects was 22-26 kg/m? (mean 24,
SD 1 kg/m?), and they weighed 68-94 kg (mean 83, SD 9 kg).

Both noradrenaline challenges caused moderate (up to 20%) reductions in tracer binding (Fig. 17), as
estimated by ROI-based analysis in the dorsal striatum. The average (5-30 min) reduction in striatal
BPnp of the tracer was 0.13 (p=0.007, 95% Cl 0.04—-0.21) in the putamen and 0.14 (p=0.010, 95%, Cl
0.04-0.24) in the caudate nucleus with the ketamine challenge and 0.15 (p=0.004, 95% C| 0.06—0.24)
in the putamen and 0.18 (p=0.004 95 % CI 0.07-0.29) in the caudate nucleus with the
atomoxetine+cold challenge. The reductions were slightly more pronounced when measured in the
time window of 10-20 min rather than 5-30 min, but nonetheless of a similar overall magnitude.
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Figure 17. Bound per free tracer (estimated with BPND, n=7 for atomoxetine + cold, n=8 for ketamine and
the control condition) in the caudate nucleus in the scanning time interval of 10-20 minutes. Means and 95
% Cls are indicated by the horizontal bars.

Voxel-based analysis (Fig. 18) suggested that the most significant change in B/F tracer with the
ketamine challenge took place in the right posterior putamen. Coordinates of the peak voxel
[T=9.84, p=1.08x107, p(FWE)=0.049] (x, y, z) in MNI space were 30, -3, -7.5, and the cluster size was
523 voxels [p(FEW)=0.00066, p(FDR)=0.010]. A large significant cluster in the dorsal putamen was
also seen with the atomoxetine+cold challenge, but the global maximum [T=9.97, p=9.28x107%,
p(FWE)=0.044] was located in coordinates (x, y, z) -16, -72, 0 in the left lingual gyrus. The
corresponding cluster consisted of 568 voxels [p(FEW)=0.0004, p(FDR)=0.0014]. Tracer binding in the
most significant putamen clusters was reduced by 24 % (BPyp°™™' 1.00, SD 0.15; BPyp*e®™"e 0,76, SD
0.14) and 23 % (BPnp®™™ 1.02, SD 0.10; BPyptomoetine/cold 979 Sp 0.11) with ketamine and
atomoxetine+cold, respectively.

The average atomoxetine concentration in plasma at the time of tracer administration was 501 (SD
215) ng/ml and the average end-of-PET concentration was 414 (SD 159) ng/ml. On average, the
targeted plasma concentration of 300 ng/ml was reached during the ketamine scans by end-of-PET,
(314 ng/ml, SD 70 ng/ml). The ketamine challenge was associated with statistically significant
increases (Baseline - (tracer administration + end-of-PET)/2 = 0.77 nmol/l, p=0.004) in plasma
noradrenaline concentrations, but statistical significance was not reached with the
atomoxetine+cold challenge. Increases in plasma adrenaline concentrations were also detected
during the ketamine challenge (0.30 nmol/l, p=0.002) but not during the atomoxetine+cold
challenge (0.01 nmol/l, p=0.88) or the control condition.
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Figure 18. Parametric images of the peak significant cluster in the right dorsal putamen after ketamine
administration.

Strong experimental support was obtained confirming the suitability of [1!C]JORM-13070 for imaging
endogenous synaptic noradrenaline.

5.4. Effect of dexmedetomidine on [''CJORM-13070 binding in the CNS
(study TV)

Six healthy Caucasian male subjects were included in the study. The average (SD) age, weight and
body mass index of the subjects were 22 (0.5) years, 75.9 (7.5) kg and 23.2 (1.7) kg/m?, respectively.
Each subject received three injections of [*!CJORM-13070: one without dexmedetomidine [baseline
(BL) scan], and two scans with low [0.2 ng/ml (LD)] or high [0.6 ng/ml (HD)] target concentrations of
dexmedetomidine in plasma. Dexmedetomidine was employed as a pharmacological challenge to
inhibit the neuronal release of noradrenaline. The hypothesis of increased tracer binding in response
to a sympatholytic drug was tested with PET. Tiredness was evaluated with visual analog scales
(VAS). Cardiovascular effects of the drug infusions were assessed by monitoring of vital signs.

