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“It is more fun to talk with someone who doesn't use long, difficult words but
rather short, easy words like ‘what about lunch?”
— Winnie-the-Pooh, in A.A. Milne's Winnie-the-Pooh
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Preface

The research presented in this thesis was conducted at the Neurobiology Research
Unit, Copenhagen University Hospital Rigshospitalet, from September 2014 to
June 2024 under the supervision of Professor Gitte Moos Knudsen. During this
period, I have held various scientific positions in the pharmaceutical industry.
Therefore, | applied to the Graduate School to combine this research into a PhD
thesis without enrolment, in accordance with the Ministerial Order on the PhD
programme, section 15(2). This application was approved by the Head of the
Graduate School in June 2023.

The thesis has two parts: an introductory section covering key concepts, impact,
and perspectives of the research, followed by the included research papers listed on
the next page.

Figures 2, 4, and 9 were partly generated using Servier Medical Art, provided by
Servier, licensed under a Creative Commons Attribution 4.0 license. Publication |
(including thesis Figures 14-19) is published by the European Journal of
Pharmacology: Theses and dissertations which contain embedded published journal
articles as part of the formal submission can be posted publicly by the awarding
institution with DOI links back to the formal publications as per their copyright
policy. Publication Il (including thesis Figures 20 and Table 4) is published by
Molecular Imaging and Biology under a CC BY license (Creative Commons
Attribution 4.0 license). This license allows readers to copy and redistribute the
material in any medium or format, providing the original author is credited.
Publication Il (including thesis Figures 21-23) is published by Frontiers in
Neuroimaging under the Frontiers General Conditions for Authors, where authors
of articles published in Frontiers journals retain copyright on their articles. Authors
are therefore free to disseminate and re-publish their articles, subject to the original
publication being fully cited.

Janus Houe Magnussen,
— London, June 2024
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Abstract

The neuronal nicotinic acetylcholine receptor (nAChR), particularly the a7 subtype,
is widely distributed throughout the central nervous system (CNS) and plays an
essential role in synaptic transmission, neural network dynamics, and cognitive
function, contributing to both physiological processes and pathological conditions
such as Alzheimer's disease (AD) and schizophrenia. In AD, the a7 nAChR exhibits
a dual role, with evidence suggesting both neuroprotective and disease-
exacerbating effects. Similarly, in schizophrenia, the involvement of a7 nAChRs
has gained attention for its potential in the cognitive impairments associated with
the disease. However, clinical trials targeting a7 nAChRs for cognitive symptoms
in both AD and schizophrenia have so far been unsuccessful, reflecting issues such
as the translational validity of animal models and the complex dose-response
relationships. Moreover, epigenetic mechanisms, particularly histone acetylation
and deacetylation, have emerged as crucial regulators of gene expression implicated
in AD pathogenesis. Positron emission tomography (PET) imaging offers a
promising non-invasive approach for real-time visualization of histone deacetylase
(HDAC) dynamics in vivo. Furthermore, in the context of drug discovery,
particularly for CNS disorders, PET molecular imaging plays a crucial role in
assessing critical drug attributes such as tissue accessibility and target engagement,
which are essential for the success of development programs, and crucial for
potential compounds targeting neuronal a7 nAChR and HDACs. By interrogating
these parameters, PET imaging enhances our understanding of CNS drug
pharmacology and aids in mitigating the high failure rates and long development
timelines associated with CNS drug development.

The aims of the research presented here are threefold: 1) To assess the suitability of
3H-NS14492 as aradioligand for the a7 nAChR; 2) To validate the newly developed
radioligand, *C-Martinostat, in the pig brain; 3) To evaluate the binding of prior
clinical drug candidates, bradanicline (TC-5619) and encenicline (EVP-6124), to
the a7 nAChR in the pig brain using PET imaging with 1!C-NS14492;

In Paper |, we evaluated the in vitro properties of 3H-NS14492, revealing saturable
binding in pig brain sections and homogenate with favorable nanomolar affinity.
The radioligand displayed specificity in displacement studies with a7 nAChR
agonists and positive allosteric modulators, suggesting its utility for studying



pharmacological properties of these compounds. Paper Il focused on the in vivo
properties and validation of *C-Martinostat for measuring HDAC1-3 levels. PET
imaging demonstrated excellent signal-to-noise ratio and substantial brain uptake
with widespread distribution, confirming specificity through blocking experiments.
This highlights the potential of *:C-Martinostat for investigating epigenetic changes
in vivo. In Paper Ill, we investigated a7 nAChR agonist engagement using *'C-
NS14492, revealing distinct occupancies for previous clinically tested partial and
full agonists, encenicline and bradanicline, respectively. These findings emphasize
PET's role in CNS drug development, necessitating comprehensive evaluations
before initiating large-scale clinical trials, particularly for challenging therapeutic
targets like a7 nAChRs.

In conclusion, this research highlights PET imaging's versatility and significance in
studying a7 nAChRs, HDAC levels, and a7 nAChR ligand engagement, offering
valuable insights into radioligands' in vitro and in vivo properties and their potential
as tools in drug development.



Dansk resumé

Den neurale nikotinerge acetylcholinreceptor (nAChR), iseer o7, er bredt fordelt i
hele det centrale nervesystem (CNS) og spiller en afggrende rolle i synaptisk
transmission, neurale netvaerk og kognitive funktioner, hvilket bidrager til bade
fysiologiske processer og patologiske tilstande sasom Alzheimers sygdom (engelsk
forkortelse, AD) og skizofreni. I AD har a7 nAChR en dobbelt rolle, hvor der er
evidens for bade neurobeskyttende og sygdomsfremkaldende virkninger. P4 samme
made har o7 nAChR faet opmarksomhed i skizofreni pa grund af receptorens rolle
i de kognitive forstyrrelser forbundet med sygdommen. Indtil nu har kliniske forsgg
rettet mod a7 nAChR for kognitive symptomer ved bade AD og skizofreni veret
mislykkede, hvilket afspejler udfordringer med translationel validitet af
dyremodeller og komplekse dosis-responsforhold. Desuden er epigenetiske
mekanismer, isar histonacetylering og deacetylering, foreslaet som afggrende
regulatorer af genekspression, der er impliceret i AD sygdomsudvikling.
Positronemissionstomografi (PET) er en lovende ikke-invasiv metode til
visualisering af histondeacetylase (HDAC) dynamikken in vivo i realtid. Derudover
spiller PET billeddannelse en afggrende rolle i wvurderingen af
leegemiddelegenskaber sdsom veavsadgang og receptor- eller molekyleokkupans,
hvilket er afgerende for succesen af tidlige kliniske udviklingsprogrammer og
essentielt for leegemidler rettet mod neurale a7 nAChR og HDAC. Ved at
undersgge disse parametre forbedrer PET billeddannelse vores forstaelse af CNS-
leegemidlers farmakologi og hjeelper med at mindske de hgje fejlrater og lange
udviklingsprogrammer der ses ved CNS-leegemiddeludvikling.

Formélene med den preasenterede forskning er trefoldige: 1) At vurdere 3H-
NS14492 som en radioligand for a7 nAChR; 2) At validere den nyudviklede
radioligand, !C-Martinostat, i grisehjerner; 3) At evaluere bindingen af tidligere
kliniske leegemiddelkandidater, bradanicline (TC-5619) og encenicline (EVP-
6124), til a7 nAChR i grisehjerner ved hjelp af PET-billeddannelse med !C-
NS14492.

| Publikation I blev in vitro egenskaberne af 3H-NS14492 evalueret, hvilket viste
metning af bindingssteder i sektioner af grisehjernen og i homogenat med
nanomoler affinitet. Radioliganden viste specificitet i bindingsstudier med o7
nNAChR agonister og positive allosteriske modulatorer, hvilket viser radioligandens
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anvendelighed til at studere farmakologiske egenskaber for disse stoffer.
Publikation Il fokuserede pa in vivo egenskaber og validering af 'C-Martinostat til
maling af HDAC1-3 niveauer. PET-billeddannelse viste et godt signal-staj-forhold
og betydelig hjerneoptagelse med en bred distribution. Specificiteten blev bekraeftet
ved blokeringsforsgg. Dette understreger potentialet af 'C-Martinostat til at
undersgge epigenetiske e&ndringer in vivo. Publikation 111 undersggte a7 nAChR
agonist binding ved brug af 1*C-NS14492, hvilket afslgrede forskellige niveauer af
binding for tidligere klinisk testede delvise og fulde agonister, henholdsvis
encenicline og bradanicline. Disse resultater understreger PET's rolle i CNS-
leegemiddeludvikling og understreger ngdvendigheden af grundige evalueringer far
starre kliniske forsgg igangsattes, iser for vanskelige terapeutiske mal som a7
nAChR.

Afslutningsvis fremhaver disse publikationer PET-billeddannelses alsidighed og
betydning i studiet af o7 nAChR'er, HDAC niveauer og a7 nAChR ligand binding,
idet de bidrager med indsigter i radioligandernes in vitro og in vivo egenskaber og
deres potentiale som relevante vaerktgjer i leegemiddeludviklingen.
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Chapter 1

Introduction and background

The nicotinic acetylcholine receptor

The earliest evidence of the nicotinic acetylcholine receptor (nAChR) can be traced
back to the work of Otto Loewi, who discovered the neurotransmitter acetylcholine
in 1921 (Valenstein, 2002). He jointly won the 1936 Nobel Prize in Physiology or
Medicine with Henry Dale for demonstrating the chemical transmission of nerve
impulses, a discovery supposedly inspired by two dreams (McCoy & Tan, 2014):

“The night before Easter Sunday of [1920] | awoke, turned on the light and jotted
down a few notes on a tiny slip of thin paper. Then | fell asleep again. It occurred
to me at 6.00 o’clock in the morning that during the night I had written down
something important, but | was unable to decipher the scrawl. The next night, at
3.00 o’clock, the idea returned. It was the design of an experiment to determine
whether or not the hypothesis of chemical transmission that | had uttered 17 years
ago was correct. | got up immediately, went to the laboratory, and performed a
simple experiment on a frog heart according to the nocturnal design.”