According to VAS, the high dexmedetomidine dose was clearly sedative, while there was no
significant sedative effect associated with the low dose. As a sign of centrally mediated peripheral
sympatholytic effects, both systolic and diastolic blood pressures were significantly lowered with
both dexmedetomidine dose levels compared to the control condition at the end-of-PET time point,
while there were no statistically significant differences at 5 min after the start of the infusions. There
were no significant differences in heart rate at either time point.

Statistical parametric mapping was performed to identify the brain regions with significant changes
in tracer binding. In addition, ROI-based analysis was performed in areas with known high densities
of a,c-ARs. Pairwise comparisons LD-BL and HD-BL were made with the uncorrected alpha set to
0.05. Both dose levels were associated with a tendency towards increased values of B/F tracer in the
right thalamus (Figure 16, peak MNI x, y, z: 9, -12, 4), 17 % (p=0.138) and 19 % (p=0.054)
respectively. A large and statistically significant increase of 42 % (p=0.010) in B/F tracer was
associated with the comparison LD-BL in the right superior temporal gyrus (Figure 2, peak MNI x, y,
2:60,-12, 1).
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Figure 19. The cluster in the right thalamus (MNI x, y, z: 9, -12, 4) revealed by the comparison HD-BL. The
figures are in radiological orientation.

ROI-based analysis in the caudate nucleus and putamen revealed no effect on tracer binding with
either dexmedetomidine dose level. The analysis was performed with two slightly different time
intervals, 5-30 min and 10-20 min, with similar outcomes. The lack of effect in the areas of dense
oc-AR distribution indicated that direct competition binding by dexmedetomidine did not
significantly confound the results in other areas where effects indicative of dexmedetomidine-
induced reductions in noradrenaline release were detected. ROI-based analysis in the thalamus
revealed a 9 % (p>0.05) increase in tracer binding in both hemispheres with the high
dexmedetomidine dose, while the global thalamic effect of the low dose was below the absolute
test-retest variability established in study |, i.e. negligible.

Analysis of tracer metabolism from venous blood samples at 5, 15 and 30 min after tracer injection
revealed that dexmedetomidine reduced the fraction of the intact tracer at the higher dose level,
while the low dose had a smaller and statistically insignificant effect. The average fraction of intact
[1*C]ORM-13070 in blood at 15 min and 30 min after tracer injection was approximately 17 % lower
during the high-dose infusions than during the control scan. Average dexmedetomidine
concentrations in plasma at the end of the 30-minute infusions were 0.17 ng/ml (SD 0.02) and 0.63
ng/ml (SD 0.13) with the low and high target concentrations, respectively.
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6. DISCUSSION

The absolute test-retest variability of [*!CJORM-13070 binding in study | was 4.3 % in the putamen
and 6.5 % in the caudate nucleus, with intra-class correlation coefficients of 0.88 and 0.76,
respectively. Such high values of test-retest reliability enabled the use of [*!CJORM-13070 for the
detection of small endogenous transmitter—induced changes in studies II-IV with relatively small
sample sizes. BPp and BPnp correlated well and were of a similar magnitude, which suggested that
non-specific binding in plasma and tissue was not affecting the estimation of specific binding.

The binding estimates obtained with the tissue ratio method and the compartmental model
correlated well and the repeatability of tracer binding with the ratio method was superior to SRTM,
which is commonly regarded as the standard reference tissue modelling method. Most probably due
to the presence of the radioactive metabolites, SRTM did not ideally fit the data. The modelling work
indicated that it would be better to use B/F ratios as a compound estimate of receptor density and
affinity. The ratio method combined with the rapid kinetics of [!C]JORM-13070 was seen as
advantageous with regard to human PET studies since it enabled short scanning times, minimized
radiation exposure and the procedure had the added advantage of relative non-invasiveness which
meant that there would be no requirement for arterial cannulation in subsequent studies.

[1!C]ORM-13070 was dose-dependently displaced by atipamezole from axc-ARs in the dorsal striatum
in study Il, but Emax remained below 80 %, even though based on its known high in vitro affinity, high
atipamezole doses would have been anticipated to occupy close to 100 % of all striatal axc-ARs, and
thus the reduction in the binding potential of [1!C]JORM-13070 was expected to approach 100 % at
high atipamezole concentrations in plasma. The radioactive metabolites of the tracer provide the
most likely explanation for this minor discrepancy. Two radioactive metabolites of [*XCJORM-13070
were identified in preclinical experiments and it has been postulated that at least one of them can
gain access to the brain. The molecular structures of the metabolites have not been resolved in spite
of efforts involving stable isotopes and mass spectroscopy, but they are thought to be volatile, very
small molecular weight fragments that are likely to have no affinity for a,c-ARs (Arponen et al.,
2014). However, despite the metabolites only exhibiting non-displaceable binding, it is possible that
metabolism could cause increased accumulation of radioactivity in the reference region, which may
be more pronounced than the non-displaceable uptake of radioactivity in the target region. This
would explain why atipamezole was apparently unable to fully displace the tracer from a,c-ARs in
the human brain. With the proviso of the aforementioned scenario, the ratio method is robust in
terms of possible bias caused by tracer metabolism, as long as there are no treatment-related
alterations compared to the control condition, which was confirmed with venous blood sampling
during the PET scans.

It is possible that [*C]JORM-13070 could be binding to other specific sites in addition to a,-ARs that
would be more abundant in the striatum than in the cerebellum. Another alternative explanation
involves the cellular localization of aac-ARs: a significant proportion of ac-ARs may have an
intracellular location (Olli-Léhdesmaki et al., 1999), and the presence of the antagonist atipamezole
could cause increased cell surface expression of the receptors (Olli-Ldhdesmaki et al., 2003). In the
event of increased cell surface receptor expression, then one would predict that the value of Bmax
would increase, which would result in larger apparent BP values.
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From a pure PET modelling standpoint, a bolus + infusion approach where true equilibrium in tracer
kinetics is achieved would theoretically be better suited for binding estimation with tissue ratios.
Unfortunately, certain practical aspects currently prevent the use of [*!CJORM-13070 infusions in
studies on humans, as the currently available radiosynthetic methods are not able to consistently
produce more than 1 GBq of [*!C]JORM-13070 at one time without sacrificing high specific activity.
Due to the 20 min half-life of carbon-11, true equilibrium would be reached at a relatively late stage
when the overall radioactivity would be low, which would in turn reduce the ratio of true signal-to-
noise. The radioactive metabolites could also accumulate sufficiently to further decrease this ratio,
as was indicated during earlier bolus + infusion studies with [!CJORM-13070 in cynomolgus
monkeys (Finnema et al., unpublished data), and furthermore the required imaging time would be at
least doubled.

Bolus injections of radiotracers result in a transient equilibrium (also referred to as pseudo
equilibrium; Farde et al., 1989), and analysis with the ratio method is typically performed by
including parts of both the upward and downward slopes of the radioactivity curves, as well as the
theoretical point of equilibrium where the derivative for specific binding is zero. Thus, the bolus
method also includes a measure of radiotracer wash-out (kz), which could be sensitive to changes in
regional cerebral blood flow (CBF). If the employed pharmacological (or other) challenges were to
alter CBF significantly, this could confound the results or, in extreme cases, even fully account for the
observed effects. The observed reductions in [*'CJORM-13070 binding in studies I, lll are not,
however, regarded as a result of increased CBF for reasons which will be discussed below.

The exploratory findings found in study Il of reduced tracer binding in response to noradrenergic
challenges were seen across different mechanisms of action and the findings were repeated in study
Il with larger numbers of subjects and slightly modified challenge designs, where tracer binding in
the striatum was reduced by up to 24 % and 23 % with ketamine and atomoxetine+cold stimulation,
respectively. The use of anesthesia has been demonstrated to affect binding of other PET tracers
such as ['!C]raclopride in test animals (Ginovart et al., 2002, McCormick et al., 2011), but the
ketamine concentrations employed in studies Il and Ill were clearly sub-anesthetic, and similar
reductions in tracer binding were also seen with cold exposure and atomoxetine. Although no in vivo
data are available, it is very unlikely that NET inhibition would significantly affect CBF. Increased
regional CBF has been demonstrated by PET in humans in response to i.v. ketamine in frontal,
orbital-frontal, and anterior cingulate cortical areas, but not in the dorsal striatum (Rowland et al.,
2010). Furthermore, even though there was no effect on [*!CJORM-13070 binding, insulin-induced
hypoglycemia has been reported to significantly increase regional CBF in the human striatum, as
demonstrated with both pulsed arterial spin labelling-MRI (pASL-MRI) and PET (Arbeldez et al.,
2013). This would suggest, although not conclusively, that the estimation of [!CIORM-13070 binding
with tissue ratios is not particularly sensitive to changes in regional blood flow.