Loewi conducted experiments on two frog hearts, isolating one with a connected
vagus nerve and the other without, housed in separate perfusion chambers (Loewi,
1921). Stimulating the vagus nerve in the first heart led to a significant slowdown
in its pulse and when the fluid from the first heart was transferred to the second, the



second heart similarly slowed down, mimicking the effects of direct nerve
stimulation. He named the inhibitory substance vagusstoff, now known as
acetylcholine (ACh). This experiment highlighted that nerve cells primarily
communicate through chemical signals, not electrical impulses. Building on
Loewi's work, Henry Dale conducted further research on ACh and revealed its role
as a neurotransmitter. Dale demonstrated that ACh transmitted impulses from the
vagus nerve to the heart muscle—experiments that provided concrete evidence of
chemical neurotransmission, leading to a paradigm shift in neuroscience. Together,
their work paved the way for the identification of the ACh receptor (Tansey, 2006).

In the 1950s and 60s, Bernard Katz and Ricardo Miledi used microelectrode
techniques to study muscle cell electrical activity, discovering that ACh caused
transient depolarization by opening ion channels (Katz & Miledi, 1965, 1967,
1968). Bernard Katz received the Nobel Prize in 1970 for this work (Bennett, 2003).
Around the same time, Victor Nachmansohn showed that NAChR was present in
the electric organ of the electric eel, and that it was responsible for the production
of the electric discharge (Nachmansohn, 1964, 1966, 1972). In the following years,
several researchers worked to purify and characterize the nAChR protein: Chen-
Yuan Lee made a significant discovery regarding alpha-bungarotoxin (o-Btx), a
snake venom from the many-banded krait (Bungarus multicinctus) which
specifically  blocked  neuromuscular  transmission  without  affecting
acetylcholinesterase (Chang, 1999). Lee, along with Jean-Pierre Changeux and
Michiki Kasai, demonstrated o-Btx’s ability to block the electric eel's electrical
response and ion flux response to nicotinic agonists, highlighting its use in
neuromuscular and nicotinic receptor studies (Changeux, Kasai, Huchet, et al.,
1970; Changeux, Kasai, & Lee, 1970). In 1971, Miledi and colleagues isolated
nAChR from the torpedo fish, revealing it as a protein complex consisting of five
polypeptide subunits arranged around a central pore that, upon binding ACh,
undergo a conformational change allowing ion passage and membrane
depolarization (Miledi et al., 1971). Fast-forwarding to this century, studies on the
structure of the receptor has been made with purification and crystallization leading
to the first full X-ray structures for a pentameric ligand-gated ion channel in a
closed-channel state (Hilf & Dutzler, 2008) and in an open-channel state (Bocquet
et al., 2009; Hilf & Dutzler, 2009) as well as more recent high-resolution structures
of human a7 nAChR (Prevost et al., 2023). nAChRs are part of the ligand-gated ion
channel superfamily of receptors, which also includes GABAA, glycine, and 5-HT3
receptors (Betz, 1990).



Different combinations of subunits create various nAChR subtypes, broadly
classified into three functional groups based on their evolutionary,
pharmacological, and physiological characteristics:

1)  The muscle subunits (al, B1, 6, €, ), which are outside the scope of this thesis.

2)  The neuronal subunits (a2-a6, al0, and B2-p4) combine to form nAChRs in
af} configurations.

3)  Neuronal subunits (a7-a9) can form homomeric nAChRs, which are sensitive
to inhibition by a-Btx.

Notably, the a7 subunit is distributed across the mammalian central nervous system
(CNS). The a10 subunit can combine with a9, while the a8 subunit is present in
avian tissue only. The functional diversity of a7 nAChR subunits is evident as they
predominantly form homopentameric receptors but can also assemble with (-
subunits into heteromeric receptors in both expression systems and the brain (Azam
et al., 2003; Khiroug et al., 2002; Moretti et al., 2014). These a7p heteromers
display unique pharmacological properties different from homomeric receptors and
are likely vital for cholinergic neurotransmission (Thomsen et al., 2015), and
reviewed in Wu et al. (2016).

The combination of the five subunits have a significant role in determining the
channel Kinetics, ion conductance, and selectivity, and determines both the
pharmacological characteristics of the ligand binding sites and the channel’s
preference for cations (Albuquerque et al., 2009). For the a4p2 nAChR, ACh binds
within a small pocket between the a4 and B2 subunits, with both subunits
influencing the pharmacology of the heteromeric binding site. In contrast, for
homopentameric receptors like the a7 nAChR, the ligand-binding site is located
between adjacent a7 subunits. This also explains why heteropentameric receptors
have two binding sites, while homopentameric receptors have five (Gotti et al.,
2006) (Figure 1).
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Fig. 1 | The organization and structure of nAChRs involve heteropentameric and
homopentameric configurations. Both subtypes feature a pentameric arrangement with distinct
ACh-binding sites. The heteropentameric o432 and a632B33 receptors have two identical binding
sites (small blue circle) located between od/a6 and 2 subunits, respectively, while the
heteropentameric a6a4f2(33 subtype has two different binding sites at the interfaces of a2
and a6B2. The homomeric o subtype features five identical ACh-binding sites. Figure redrawn
with permission (CC BY 4.0) from Taly et al. (2009), doi:10.1038/nrd2927.
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The endogenous neurotransmitter for NAChRs, ACh, along with the well-known
agonist nicotine, binds in the extracellular domain of the receptor between two
subunits, at what is commonly known as the orthosteric binding site (Picciotto et
al., 2000). In addition to this primary site, NAChRs also have binding sites within
the channel lumen for compounds like local anesthetics and some antiepileptic
drugs (Bouzat & Sine, 2018). Additionally, there are allosteric modulatory sites on
the nAChR. Compounds that bind to these sites are called allosteric modulators and
are categorized based on their effects: positive allosteric modulators (PAMS)
enhance, negative allosteric modulators (NAMs) reduce, and silent allosteric
modulators (SAMs) compete with PAMs and NAMs, effectively blocking their
effects and diminishing any impact. PAMs are thought to facilitate agonist binding
through minor conformational changes in the receptor, lowering the energy barrier
to transition from a closed to an open state, or raising the barrier from an open to a
desensitized state, thereby modulating the receptor's activity (Bertrand &
Gopalakrishnan, 2007; Hogg et al., 2005).

Function of the neuronal nicotinic acetylcholine receptor

All mammalian neuronal nAChR subtypes share a key functional characteristic:
they are permeable to small monovalent and divalent cations, primarily sodium
(Na®), potassium (K*), and calcium (Ca?*). When an agonist, such as ACh or
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exogenous nicotine, binds to the receptor, it induces a tertiary conformational
change that stabilizes the nAChR channel in its open state. This change temporarily
allows the channel to permit the passage of cations before it either returns to its
resting state or transitions into a desensitized state, becoming unresponsive to
further activation (Figure 2).

e — T
catbed T isa Ml fecied

22999
e

Active state

// » (open channel)

Resting state
(closed channel)

‘ %& Desensitized state
o (closed channel)

Fig. 2 | The nAChR has three main functional states: resting, open, and desensitized. In the resting
state, ACh (yellow ball) binding sites are empty, and the pore is closed. When activated, the
channel opens, allowing cations to pass. In the desensitized state, ACh, nicotine, or other ligands
bind but the pore remains closed. Figure redrawn with permission conveyed through Copyright
Clearance Center license number 5815340172776 from Wittenberg et al. (2020), doi:
10.1016/j.neuropharm.2020.108256.

At a synaptic cleft, short exposure to high concentrations of ACh leads to
synchronous opening of the nAChRs' pores whereas prolonged exposure to low
concentrations of nicotine from tobacco use results in partial activation of the
receptors but also significant desensitization, leading to the closed state where they
are unresponsive to further activation (Dani, 2015; Papke & Lindstrom, 2020). This
mechanism is important when evaluating the therapeutic potential of the receptor.
Just as brief exposure to the native neurotransmitter ACh activates receptors,
prolonged exposure leads to desensitization, inhibiting further responses. This
implies that extended treatment with an a7 nAChR agonist might not result in a
sustained receptor response. Thus, in clinical settings, it is important to assess the
effects of longer and cumulative exposures to avoid tachyphylaxis—the reduction
in medication effectiveness over time.

Receptors composed of o7 subunits rapidly desensitize and have a high Ca®* to Na*
permeability ratio. Consequently, activating a7 nAChRs can significantly elevate
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intracellular Ca2* concentrations. This increase is partly due to the activation of
second messengers that trigger the release of calcium from intracellular stores and
voltage-gated Ca?* channels (Dajas-Bailador et al., 2002; Mulle et al., 1992). The
influx of ions through a7 nAChR channels results in the depolarization of the
postsynaptic membrane, which activates downstream signaling pathways. The a7
nAChR plays a pivotal role in numerous physiological and pathological processes
within the CNS (Terry et al., 2023). Its activation influences several key functions,
including the modulation of neurotransmitter release (Albuquerque et al., 2009;
Gray et al., 1996), enhancement of cognitive functions (Bloem et al., 2014; Levin,
2013; Wallace & Bertrand, 2013), and regulation of neuronal development and
survival (Ji et al., 2001), as will be discussed later.

Distribution of the a7 nicotinic acetylcholine receptor

The a7 nAChRs are widely distributed across the CNS, playing a significant role in
various physiological and pathological processes. Their distribution has been
mapped through radioligand binding of %l-a-Btx and in situ hybridization of
mRNA specific to the receptor. In the brain, a7 nAChRs are highly expressed in
areas linked to cognitive and sensory functions, memory, and attention. Key regions
with high expression include the hippocampus, cerebral cortex, thalamus, and
amygdala (Figure 3) (Gotti et al., 2006). This widespread distribution highlights
their crucial role in neural functioning. The hippocampus, especially in the CAL,
CA3, and dentate gyrus areas, has a dense concentration of a7 nAChRs, which play
a crucial role in learning, memory, and synaptic plasticity (Frazier et al., 1998).
Additionally, the cerebral cortex, particularly layers | and VI, which are involved
in higher cognitive functions, has significant expression of a7 nAChRs (Clarke et
al., 1985; Seguela et al., 1993; Tribollet et al., 2004). Apart from their presence in
regions associated with higher cognitive functions, a7 nAChRs are also found in
sensory processing areas. In the thalamus, which relays sensory information to the
cortex, a7 nAChRs modulate synaptic transmission and contribute to sensory gating
processes (Zoli et al., 2015). Similarly, a7 nAChRs are expressed in the amygdala,
an area involved in emotional processing, potentially playing a role in emotional
regulation and fear conditioning (Klein & Yakel, 2006; Pidoplichko et al., 2013).
Finally, the presence of a7 nAChRs in the substantia nigra and ventral tegmental
area, regions abundant with dopaminergic neurons, highlights their involvement in
modulating the dopaminergic system and reward processing (Mansvelder &
McGehee, 2000).
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Fig. 3 | Regional distribution of primary nicotinic receptor subtypes in the rodent CNS. Figure
reprinted from Taly et al. (2009), doi10.1038/nrd2927. © 2009, Nature Publishing Group,
distributed under a Creative Commons Attribution 4.0 International License.

While neuronal nAChRs are found in both pre- and post-synaptic locations, o7
nAChRs are predominantly pre-synaptic. When activated by ACh or nicotine, they
modulate the release of neurotransmitters such as dopamine, glutamate, and
gamma-aminobutyric acid (GABA), influencing synaptic transmission. Although
a7 nAChRs can also be located post-synaptically and mediate postsynaptic
responses, their primary recognition comes from their pre-synaptic roles (Dajas-
Bailador & Wonnacott, 2004; Dani & Bertrand, 2007; Jones et al., 1999). Finally,
the a7 NAChR is also distributed perisynaptically where it mediates modulating
effects of non-synaptically released ACh (Kasa et al., 1995; Shen & Yakel, 2009).

The widespread distribution of a7 nAChRs in the CNS highlights their involvement
in a wide array of physiological processes and functions. Their activation can lead
to changes in synaptic transmission, neural network dynamics, and cognitive
processing. However, dysregulation of a7 nAChRs has been linked to various
neurological and neuropsychiatric disorders, including Alzheimer's disease and
schizophrenia, making them a potential target for therapeutic interventions (Papke
& Horenstein, 2021).
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Nicotinic receptor’s role in memory and cognition

The hippocampus, a seahorse-shaped structure located in the medial temporal lobe
of the brain, plays a key role in learning, cognition, and in the formation,
consolidation, and retrieval of memories (Lisman et al., 2017). Also, spatial
navigation and the formation of cognitive maps rely heavily on the proper
functioning of the hippocampus, which is, as described above, widely populated
with nAChRs in all layers. The a7 nAChRs are primarily located in the granule and
pyramidal cells of the hippocampus (Dominguez del Toro et al., 1994; Fabian-Fine
et al., 2001). Here, activation of the a7 nAChR exerts effects on the network
through various mechanisms: firstly, it directly depolarizes neurons, particularly
interneurons, as the receptor is highly expressed in their somatic regions (Khiroug
et al., 2003). Secondly, its activation regulates both glutamatergic and GABAergic
transmission through pre- and postsynaptic mechanisms and thirdly, the timing of
a7 nAChR activation in relation to glutamatergic transmission plays a crucial role
in modulating plasticity associated with glutamatergic transmission (Ge & Dani,
2005; Gu & Yakel, 2011). For instance, the activation of a7 nAChR leads to an
increase in presynaptic release of both glutamate and GABA, facilitating the
induction of long-term potentiation (LTP). However, the specific outcome in
primary excitatory cells is dependent on the location and timing of a7 nAChR
activation. As an example, in CA1 interneurons, a7 nAChR activation can dampen
the induction of short-term potentiation in nearby connected pyramidal neurons and
conversely; activation of a7 nAChRs located on CAL dendrites in pyramidal
neurons can enhance short-term potentiation (STP) or LTP (Cheng & Yakel, 2015;
Radcliffe et al., 1999). The effects of a7 nAChR activation in different cellular
compartments highlight its complex regulatory role in hippocampal synaptic
plasticity and ultimately in learning and memory formation and cognition
(Hasselmo, 2006; Letsinger et al., 2022). Several studies in animal models and
humans also suggest that extrinsic activation of a7 nAChRs enhances synaptic
plasticity, facilitates LTP, and improves memory formation (Buccafusco et al.,
2005; Levin et al., 2006) and conversely, receptor antagonists have been shown to
impair cognitive function (Leiser et al., 2009).

The o7 nicotinic receptor in Alzheimer's disease

Alzheimer's disease (AD) is a complex neurodegenerative disorder characterized
by progressive cognitive decline, memory impairment, and synaptic dysfunction
(Scheltens et al., 2016). AD is the primary cause of cognitive impairment and



dementia in older individuals globally, significantly affecting those living with the
condition, their relatives, and imposing a substantial economic burden on society
(Tahami Monfared et al., 2022). For these reasons, AD has been named a European
and global priority to tackle and prevent (Cahill, 2020; Winblad et al., 2016). The
role of the a7 nAChR in AD has received significant attention due to its complex
dual function in the disease's pathogenesis.

Evidence indicates that a7 nAChRs, present on neurons and glial cells and engaged
in neuroprotective signaling pathways, may contribute to neuroprotection in AD.
Activation of these receptors can release neurotrophic factors such as brain-derived
neurotrophic factor, which supports neuronal survival and plasticity (Cai et al.,
2022; Wei et al., 2022). Additionally, a7 nAChRs have anti-inflammatory
properties, modulating microglial activation and cytokine production, which may
protect against neuroinflammation in AD (Dineley et al., 2015). Further, a7
nAChRs are essential for regulating inflammation by modulating macrophage
cytokine release both outside the CNS (Wang et al., 2003), and within it (Shytle et
al., 2004). In the study by Shytle and colleagues, a7 nAChRs were shown to be
expressed in primary cultured microglial cells and brain slices. When pre-treated
with ACh and nicotine, these receptors inhibited lipopolysaccharide-induced
cytokine release, an effect that was impaired by the addition of a-Btx. Additionally,
a7 nAChRs have been implicated in the clearance of amyloid beta (ApB), a key
process in AD. In AD, microglial cells, the primary immune cells of the CNS,
phagocytize and degrade AP, thereby facilitating its removal from the brain and
potentially mitigating disease progression (Hansen et al., 2018). However, aging
can cause microglia to enter a pro-inflammatory state, diminishing their phagocytic
capabilities (Harry, 2013). Nonetheless, studies have demonstrated that activating
a7 nAChRs on microglia induces a phenotypic shift, enhancing their ability to
phagocytize and metabolize AB (Kwon & Koh, 2020; Takata et al., 2010).

Based on these findings, it is reasonable to suggest that nicotine intake and
cholinesterase inhibitors, which prevent the breakdown of acetylcholine in the
synaptic cleft, could reduce AP burden and thereby improve symptoms of AD.
Studies in rat microglia (Takata et al., 2010) and transgenic mice (Hernandez et al.,
2010; Medeiros et al., 2014) showed beneficial effects of nicotine or cholinesterase
inhibitors, while the knock-out of a7 NnAChR, competitive antagonists or antibodies
targeting the receptor masked their effects or even worsened the pathology.
However, in patients with AD, cholinesterase inhibitors have demonstrated limited
cognitive benefits early in the disease course (Kaduszkiewicz et al., 2005) and the
effects are often constrained by cholinergic adverse effects (Haake et al., 2020).