Since ketamine is believed to release also other brain monoamines in addition to noradrenaline,
most notably dopamine, a striatal dopamine D2 receptor binding study was used as a reference for
the targeted ketamine concentration in studies Il and Ill. Ketamine administration did not decrease
striatal [*!C]raclopride uptake at an average plasma ketamine concentration of approximately 300
ng/ml (Aalto et al., 2002). Even though earlier studies with plausible methodological weaknesses
have reported decreased [*!C]raclopride binding in response to ketamine, the finding of unaffected
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tracer binding to D,/D; receptors has been subsequently repeated across species i.e. in humans
(Kegeles et al., 2002) and test animals (Hassoun et al., 2003), and ketamine’s negligible effect on
striatal dopamine has also been confirmed in microdialysis experiments performed in non-human
primates (Adams et al., 2002).

Atomoxetine reduced striatal [*!C]JORM-13070 uptake to a similar small extent as ketamine in study
Il and the same was true for the cold pressor test. Until recently, atomoxetine was regarded as a
highly selective inhibitor of neuronal noradrenaline re-uptake, and the doses used in studies Il and IlI
were assumed to produce near-complete NET occupancy (Takano et al., 2009). There is no evidence
or indication of a direct excitatory effect on dopamine neurotransmission. A recent PET study with
non-human primates revealed that atomoxetine achieves almost equal occupancy of SERT compared
to NET after acute administration of clinically relevant doses (Ding et al., 2014) but this would
theoretically reduce, rather than increase, striatal dopaminergic activity by activating 5-HTxc
receptors (Alex et al., 2005; Egerton et al., 2008). It is therefore very unlikely that the reductions in
tracer binding following atomoxetine administration were caused by increased extracellular
(synaptic) dopamine.

The effects of both atomoxetine and ketamine on extracellular noradrenaline levels have been well
documented. Previously, NET inhibition by atomoxetine has been shown to result in up to eight-fold
increases in brain ECF noradrenaline concentrations following acute exposure (Montezinho et al.,
2010; Umehara et al., 2013). Up to five-fold increases in rat brain ECF noradrenaline levels have
been detected with microdialysis following ketamine administration (Kubota et al., 1999; Lorrain et
al., 2003; Tose et al., 2009). Now for the first time, results consistent with those obtained in test
animals have been achieved by in vivo imaging results from human subjects.

Atomoxetine was combined with the cold pressor test in study Ill. It is acknowledged that this
challenge protocol is somewhat lacking in specificity with respect to brain neurotransmitters and the
contributing effects of monoamine transmitters other than noradrenaline cannot be excluded. The
combination challenge was associated with approximately equal reductions in striatal [*!CIORM-
13070 uptake as observed with ketamine, and the decrease in tracer uptake was somewhat larger
than that seen with the two challenges employed separately in study Il. The consistent and
complementary findings obtained with four different challenge protocols across studies Il and Il
supported the conclusion that striatal [*!C]JORM-13070 uptake can reflect increased extracellular
(synaptic) noradrenaline concentrations in the brain, but a possible contribution of synaptic
dopamine levels to the observed changes in striatal [*X*CJORM-13070 binding cannot be completely
excluded.