Regarding nicotine and its effect on AD, the picture is less clear: a meta-analysis of
prospective cohort studies indicated that smoking increases the risk of cognitive
impairment and AD in individuals aged 65 to 75. However, this increased risk was
not observed in smokers under the age of 65 (Zhong et al., 2015). In their review,
Parri et al. (2011) suggest that the age-related variability in risk might stem from
the interaction between AP and a7 nAChRs. AP has been found to bind to a7
nAChRs, and the finding has been confirmed in numerous studies, but the
consequences of this interaction are still unclear. That is, whether Ap binding
inhibits or activates the receptor, and whether agonists or antagonists can
effectively reverse these effects. Also, the finding that cholinergic neurons in the
basal forebrain express the a7p2 isoform presents another complication relevant to
the pathophysiology of AD (Liu et al., 2009; Thomsen et al., 2015). It has been
reported that the o7p2 receptor appears especially sensitive to AP, leading to
inhibition of functional responses to ACh even at very low concentrations
(nanomolar range). The neurotoxic effects of a7p2 receptor blockade on cholinergic
neurons are not fully understood, nor is it clear if microglia cells in the basal
forebrain express this specific nicotinic receptor. However, an interplay of factors
may contribute to a positive feedback loop in AD pathophysiology: 1) the aging
brain pushes microglia towards a less effective phagocytic phenotype, resulting in
impaired AP clearance. 2) Accumulation of extracellular Ap can then block the
a7B2 nAChR on basal forebrain cholinergic neurons, leading to their degeneration.
3) Reduced ACh levels result in decreased stimulation of microglia's a7 nAChRs,
further compromising their phagocytic function. This result in a diminished
clearance of AP leading to extracellular precipitates, triggering microglial
recruitment, inflammatory processes, and additional toxicity to cholinergic
neurons. Early intervention with nicotine, as well as cholinesterase inhibitors, and
a7 nAChR agonists may delay the onset of this detrimental feedback loop.
However, when A accumulates as an effect of disease progression, the availability
of a7 nAChRs is reduced due to negative interactions with oligomeric Ap which
could explain why the toxic effects of smoking outweigh the neuroprotective effects
in later stages of AD. Collectively, these findings suggest that a7 nAChRs may play
a crucial role in mitigating AB accumulation and neuroinflammation, thereby
contributing to neuroprotection in the early stages of AD.

Despite its neuroprotective potential, the involvement of a7 nAChRs in AD is
complex, and chronic dysregulation of these receptors can also contribute to disease
progression. More than four decades ago the cholinergic hypothesis of the cognitive
deficits in AD was suggested. This hypothesis was initially proposed by Raymond
Bartus (Bartus et al., 1982) and was based on the observation of reduced choline
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acetyltransferase activity in the brains of patients with AD and the connection
between ACh and memory processes (historic review, Contestabile (2011)). The
hypothesis suggest that the loss of cholinergic neurons and the subsequent decline
in ACh release impair cognitive function, specifically memory and learning, in
patients with AD which was further supported by the finding that nicotine and ACh
binding sites in AD postmortem brain tissue were lost (Nordberg & Winblad, 1986).
These findings have been investigated at the cholinergic receptor level: for
nAChRs, numerous studies wusing a combination of autoradiographic,
immunochemical, and radioligand binding methods have consistently demonstrated
extensive and substantial reductions in 042 NAChR levels within the AD affected
brain (Court et al., 2001; Kendziorra et al., 2011), while it is less clear for the
muscarinic AChRs, since their levels seems to be intact (Aubert et al., 1992).
Specifically, for the a7 nAChR, this remain an area of ongoing research since the
findings are not entirely consistent across studies. While the majority of studies
seems to suggest that a7 nAChR levels may remain relatively stable or even
increased (Counts et al., 2007; Dineley et al., 2015; Mufson et al., 2008), some
studies have reported decreased a7 nAChR levels in certain brain regions affected
by AD (Teaktong et al., 2004). Of note, the contradicting evidence could stem from
an increased a7nAChR levels in astrocytes and decreased levels in neurons as
recently reviewed in Fontana et al. (2023). For this reason, and for its apparent role
in cognition, the a7 nAChR was found to be an appealing pharmaceutical target for
the cognitive impairments associated with AD.

The a7 nicotinic receptor in Schizophrenia

Schizophrenia is a complex psychiatric condition characterized by positive
symptoms such as hallucinations and delusions, negative symptoms including
blunted affect and social withdrawal, and cognitive deficits involving impaired
executive functions, memory, and mental processing speed (McCutcheon et al.,
2020). Schizophrenia is believed to affect approximately 1% of the global
population (Marder & Cannon, 2019) and is ranked among the top 15 global causes
of disability (\Vos et al., 2017). Additionally, individuals with schizophrenia have a
significantly reduced life expectancy, with higher mortality rates across all age
groups, resulting in a lifespan approximately 20 years shorter than the general
population (Laursen et al., 2014). Cognitive impairment is a key symptom of
schizophrenia, that often appears before psychotic symptoms and persists
throughout the illness, significantly affecting long-term outcomes (Kahn, 2019).
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Antipsychotics are the primary treatment for schizophrenia and are effective in
reducing positive symptoms in some patients; however, they do not consistently
improve cognitive function (Hill et al., 2010). This unmet need has been a central
focus in drug discovery efforts for several decades. However, as of today, no pro-
cognitive compounds have been approved for clinical use in the treatment of
schizophrenia (McCutcheon et al., 2023). The complex and incompletely
understood etiology and pathophysiology of schizophrenia presents a major
challenge in developing drug candidates. The disease involves multiple
neurotransmitter systems, including dopaminergic, serotonergic, glutamatergic,
adrenergic, and cholinergic pathways (Steeds et al., 2015). Over the last two
decades, the role of the a7 nAChR in the underlying biology of schizophrenia has
gained significant interest, providing insights into the disease mechanisms and
opening up possibilities for new treatments (Tregellas & Wylie, 2019). This
connection is supported by 1) behavioral, 2) neurobiological, and 3) genetic
evidence. Firstly, individuals with schizophrenia show significantly higher rates of
tobacco product use, ranging from 70-85%, which starkly contrasts with the ~20%
prevalence in the general population and is higher than rates observed in any other
mental illness (Ziedonis et al., 2008). Also, individuals with schizophrenia who
smoke extract more nicotine per cigarette and smoke a greater number of cigarettes
per day than the general population (Donde et al., 2020). This increased nicotine
consumption is believed to be a self-medicating behavior, particularly targeting
cognitive symptoms (Leonard et al., 2007). Secondly, postmortem studies of brains
from individuals with schizophrenia have shown reduction in a7 nAChR expression
and function, particularly in brain regions associated with cognitive processing and
sensory gating (Guan et al., 1999; Martin & Freedman, 2007). Thirdly, genetic
studies have identified single-nucleotide polymorphisms in the CHRNA7Y gene,
encoding a7 nAChR subunits, that are associated with an increased risk of
schizophrenia (Sinkus et al., 2015). These findings, taken together, suggest that a7
nAChR dysregulation contribute to the cognitive deficits of schizophrenia.

Therapeutic targeting of a7 nAChRs in AD and schizophrenia

Based on the evidence discussed in the previous sections, the a7 nAChR has been
pursued as a pharmaceutical target for cognitive symptoms of both AD and
schizophrenia for over 20 years (Burns et al., 2023; Crestini et al., 2024), (Table 1).
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A significant number of partial agonists have been tested: Encenicline (EVP-6124)
Is the compound that advanced the furthest in clinical development. A proof-of-
concept, randomized trial in patients with schizophrenia showed promising results
(Preskorn et al., 2014), and a subsequent, phase 2 placebo controlled clinical trial
spanning 6-month in patients with mild-to-moderate AD demonstrated significant
improvements in cognitive and functional parameters (Deardorff et al., 2015).
Similarly, a phase 2 placebo-controlled trial in participants with schizophrenia
showed significant and clinically meaningful improvements in cognition (Keefe et
al., 2015). Despite these promising results, in 2015, the U.S. Food and Drug
Administration (FDA) suspended two large phase 3 clinical trials in patients with
mild-to-moderate AD due to significant gastrointestinal side effects (Alzforum,
2015), and the phase 3 trials in schizophrenia failed to meet primary endpoints
(Brannan, 2019). No further development of this compound in AD or schizophrenia
has been initiated.

Six other partial agonists have been developed and tested in various stages, but they
have all either failed to meet primary endpoints or have been discontinued for other
reasons: 1) GTS-21 was the first compound to be evaluated in clinical trials (Kem,
2000), where it enhanced cognitive performance in healthy subjects (Kitagawa et
al., 2003). In a later randomized phase 2 clinical trial, four doses of GTS-21 or a
placebo were administered over 28 days to patients with probable AD, but no
significant treatment benefits were observed. It is worth noting that while GTS-21
did not demonstrate cognitive enhancement in schizophrenia, it did improve
negative symptoms in a separate phase 2 study (Freedman et al., 2008). 2)
SSR180711, which elevated extracellular ACh levels and enhanced LTP in
hippocampal slices of rats and mice in a dose-dependent manner (Biton et al., 2007),
was evaluated in a four-week, placebo-controlled phase 2 trial in patients with mild
AD. However, the trial was prematurely terminated due to an insufficient expected
risk-benefit ratio and results have not been published. 3) AZD0328 was found to
improve operant responding acquisition and novel object recognition in mice
(Sydserff et al., 2009), but failed to meet the primary endpoint of improved
cognition or show significant improvement in secondary endpoints in a 14-day
phase 2 clinical trial with 100 patients with schizophrenia (results not published).
AZDO0328 has not been formally evaluated in AD, except for a small phase 1
pharmacokinetic (PK) trial in healthy elderly subjects. 4) ABT-126 was evaluated
in a 12-week phase 2 clinical trial, showing a non-significant trend in cognitive
performance improvements compared to placebo in 274 patients with mild-to-
moderate AD (Gault et al., 2015). However, a later phase 2 trial with 438 patients
with mild-to-moderate AD showed no significant improvements over the course of
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24 weeks (Florian et al., 2016; Gault et al., 2016). Additionally, a phase 2 clinical
trial in patients with schizophrenia showed no significant cognitive improvements
(Haig et al., 2016). 5) RG3487 demonstrated positive results in a phase 2 clinical
trial involving 80 patients with mild-to-moderate AD (Alzforum, 2007; Rezvani et
al., 2009). Later, a 6-month placebo-controlled phase 2 trial with 389 patients with
mild-to-moderate AD was conducted, but the results were never published.
Moreover, RG3487 did not meet the primary endpoint of cognitive improvement in
a phase 2 trial with 215 patients with schizophrenia (Umbricht et al., 2014). 6)
AQWO051 was evaluated in a four-week randomized phase 2 clinical trial with 54
patients with mild AD or amnestic mild cognitive impairment. After an
inconclusive task-related functional magnetic resonance imaging trial in patients
with schizophrenia (Barch et al., 2016), a larger trial involving patients with
schizophrenia was conducted, but the results have not yet been published. AQW051
was also tested in 74 patients with moderate to severe L-Dopa-induced dyskinesia,
showing no significant improvements (Trenkwalder et al., 2016).