Catecholamine concentrations in peripheral venous plasma were not significantly increased in
conjunction with any of the noradrenaline challenges in study Il and the atomoxetine + cold pressor
combination challenge, but ketamine administration was associated with significantly increased
plasma concentrations of both noradrenaline and adrenaline in study Ill. The discrepancy in
ketamine-evoked responses between studies Il and Il is in part explained by the increase in dose and
possibly also by improved control of sampling times in study Ill. Blood sampling for the baseline
noradrenaline sample was always performed at least 20 min after i.v. cannulation in a well-
controlled resting state in study Ill, whereas there was more variation in study Il due to some
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difficulties in blood sampling, which quite possibly resulted in elevated baseline noradrenaline levels
during certain visits. It is not apparent why the atomoxetine + cold pressor challenge in study IlI did
not evoke similar plasma catecholamine responses as ketamine, as the CNS effects of the two
challenges were similar in magnitude. It is unclear how well peripheral i.e. venous, noradrenaline
levels actually reflect noradrenaline release in the brain. The fact that both noradrenaline and
adrenaline were elevated peripherally while there seems to be no connection to the perceived CNS
effects would point to adrenomedullary activation being associated with the ketamine challenge, but
this peripheral contribution should not influence the CNS findings and vice versa, unfortunately
further exploration of this phenomenon was beyond the scope of this thesis work.

The PET imaging results also provided evidence of reduced noradrenaline release in the brain
associated with i.v. dexmedetomidine infusion in study IV, even although there were no statistically
significant effects in the brain regions with highly repeatable tracer binding. Binding in the right
superior temporal gyrus was significantly increased by the low dose dexmedetomidine infusion, and
furthermore a clear indication of a treatment effect was also detected in the right thalamus with
both dose levels. The increase in tracer binding was primarily interpreted as evidence of a reduction
in extracellular (synaptic) noradrenaline levels, i.e. in accordance with the original hypothesis based
on the occupancy model.

The results of study IV are also in agreement with other studies, which have implicated the thalamus
as an important anatomic location in both disruption (He et al., 2014) and recovery (Gummadavelli
et al., 2014) of consciousness. Dexmedetomidine infusions have been linked to decreases in CBF and
brain glucose metabolism with pASL-MRI and FDG-PET, respectively (Akeju et al., 2014), and the
initiation of dexmedetomidine-induced loss of consciousness has been shown to affect the thalamus
and cortical areas concurrently (Baker et al., 2014). It has also been postulated that the afferent
neurons from the LC are involved in a thalamic gating mechanism of nociception (Vogt et al., 2008).

Decreased regional CBF may have affected the tracer binding estimates in study IV by decreasing ks,
i.e. an opposite effect compared to that encountered in studies Il and Ill. The results of Akeju et al.
(2014) indicated that there can be decreases in thalamic CBF caused by dexmedetomidine, but this
was seen at anesthetic drug concentrations. Binding in the right superior temporal gyrus in study IV
was only increased by the low-dose dexmedetomidine infusion (p<0.05), while the higher dose had
no effect. The higher dose should have had a more pronounced effect (if any) on CBF, while the low
dose, considered to be non-anesthetic by the subjects in their VAS assessments, was not expected to
affect CBF similarly to anesthesia. The lack of cortical effects with the higher dose may have been at
least partially explained by the reduced fraction of the parent drug during the higher dose, which
reduced specific binding in reference to the cerebellum. It is possible that a more pronounced
inhibitory effect on noradrenaline release was only partially able to overcome for the negative bias
caused by the reduced parent fraction in the thalamus, and thus only moderate increases (p>0.05)
were seen with both dose levels in the voxel-based analysis, although the effect of the high dose was
slightly more pronounced (p>0.05). ROI-based analysis in the thalamus revealed an approximately 9
% (p>0.05) increase in tracer binding in both hemispheres with the high dexmedetomidine dose,
while the global thalamic effect of the low dose was within the absolute test-retest variability
established in study |, i.e. it was regarded as negligible.
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The small sample size (n=6) restricted the interpretation of the results of study IV. Despite the
previously demonstrated high repeatability of thalamic [**CJORM-13070 binding (absolute variability
6.6 %; see results section for details), a larger sample size would have been required to reach
statistical significance. The relevance of the (statistically significant) isolated cortical finding is
unclear with regard to previously published data on dexmedetomidine and the CNS effects of
anesthetic agents in general, and the repeatability of cortical [*C]JORM-13070 binding is
qguestionable, with an absolute test-retest variability of 13-14 % (see results section for details).