Considering the many a7 nAChR partial agonists evaluated in clinical trials, only
one full agonist has been assessed: bradanicline (TC-5619) (Mazurov et al., 2012).
The compound was evaluated in a 12-week placebo-controlled phase 2 clinical trial
involving 184 patients with schizophrenia, assessing cognitive enhancement. The
results were encouraging, with the primary efficacy measure showing statistically
significant improvements (Lieberman et al., 2013). Subsequently, TC-5619 was
evaluated in 603 patients with schizophrenia with cognitive dysfunction (Walling
et al., 2016), 250 patients with ADHD, and in a phase 1 placebo-controlled trial
involving healthy elderly and patients with AD. However, the drug did not meet
efficacy goals in any of these studies and further development was discontinued.

Another treatment strategy explored involves using PAMs for the a7 nAChR, which
enhance receptor function without direct activation, allowing for precise and
controlled modulation of receptor activity. This method provides the potential to
fine-tune receptor responses, making PAMs an attractive therapeutic option
(Manetti et al., 2023; Sanders & Millar, 2023; Williams et al., 2011). Despite this
apparent advantage, only two compounds have advanced to clinical testing: AVL-
3288 and JNJ-39393406. AVL-3288 was tested in a first-in-human phase 1 clinical
trial in 12 healthy participants and the results indicated possible cognitive
improvements (Gee et al., 2017). It was later evaluated in a phase 1 clinical trial in
24 patients with schizophrenia but failed to show any improvements (Kantrowitz et
al., 2020). JNJ-39393406 was evaluated in two phase 2 clinical trials for smoking
cessation and for treating cognitive or depressive symptoms in patients with
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unipolar depression. It was also investigated in a placebo-controlled phase 1 trial in
47 patients with schizophrenia for the improvement of sensory gating deficits
(Winterer et al., 2013). However, due to unfavorable outcomes across all trials,
further development of the drug was discontinued (Davidson et al., 2021; Perkins
etal., 2018).

Table 1| List of compounds developed targeting the a7 nAChR in AD and schizophrenia that
progressed to clinical trials and reasons for their discontinuation. Type: (A) = Agonist, (PA) =
Partial agonist, (PAM) = Positive allosteric modulator. Table compiled from Bertrand et al. (2015);
Papke and Horenstein (2021); Tregellas and Wylie (2019); Burns et al. (2023); Crestini et al. (2024)
and available data on clinicaltrials.gov.

Name, Indication Clinical Result/reason Clinicaltrials.g ~ Reference
(type) phase discontinued ov identifier
reached (NCT)
ABT-126  AD 2 Trend in cognitive 00948909 Gault et
(PA) performance al., 2015
improvements
ABT-126  AD 2 No significant effects 01527916 Florian et
(PA) al., 2016
ABT-126  Schizophrenia 2 No significant effects 01678755 Haig et al.
(PA) 2016
AQWO5T  Mild cognitive 2 Terminated; unknown 00582855 None
(PA) impairment reason found
AQWO51  Schizophrenia 2 None reported 01730768 Barch et
(PA) al, 2016
AQWO051  L-DOPA- 2 No significant effects 01474421 Trenkwald
(PA) induced dyskinesia eretal,
2016
AVL- First-in-human 1 Trend on cognitive 01851603 Gee et al,
3288 improvement 2017
(PAM)
AVL- Schizophrenia 1 No significant effects 02978599 Kantrowitz
3288 etal,
(PAM) 2020
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AZD0328  Schizophrenia 2 Company decision 00669903 Sydserff et
(PA) al., 2009

EVP- Schizophrenia 2 Cognitive 00968851 Keefe et
6124 (PA) improvements al., 2015

EVP- AD 3 Clinical hold due to 01969123, None
6124 (PA) adverse events 01969136 found

GTS-21 Probable AD 2 No significant effects 00414622 Kem,
(PA) 2000

INJ- Smoking cessationin = 2 No treatment benefit 02230384 Perkins et
3939340  patients with al., 2018
6 (PAM) schizophrenia

INJ- Schizophrenia 1 No treatment benefit 01137799 Winterer
3939340 etal, 2013
6 (PAM)




RG3487  Schizophrenia 2 No cognitive 00604760 Umbricht

(PA) improvement etal,
2014
SSR18071  Mild AD 2 Early terminated 00602680 Biton et
(PA) al., 2007
TC-5619  PK'in healthy elderly 1 Not reported 01254448 Mazurov
(A) and AD et al, 2012
TC-5619  Schizophrenia 2 Cognitive 01003379 Lieberma
(A) improvements netal,
2013
TC-5619  ADHD 2 Not reported 01472991 None
(A) found
TC-5619  Schizophrenia 2 No significant effects 01488929 Walling et
(A) al,, 2016

Antagonists of the a7 nAChR are less impactful than agonists and partial agonists
in practical applications. Memantine, a compound approved for treating AD, is
primarily known as a potent NMDA receptor antagonist but also acts as an o7
nAChR antagonist (Aracava et al., 2005). While some studies suggest that this
antagonistic action may be beneficial in treating AD (Banerjee et al., 2005), the
usefulness is still unclear. Other well-known antagonists are the natural toxins from
two groups of proteins: conotoxins and a-Btx. Conotoxins are peptides from the
cone snails that target ion channels, with a-conotoxins specifically targeting the a7
nAChHR in a selective and reversible manner (Azam & Mclintosh, 2009). In contrast,
a-Btx binds irreversibly to nAChRs. Due to their molecular size and properties,
conotoxins do not cross the blood-brain barrier (BBB) and primarily act in the
peripheral nervous system limiting their practical use (Blanchfield et al., 2007).

Translational challenges in o7 nAChR drug development

The disappointing results of clinical trials for pro-cognitive drugs targeting the a7
NAChR in schizophrenia and AD raise questions about the translational validity of
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animal models used in preclinical development (Lewis et al., 2017). The
translational elements in animal models for neuropsychiatric and neurological
disorders like schizophrenia and AD is a major challenge and can be a roadblock in
drug discovery and several factors contribute to this complexity: the subjective
nature of symptoms associated with these disorders, the absence of reliable
biomarkers and objective diagnostic tests, and our limited understanding of the
neurobiology and pathophysiology of neuropsychiatric and neurological disorders
in general (Bale et al.,, 2019; Nestler & Hyman, 2010). When considering
translational validity, rodent models undoubtedly play a crucial role in basic
research for testing disease-related hypotheses and the initial assessment of new
therapeutic agents. However, an overreliance on these models, particularly in the
later preclinical stages of neuropsychiatric drug development, is problematic
(Markou et al., 2009). This reliance is questionable due to the considerable
limitations in the behavioral repertoire of rodents compared to humans as well as
substantial anatomical differences, particularly in the development of cortical
regions of the forebrain, which is involved in cognitive processes such as working
memory, sustained attention, decision-making, and executive function. In addition,
differences in a7 NAChRS, such as genetic and pharmacological difference between
rodents and humans might also contribute to the contradictory outcomes observed
in preclinical and clinical trials. In a study, participants with 15q13.3 microdeletion
syndrome, which involves the CHRNA7 gene, showed behaviors commonly
associated with schizophrenia, but interestingly, in a knockout mouse model of the
same gene, no similarities to this phenotype was observed (Yin et al., 2017).

PK studies reveal further differences between rodent and human receptors: in vitro,
GTS-21 stimulates the rat a7 nAChR to achieve more than double the maximal
response compared to the human a7 nAChR. Additionally, the inhibition constant
(Ki) value at the rat receptor is approximately ten times lower than that at the human
receptor (Meyer et al., 1998). This difference suggests that similar serum levels
might yield different effects across species. Furthermore, although the general
organization of brain structures is similar between rodents and humans, a study by
Hodge et al. (2019) highlights significant differences in gene expression among
comparable cell types in mouse and human brains: the study used single-cell
transcriptomics to analyze various cell types in the mouse cortex and the human
middle temporal gyrus. By comparing the gene expression in homologous cell
types, significant variations were found across species in neurotransmitter
receptors, ion channels, extracellular matrix elements, and cell-adhesion molecules
among similar cell types. These differences could play a crucial role in explaining
the limited success of translating pharmacological treatments for CNS disorders
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between rodents and humans. Since we are still far from developing robust tissue
models like brain organoids and in silico models that accurately mimic brain
functions and diseases, the need for animal models still exists (Homberg et al.,
2021).

Taken together, these findings highlight the need in neuropsychiatry and drug
discovery research for the use of more appropriate species, that resemble humans
more closely both in terms their behavioral repertoire and their brain anatomy
(please refer to the Section “The pig as a model animal in neurobiology’, page 55).

Clinical trial design and dosing strategies

Another limitation to the clinical studies is linked to decisions regarding dosage,
administration frequency, and treatment duration. Unlike animal studies that
frequently show robust cognitive effects with acute or subacute dosing of a7
nAChR ligands, as reviewed in Thomsen et al. (2010), many clinical trials have
used much longer durations, spanning weeks and months. Prolonged exposure to
an agonist, such as the dosing in most of the clinical trials, leads to temporary
inactivity in a7 nAChRs as described earlier, potentially resulting in receptor
desensitization or even functional antagonism (Quick & Lester, 2002). A recent
theory suggests that a7 nAChR ligands could be more effective at lower
concentrations, as higher concentrations may desensitize the receptors, leading to
an inverted-U shaped dose-response curve (Tregellas & Wylie, 2019). Animal
studies support this idea, revealing that optimal responses to a7 NAChR agonists
often occur with lower doses, and in contrast, increasing the dose tends to produce
diminishing effects, attributable to receptor desensitization. As an example, a study
in non-human primates demonstrated that low doses of PHA543613, an a7 nAChR
agonist, improved cognitive performance and enhanced neuronal activity in the
prefrontal cortex, but treatment with higher doses were ineffective (Yang et al.,
2013). For TC-5619, the investigators speculate about the selected dosing strategy
and treatment duration in relation to the primary outcome of the phase 2 clinical
trial: “It is possible that relatively low doses (e.g., 1mg) are sufficient to initiate
CNS processes that produce clinically observable benefits, and that higher starting
doses (e.g., 5mg, 50mg) do not invoke or desensitize these processes, as may a
longer treatment duration” (Walling et al., 2016).
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The ability to select a suitable dose of an a7 nAChR ligand for optimal target
engagement could be improved if non-invasive neuroimaging methods such as
positron emission tomography (PET) was used in both preclinical and clinical
studies. Finally, the possibility of coadministration of a PAM with an agonist or
partial agonist could also be an interesting strategy, but not something that has been
tested in clinical trials yet. This could potentially overcome dosing strategy
challenges and desensitization, allowing for lower doses, and possibly avoiding side
effects seen in clinical trials.

Decades of preclinical and clinical research support the idea that a7 NnAChRs
represent a promising therapeutic target for cognitive disorders in AD and
schizophrenia (Pastor & Medina, 2024). Several drugs targeting the receptor have
demonstrated pro-cognitive effects in animal studies, with some showcasing
positive effects in both preclinical investigations and early clinical trials. Despite
this, the field has not yet seen a large-scale phase 3 clinical trial in AD or
schizophrenia where a compound specifically targeting the a7 nAChR has shown
clear pro-cognitive effectiveness without significant adverse effects. This lack of
conclusive success has diminished enthusiasm among many pharmaceutical
companies, leading several to abandon their activities in this area. As this section
makes clear, several factors—including the translational value of animal models,
complex dose-effect relationships, and their combination—nhave contributed to the
failure of compounds targeting this otherwise interesting target. Therefore, the
apparent clinical failures may not necessarily reflect the true potential of the
compounds or the receptor in terms of cognitive improvement. Overcoming these
hurdles through refined research strategies, innovative clinical trial designs, and the
utilization of PET imaging could still reveal the benefits of targeting a7 nAChRs,
reigniting interest and progress in this area of cognitive disorder treatment.
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Epigenetic principles and neurodegenerative
connections

Epigenetics is the research field that investigates heritable changes in gene
expression that occur without modifications to the DNA sequence itself. The DNA
code remains highly stable and consistent across all cell types, enduring through
cell divisions. In contrast, epigenetic marks, or modifications, are reversible,
varying between cell types, and responsive to both internal and external stimuli,
including environmental signals. Evidence suggests that these epigenetic marks act
as a cellular memory of early-life exposure to adverse environments, potentially
leading to long-term changes in gene transcription and the onset of diseases later in
life (Petronis, 2010) (Figure 4).

DNA code Epigenetic code

>DDVGOIDN

* The primary nucleotide sequence is * DNA-based modifications, post-translational
essential modifications of histones, non-coding RNA

* Mendelian inheritance * Responsive to environment

* Strong evolutionary conservation * Rapid evolutionary divergence

* Identical in all cell types » Differs between cell types

* Highly conserved during cell divisions * Semi-conserved during cell divisions

Fig. 4 | Schematic comparison of the static DNA code with the dynamic epigenetic code. Figure
redrawn with permission conveyed through Copyright Clearance Center license number
5815340498889 from Webster et al. (2013), doi:10.1016/}.cjca.2012.10.023.

Principles of epigenetics

Some of the earliest scientific support for epigenetic principles came from
Waddington's 1940s experiments with fruit flies (Murray et al.,, 2022). He
demonstrated that environmental stress, like heat shock, could induce a heritable
phenotype—specifically a cross-veinless pattern in the wings. Selective breeding
of these affected flies showed that the phenotype could persist in subsequent
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generations without further stress. This led Waddington to propose the ‘epigenetic
landscape,’ a concept illustrating how genes interact with the environment to shape
development. The term ‘epigenetics’ comes from the Greek prefix ‘epi’, meaning
‘above’ or ‘beyond’, combined with ‘genetics’, referring to the study of genes
(Waddington, 2012). In short, his work expanded the genetic idea that ‘phenotype
= genotype + environment’ into a developmental concept where ‘phenotype =
genotype + epigenetics + environment’ (Gilbert, 2012). Further evidence for the
role of epigenetic processes in gene regulation came from studies on X chromosome
inactivation in female mammals. In 1961, Mary Frances Lyon proposed the
‘random X inactivation’ hypothesis to explain how female cells balance the
expression of genes on the two X chromosomes (Lyon, 1961), a key discovery that
has had profound implications for genetics and developmental biology (Rastan,
2015). Later work showed that X inactivation is controlled by epigenetic
modifications, including DNA methylation and histone modification (Fang et al.,
2019). It is the presence of this epigenetic code that enables cells with identical
genetic makeup to show diverse gene expression patterns. There are three main
classes of epigenetic regulation (Al Aboud et al., 2018), (Figure 5): 1) DNA
methylation. One of the best-known modifications is DNA methylation, which
involves the addition of methyl groups to the DNA molecule. DNA methylation can
silence genes by blocking the binding of transcription factors or by recruiting
proteins that modify chromatin structure (Smith & Meissner, 2013). 2) Histone
modifications. This modification, which involves the addition or removal of
chemical groups from histone proteins that package DNA, can also affect gene
expression by altering the accessibility of DNA to the transcriptional machinery
(Kouzarides, 2007; Strahl & Allis, 2000). 3) Non-coding RNA actions. Other
epigenetic mechanisms that have been studied include non-coding RNA molecules
that regulate gene expression by interacting with DNA or other RNA molecules,
and chromatin remodeling complexes that can physically reposition nucleosomes
to activate or silence genes (Mattick & Makunin, 2006; Statello et al., 2021).

While these modifications can function independently, they often work
synergistically, particularly in the case of methylation and histone modifications by
acetylation (Cedar & Bergman, 2009).
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Fig. 5 | The relationship between DNA and epigenetic mechanisms—1) DNA methylation, 2)
histone modifications like acetylation, and 3) RNA-based mechanisms—plays a crucial role in
encoding the blueprint for the body's structural and functional proteins. Figure modified from
Yan et al. (2010), doi:10.1152/japplphysiol.00131.2010. © 2010, the American Physiological Society,
permission conveyed through Copyright Clearance Center license number 501915297.

In an early landmark study by Allfrey et al. (1964), they discovered histone
acetylation, showing that adding acetyl groups to histones enhances transcriptional
activity, a key mechanism in gene regulation. This understanding enabled further
research using twin studies to examine how genetic and environmental factors
influence traits and diseases. One such study, by Fraga et al. (2005), investigated
monozygotic twins and found that although their epigenetic profiles were nearly
identical during infancy, notable differences in DNA methylation and histone
acetylation patterns emerged as they aged. These differences, which correlated with
changes in gene expression, were attributed to variances in environmental
exposures and lifestyle choices over time, illustrating the interplay between genetics
and environment.
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The role of histone modifications in gene regulation

The concept of histone modifications extends beyond acetylation to include a
diverse array of chemical alterations, such as methylation, phosphorylation,
ubiquitination, and more (Bannister & Kouzarides, 2011). Together, these
modifications form the ‘histone code,” a complex and dynamic system that serves
as a regulatory platform for gene expression. Specifically focusing on acetylation,
this process is mediated by two groups of enzymes: histone acetyltransferases
(HATSs), which add acetyl groups to protein lysine residues in the N-terminal
extensions of core histones, and histone deacetylases (HDACS), which remove
these acetyl groups. Collectively, this affects gene expression through its influence
on chromatin conformation. The condensed nucleosome structure is primarily
formed through ionic interactions between positively charged histones and the
negatively charged DNA backbone. This conformation limits the access of the
transcriptional machinery but can be relaxed when acetylation neutralizes the
positive charge of lysine residues on the histone surface. This modification
enhances RNA polymerase Il accessibility, leading to increased gene expression,
and vice versa, HDAC action restores a positive charge on lysine side chains of
histones, resulting in a compact chromatin structure making access by RNA
polymerase challenging, ultimately reducing gene repression (Gallinari et al., 2007)
(Figure 6).