Even though the effects of dexmedetomidine are known to be primarily mediated via the a,.-AR
subtype (Bucheler et al., 2002, Ldhdesmdki et al., 2003; lhalainen and Tanila, 2004), it was
considered possible that the higher dose, while being more likely to cause significant inhibition of
noradrenaline release, might also be able to significantly reduce tracer binding by direct competition
with the tracer for binding to a,c-ARs. The lower dose, which caused similar peripheral sympatholytic
effects, was not expected to result in any detectable a,c-AR occupancy. Significant competition
binding with the tracer did not occur in study IV as this would have become manifested in the dorsal
striatum where the majority of o,c-ARs are located, and where [*!C]JORM-13070 binding was
unaffected regardless of the dexmedetomidine dosage. Thus, the binding estimates in other brain
areas were not likely to be significantly affected by direct competition binding by dexmedetomidine,
which would have counteracted the indirect pharmacodynamic effect, i.e. reduced synaptic
noradrenaline levels. The thalamus is a well-documented noradrenergic projection area of the LC
(Vogt et al., 2008; Devilbiss et al., 2012), whereas relatively little is known about noradrenergic
innervation of the dorsal striatum. Even if dexmedetomidine might efficiently reduce synaptic
concentrations of noradrenaline in the brain, the effect size on tracer binding might remain
relatively small; in contrast, potent monoamine releasing drugs like ketamine, which was used in
studies Il and Ill, may evoke abrupt and dramatic increases compared to the basal transmitter levels,
more easily detectable by PET (Kubota et al., 1999; Lorrain et al., 2003; Tose et al., 2009). While the
LC sends projections across the neuraxis and cortical areas (Keren et al., 2009), detecting a
treatment effect also requires sufficient binding sites for the tracer, and the cortical distribution of
oc-ARs outside striatal and thalamic areas is scarce.

Based on physiological responses to knock-outs of genes encoding the a,a -and a,c —subtypes in mice
(Hein et al., 1999; Altman et al., 1999), the primary function of the a,-ARs is regarded to be pre-
synaptic auto-inhibition. When measured from rat CSF after sub-cutaneous administration of
dexmedetomidine, the concentration of the main metabolite MHPG was dose-dependently reduced
(MacDonald et al., 1991). Major reductions in plasma concentrations of both noradrenaline (up to
66-85 %) and adrenaline have been detected in humans with dexmedetomidine plasma
concentrations of 0.5-8.0 ng/ml (Ebert et al., 2000). Significant attenuations of noradrenaline release
caused by injection stress in vivo (Ihalainen and Tanila, 2004) and electrical stimulation in vitro in
cortical slices (Bucheler et al., 2002) have been demonstrated in response to two a,-AR agonists,
dexmedetomidine and brimonidine in wild-type mice but not in aza-AR knock-out mice. However, no
significant differences in baseline levels of noradrenaline were detected in the ventral striatum
(nucleus accumbens) of mice in response to aza-AR knock-out, as determined by ECF microdialysis
(Ihalainen and Tanila 2004). Dexmedetomidine’s effect on synaptic noradrenaline may become more
apparent under stressful conditions, and inhibition of stimulated noradrenaline release could be
tested by combining dexmedetomidine with a physiological challenge, e.g. cold exposure, which
decreased tracer binding in study Il.
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Generally, a lack of effect in one brain area is not conclusive evidence of an overall lack of effect, and
conversely synaptic changes in transmitter levels in response to systemic drug infusions may vary
between brain areas, and microdialysis (or CSF sampling) may not be able to reliably detect these
effects. An endogenous dopamine displacement protocol performed with amphetamine and
methylphenidate to increase synaptic dopamine concentrations, which utilized [!C]raclopride PET
combined with ECF microdialysis in rhesus monkeys, could detect no linear correlation between the
the ECF and PET findings: An approximately 25 % decrease in striatal [*'C]raclopride binding was
seen with both drugs, while the (ECF) concentration of dopamine was increased fourfold more with
amphetamine compared to methylphenidate (Schiffer et al., 2006). The pharmacodynamic
properties of the investigational medicinal products seem to determine whether there is a
correlation between microdialysis and binding measured by PET e.g. a linear correlation has been
observed with amphetamine (Narendran et al., 2014).