RNA Pol Il

Fig. 6 | Histone acetylation (AC) by HAT opens the chromatin structure, facilitating RNA
polymerase Il (RNA Pol Il) binding. Conversely, histone deacetylation by HDAC results in a closed
chromatin conformation. Histones are shown as dark green spheres with DNA wound around
them in orange, and histone lysine residues are depicted as short gray tails on the spheres. Figure
reprinted from Park and Kim (2020), doi:10.1038/s12276-020-0382-4. © 2020, The Authors,
distributed under a Creative Commons Attribution 4.0 International License.
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Accordingly, the upregulation of DNA transcription can be accomplished through
the stimulation of HAT or the inhibition of HDAC activities, while the
downregulation of transcription can be achieved through the opposite actions.
Consequently, an imbalance in the activities of HAT and HDAC can cause
abnormal expression of a particular gene, resulting in chromatin structure instability
and the onset of epigenetic diseases (Egger et al., 2004). Therefore, targeting
HDACSs with selective HDAC inhibitors has been pursued for the development of
treatments for several cancer forms (West & Johnstone, 2014) as well as
neurological disorders (Chuang et al., 2009) including AD (Kazantsev &
Thompson, 2008). To date, 18 mammalian HDACs have been identified and
grouped into the below different HDAC classes I-1V (Haberland et al., 2009):

I.  This class includes HDAC1, HDAC2, HDAC3, and HDACS8. They are
primarily localized in the nucleus and are associated with transcriptional
regulation. HDAC3 can also be found in the cytoplasm. These HDACsS,
except for muscle specific HDACS, are widely expressed in the brain
including areas associated with memory formation.

Il.  This class is further divided into two subclasses (all of which can be found
expressed in the brain):

a) Class lla: HDAC4, HDACS5, HDAC?7, and HDAC9. These HDACs
shuttle between the nucleus and the cytoplasm, and their activity is
often associated with signal-dependent processes.

b) Class Ilb: HDAC6 and HDAC10. These HDACSs are primarily found
in the cytoplasm and are involved in the deacetylation of non-histone
proteins.

I1l.  Also called sirtuins, this class includes SIRT1-7. Unlike Class I and Il
HDACsS, Class 111 HDACs require NAD™ as a cofactor for their enzymatic
activity. Sirtuins are involved in various cellular processes, including
metabolism, DNA repair, and aging.

IV.  This class includes only HDAC11, which shares a catalytic domain with

class I and class Il HDACs. HDAC11 is a new and less studied member of
the HDAC family, reviewed in Liu et al. (2020).
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Epigenetic involvement in Alzheimer's disease

The exact cause of AD is still unknown, but recent evidence shows that epigenetic
modifications significantly influence its development (Pereira et al., 2024). Here
are key insights from three areas impacting histone modifications:

1. Several studies have identified specific environmental exposures capable of
inducing alterations in the epigenetic code relevant for AD. While most of these
investigations have centered on DNA methylation, there is increasing evidence
suggesting impacts on histone modifications as well. The environmental factors
that have the biggest impact on the epigenome are heavy metals and metalloids
(such as lead, arsenic, cadmium, and mercury), air pollution, persistent organic
pollutants, and certain lifestyle factors including tobacco smoke, alcohol
consumption, and certain drug therapies. Also, findings from cellular and
animal models suggest that many of these environmental agents can change
levels of AD-related biomarkers and pathway activity via epigenetic
mechanisms (Migliore & Coppede, 2022) (Figure 7).
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Fig. 7 | Schematic overview of environmental factors

and their proposed epigenetic

modifications. *= environmental factors deemed especially relevant to AD. ncRNA; non-coding
RNA, and PBBs; polybrominated biphenyls. Figure reprinted from Migliore and Coppede (2022),
doi:10.1038/541582-022-00714-w. © 2022, Springer Nature Ltd., permission conveyed through

Copyright Clearance Center license number 5813600621861
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2. Class I HDACsS, particularly HDAC2 and HDACS, are found in high levels in
brain regions associated with memory and have a major impact on cognitive
functions. Studies in mouse models of AD have demonstrated the essential role
of HDACs in AD pathology. As an example, deletion of HDAC1 and HDAC2
genes in microglial cells resulted in decreased AP load and improved cognitive
impairment by enhancing microglial AB phagocytosis (Datta et al., 2018).
Conversely, elevated HDAC2 levels were found to suppress the expression of
neuroplasticity genes crucial for learning and memory in AD mouse models
(Graff et al., 2012). Moreover, HDAC2 overexpression in neurons led to
reduced dendritic spine density, synapse number, synaptic plasticity, and
impaired memory formation in a study by Guan et al. (2009). These effects were
found to be a result of the association of HDAC2 with the promoter regions of
memory-related genes, such as brain-derived neurotrophic factor and early
growth response protein 1. Finally, HDAC3 is also modulating long-term
memory formation, as evidenced by enhanced memory upon its deletion in the
dorsal hippocampus, also in a mouse model (McQuown et al., 2011).

3. One hallmark of AD is the accumulation of extracellular AP plaques in the brain
and the subsequent loss of dendritic spines and synapses. Recent research
indicates that HDACs may influence the production and clearance of AP
peptides (Atluri et al., 2019) and dysregulation of HDAC activity has been
linked to increased AB production, contributing to the formation of neurotoxic
aggregates and the initiation of neurodegenerative inflammatory processes
(Karisetty et al., 2020). A study by Panikker et al. (2018) demonstrated that
decreased levels of the HAT Tip60 (KAT5) lead to repression of key
neuroplasticity genes and disruptions in Tip60-mediated epigenetic regulation,
caused by amyloid precursor protein or AP pathology, lead to the repression of
genes essential for synaptic function.

These findings emphasize the significance of the epigenetic dimension to AD.
However, there are significant gaps in our understanding regarding the precise
impact. As an example, it remains unclear whether these changes are consequences
of pathophysiological processes like exposure to AP or neuroinflammation, or if
they play a primary role upstream in disease progression. Currently, evidence leans
towards the latter as studies have shown that epigenetic changes appear before the
onset of clinical symptoms in patients with AD (Nikolac Perkovic et al., 2021). This
suggests that these epigenetic modifications are not merely consequences of
pathophysiological processes but may actively contribute to disease progression.
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Methods for investigating HDACs

Various analytical methods are used to study HDACS, each having its own set of
strengths and limitations:

e Enzymatic assays are used to assess HDAC activity in vitro using synthetic
substrates that fluoresce or emit luminescence upon deacetylation, providing
quantitative data. They are valuable for screening and comparing the inhibitory
effects of compounds on HDAC activity (Marks & Breslow, 2007).

e Western blotting is a widely used to assess the expression levels of specific
HDAC isoforms with high specificity aiding in the understanding of their roles
in cellular processes and changes in disease (Xu et al., 2007).

e Chromatin immunoprecipitation followed by sequencing (ChIP-Seq) and RNA
sequencing (RNA-Seq) offer insights into HDAC genomic and transcriptomic
regulation. ChlP-Seq identifies HDAC binding sites on chromatin, while RNA-
Seq quantifies gene expression levels, revealing HDAC impact on the
transcriptome. These methods are valuable for understanding HDACs' broader
functional consequences in cellular processes.(Wilson et al., 2008).

e More indirect methods such as epigenome-wide association studies can provide
insights into HDAC activity by identifying changes in DNA methylation
patterns associated with disease states. While this method primarily focuses on
DNA methylation, it can highlight regions of altered chromatin structure and
histone modifications, indirectly reflecting HDAC regulation. Integration with
other omics data, such as transcriptomics and proteomics, can further clarify
HDAC-related mechanisms (Rakyan et al., 2011).

While these methods are crucial for studying HDACs, they have limitations.
Primarily operating in vitro, these methods may not fully capture the in vivo
microenvironment's influence on HDAC activity, and using cultured cells or tissue
lysates may not accurately reflect HDAC behavior in living organisms, and some
rely on post-mortem tissue samples, limiting the capture of dynamic HDAC activity
in disease progression. In contrast, PET imaging offers a promising complement by
providing real-time, non-invasive visualization of HDAC activity within living
organisms, overcoming many limitations of in vitro approaches.
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Fundamentals of PET imaging

PET is an imaging technique that has revolutionized our understanding of the
human brain. It is a non-invasive method that allows us to visualize and quantify
molecular processes in the living brain, such as metabolism, neurotransmitter
release, and receptor binding. The history of PET imaging began in the early 1950s,
when Benedict Cassen began using radioactive isotopes and a detector to produce
nuclear images of various organs (Rich, 1997). In the 1970s, the first PET scanner
was developed by Michel Ter-Pogossian and Mike Phelps. This early scanner used
only a few detectors and had limited resolution, but nevertheless provided proof-
of-concept for the use of PET in medical imaging (Phelps, Hoffman, Huang, et al.,
1975; Phelps, Hoffman, Mullani, et al., 1975; Ter-Pogossian et al., 1975). The
principle of PET imaging is the detection of positron-emitting isotopes such as
carbon-11, nitrogen-13, oxygen-15, fluorine-18—all pure positron emitters—and
bromine-76 (Table 2). These isotopes are introduced into the body through
intravenous (IV) injection of a tracer molecule, referred to as a radioligand when
targeting a receptor, and are carried to the target organ via the bloodstream. The
radioligand is administered in low mass amounts to image the function of targets
without altering them pharmacologically. As the isotopes decay, they emit positrons
that travel a short distance before colliding with electrons in the surrounding tissue
(Bailey et al., 2005).

Table 2 | Physical properties of commonly used positron-emitting radionuclides used in PET
imaging. Modified from Conti and Eriksson (2016), doi:10.1186/s40658-016-0144-5. © 2016,
Springer, distributed under a Creative Commons Attribution 4.0 International License.