A low basal level of receptor occupancy by endogenous noradrenaline may prevent the detection of
subtle changes in transmitter release. Inhibition of stimulated neurotransmitter release has been
tested with moderate success in humans by administering amphetamine and reserpine with the
dopamine D,/Ds receptor tracer IBZM (Innis et al., 1992; Laruelle et al., 1996). The noradrenergic
hypothesis of the pathogenesis of memory impairing neurological diseases states that there is
disturbed LC function and cell loss (Marien et al., 2004). Thus, inhibition of stimulated release by aa-
AR-agonists like dexmedetomidine should be disturbed in neurological conditions where normal LC
function is impaired. As a result of the reduced LC cell count, the basal noradrenaline level in the
projection areas should be reduced concurrently with an impaired capacity for drug-induced
autoinhibition due to a reduction in the number of binding sites, i.e. a2a-ARs.

Prior to studies in AD/PD patients, the feasibility of this type of modified challenge protocol needs to
be tested initially in healthy volunteers. Subsequently, one could conduct follow-up PET imaging in
MCI/AD/PD patients to assess whether disturbances LC function actually predict the development of
cognitive impairment or even precede other biomarkers of AD such as the brain amyloid load or CSF
biomarkers. This type of costly and time-consuming follow-up is not feasible based on the present
understanding of the topic, which is mostly based on theoretical considerations. However, should
possible pilot experiments with AD patients confirm a noradrenergic disturbance, the situation
would change. A straightforward approach would be to measure [!CJORM-13070 binding in patient
groups compared with age-matched controls. The result would represent a combination of changes
in receptor density and possible alterations in competing transmitter levels, in fact these two factors
could not be reliably differentiated, but would reveal a disturbance at the level of noradrenergic
transmission in specific parts of the brain. Furthermore, this approach would also provide valuable
information on whether [**C]JORM-13070 PET would be useful for studying CNS pathology in general.
Interestingly, in addition to cortical areas, the presence of significant AR deposits that precede the
onset of dementia in patients with autosomal dominant (i.e. hereditary) AD has been detected in the
thalamus and particularly in the caudate nucleus (Bateman et al., 2012), which are also areas with
significant and highly reproducible levels of [*C]JORM-13070 binding.
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7. CONCLUSIONS

[1!C]ORM-13070 was validated as a new radiotracer for use in PET imaging studies in humans. The
repeatability of [!CJORM-13070 binding in healthy individuals was found to be very high. The
binding properties of the tracer enabled reliable estimation of axc-AR occupancy by using the
reference tissue ratio method; with this approach there was low test-retest variability. Even though
there may have been some degree of apparent underestimation involved in the receptor occupancy
estimates when assessed with competing ligands, [**CJORM-13070 is still considered to be suitable
for use in the clinical development process of novel a,c-AR ligands e.g. to determine the best doses
and dosing intervals for clinical trials in patients.

By utilizing different pharmacological and physiological challenges, convincing experimental
evidence was gained to support the suitability of [!CJORM-13070 PET for detecting increases in
endogenous synaptic noradrenaline levels in the human brain. The PET imaging results were less
conclusive with regard to detecting reductions in synaptic noradrenaline levels. While significant
cortical effects indicative of drug-induced inhibition of noradrenaline release were seen, detection of
inhibitory effects on stimulated release in the dorsal striatum and/or the thalamus would provide
even further support for the suitability of [*!C]JORM-13070 PET for monitoring reductions in
noradrenergic neurotransmission.

The thesis work revealed new information as well as supported existing hypotheses on the CNS
effects of the investigated agents. For the first time in humans, ketamine and atomoxetine were
shown to increase synaptic noradrenaline levels in striatal as well as cortical brain areas;
furthermore a simultaneous increase in peripheral noradrenaline concentrations was also detected
when ketamine was administered.

The successful validation of [*!CJORM-13070 PET imaging will benefit the future clinical development
of drugs affecting brain noradrenergic neurotransmission. Potential therapeutic areas include
neurology and psychiatry, where [**C]JORM-13070 PET can be employed in the development of new
treatments e.g. for Alzheimer’s disease and schizophrenia. [*!\CJORM-13070 PET also has potential to
be a useful new clinical tool for research investigating the pathophysiology of various brain disorders
involving disturbances in noradrenergic neurotransmission.
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