Radionuclide Half-life (minutes) ~ Max B+ energy Max B+ range  Mean B+ range in
(MeV) in tissue (mm) tissue (mm)
Carbon-11 ('"C) 20.4 0.96 42 12
Nitrogen-13 (®N) 9.96 1.2 55 1.8
Oxygen-15 (O) 2.1 1.73 8.4 3.0
Fluorine-18 (8F) 109.8 0.64 2.4 0.6
Bromine-76 ("Br) 16.2 3.38 17.4 Al
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The interaction between the positron and the electron, called annihilation, produces
two gamma rays of 511 kilo electronvolts (keV) each that are emitted in opposite
directions. These gamma rays are captured by a ring of detectors surrounding the
subject. When the rays reach a scintillator in the scanner, they create a burst of light,
which is then picked up by photomultiplier tubes. It is the phenomenon where they
are emitted in nearly perfect opposite 180-degree directions that allow for the
localization of the positron and its target. The line of response (LOR) in PET
imaging is the line connecting the detectors, representing the path along which
radioactive decay is assumed to have occurred. Using the relative delay in activating
the detectors, the position can be calculated (Zanzonico, 2004), (Figure 8).

(511 keV)

4) Detectors register the two annihilation
photons occurring within a few nanoseconds of
each other. The points of interaction between
these photons define a line of response.

) 3) The positron (B*) and electron
( (B) annihalates resulting in two y
N 511 keV photons trabelling in

opposite direction.

1) A proton (P) spontaneusly
decays into a neutron (N), emitting
a positron (B*) and a neutrino (v).

2) The positron (B*) travel a
short distance before
meeting an electron (B).

(511 keV)

Fig. 8 | Schematics of principles in a PET scan: 1) A proton (blue ball) undergoes radioactive decay
into a neutron (red ball), resulting in the emission of a positron (green ball) and an electron
neutrino (yellow ball). 2) After undergoing random scattering and losing kinetic energy over a
short distance, the positron encounters its antiparticle, the electron (gray ball). 3) The subsequent
annihilation of both particles produces two 511 keV annihilation photons traveling in opposite
directions. 4) During a PET scan, the subject is positioned within the scanner, surrounded by a
ring of detectors. The detectors register the detection of two annihilation photons occurring
within a few nanoseconds of each other. The points of interaction between these photons define
a LOR. Figure redrawn with permission conveyed through Copyright Clearance Center license
number 1497505 from Vaquero and Kinahan (2015), doi:10.1146/annurev-bioeng-071114-040723.
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During a scan, multiple LORs are generated, and the data are reconstructed using
computer algorithms to produce a time-dependent three-dimensional and
quantitative distribution of the radioactive tracer in the tissue after correcting for
absorption, scatter, and random coincidence (Vaquero & Kinahan, 2015).

Despite the many advantages of the technique, there are also limitations. One of the
main limitations is the cost and availability of PET scanners and radiotracers, which
can be expensive and difficult to obtain, as well as logistical challenges around the
setup (Keppler & Conti, 2001). The second limitation is the low spatial resolution
of PET imaging. The image resolution ranges from 4-5 mm for most clinical whole-
body PET scanners to ~2.5 mm for the brain-specific high-resolution research
tomograph (HRRT) (de Jong et al., 2007). The determination of this is influenced
by the variability in estimating the interaction point of the photon within the
scintillator. This, in turn, is impacted by the optics of the scintillator, the quantity
of emitted photons, and the accuracy of the photomultiplier tubes. These factors
contribute to the noise and resolution characteristics of the PET image (Vaquero &
Kinahan, 2015). Due to the relatively low spatial resolution of PET images, the
technique is often combined with high resolution methods such as magnetic
resonance imaging (MRI) (Ehman et al., 2017), or X-ray computed tomography to
merge anatomical and biological information (Pichler et al., 2008). Encouragingly,
new ultra-high performance human brain PET imaging systems are being
developed with ~1 mm resolution (Carson et al., 2023), close to the theoretical limit
of 0.67 mm resolution (Moses, 2011).

PET imaging applications in drug development

Over the last several decades, scientific progress has led to the development of tools
enhancing drug discovery. Despite this progress and increased funding, the industry
struggles with low productivity, long timelines, and exorbitant costs for delivering
new medicines (DiMasi et al., 2016). The picture is even more discouraging when
looking at new treatments targeting the CNS (Gribkoff & Kaczmarek, 2017). Here,
the rate of unsuccessful outcomes is notably higher and average development times
substantially longer (Kesselheim et al., 2015; Pangalos et al., 2007). Considerable
efforts have been made to analyze failures in clinical development to pinpoint
significant risks (Cook et al., 2014; Morgan et al., 2012; Owens et al., 2015). From
their analysis, Morgan et al. (2012) introduce a framework outlining three critical
drug attributes named the ‘three pillars of survival’ that should reduce the risk of
program failure when characterized: 1) tissue accessibility, 2) target engagement,
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and 3) demonstration of downstream pharmacology. Specifically for drugs
targeting the CNS, tissue exposure and target engagement are essential in early drug
development programs, where PET serves as a highly valuable imaging tool to
interrogate these parameters as described in the following three sections (Ghosh et
al., 2022; Gunn & Rabiner, 2017).

Measuring tissue accessibility through PET imaging

PET enables the assessment of drug access by providing real-time imaging of the
spatial distribution, concentration, and kinetics of radiolabeled compounds within
the brain (Bergstrom et al., 2003). This is important in ‘privileged’ tissue such as
the CNS, where assessing a compound's ability to cross the BBB is crucial and often
represents a major roadblock and a key factor limiting success (Abbott, 2013). The
distribution within the brain of a drug candidate can be assessed by radiolabeling
the compound with a positron emitting isotope as described in the previous section.
This type of approach is referred to as microdosing, or the Phase O stage (Burt et
al., 2020), because it consists of the administration of a negligible amount of the
compound in a radiolabeled form, typically less than 10 pg, or less than 5% receptor
occupancy without any pharmacological effect. However, this approach has some
inherent challenges, as it requires the isotope to be incorporated into the molecule
late in its synthesis. For ‘8F, this is further challenging because fluorine is not a part
of many drug molecules—although an increasing number of compounds are being
fluorinated (Clayden, 2019; Shah & Westwell, 2007). If these hurdles can be
overcome, the radiolabeled drug candidate can be used in animal and humans for
both PK and distribution studies. This approach is typically used in pre-clinical
development in experimental animals, such as rats and non-human primates, when
a PET radioligand for the target receptor or protein is not available for direct
assessment of target occupancy. Under the assumption that the in vitro and in
vivo Kj are the same, the microdosing approach can also be used to estimate the
occupancy of the drug to the target. A modification to the microdosing studies is
where a pharmacological dose of ‘cold’ (i.e., non-radiolabeled) compound is
administered together with the radiolabeled compound. In this way it can be
investigated if the uptake of the radiolabeled compound is influenced by the cold
dose e.g., by increased activity of transporters located on the BBB. This approach
is also done to make sure that only the non-displaceable (ND) signal of the
radiolabeled compound is used for measuring the ratio of brain to plasma.
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PET imaging for evaluating target engagement

PET imaging can facilitate the evaluation of target engagement by visualizing in
vivo interactions between a drug and its molecular target, such as in competition
binding studies. This strategy provides important information for determining
dosage in clinical trials (Takano et al., 2016). Once brain accessibility is confirmed,
the next step is to assess the compound's interaction with its target, known as target
or receptor occupancy. This is crucial for understanding the link between target
engagement and downstream pharmacological effects in vivo. PET occupancy
studies become feasible when a radioligand is available for imaging the target of
interest, and while well-established tracers exist for several targets in the CNS as
reviewed in George et al. (2015); McCluskey et al. (2020), the discovery of
radioligands often constitutes an initial phase in drug development programs. This
approach offers an advantage over radiolabeling the drug compound itself, as it
eliminates the need to radiolabel each drug individually and consequently, multiple
drug candidates can be tested using the same radioligand for a given target. As
examples of our contributions to this approach, please refer to Papers A (Hansen et
al., 2015), and B (Hansen et al., 2019).

Occupancy (O%) is calculated by measuring the decrease in radioligand uptake
from a baseline to a challenge scan. This decrease reflects how much of the receptor
or target sites the drug occupies. This process involves two PET scans: a baseline
scan to measure selective radioligand uptake, followed by a second scan after
administering the investigated drug. Of note, efforts are made, also within our
group, to make kinetic models for estimating occupancy from single-scan PET
displacement studies (Laurell et al., 2023). Commonly, occupancy is calculated
based on the reduction in radioligand uptake observed in the second scan compared
to the baseline. This calculation incorporates the measure of binding potential (BP),
(Equation 1) (Passchier et al., 2002):

BPbaselL'ne - BPdrug
0(%) = 100
( A)) BPbaselL'ne g

(1

BP is a ratio consisting of the maximum density of a receptor (Bmax) and the affinity
of a ligand to its receptor (Kp, dissociation constant), (Mintun et al., 1984). In PET
imaging, BP is calculated as the ratio of specifically bound ligand concentration
(Cs) to free ligand concentration (Cg) under the assumption of equilibrium and
when Ck is low relative to Kp (Innis et al., 2007) (Equation 2):
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(2)

Distinguishing Cs and Cg within the same region is challenging. However, it is
assumed that at equilibrium, Cr equals Cp times the fraction of free radioligand in
plasma (fr), assuming passive diffusion of the radioligand (Equation 3):

Bmax _ & _ CS

BP = ===
Kp Cr Cpfp

(3)

Direct measurement of Cp involves collecting radioligand from arterial blood
samples during the scan and correcting for its metabolism. This is considered the
gold-standard, but the invasiveness of the procedure is a limitation, and new
methods and approaches are being considered (Volpi et al., 2023). Cs is determined
as the radioactivity within the brain, expressed as the total radioactivity
concentration in brain tissue (Ct) at time t and measured within a specific region of
interest (ROI) between the intervals of t; and to, typically in units of microcurie per
cubic centimeter (uCi/cm3). In any brain region, Ct is the sum of Cg, non-
specifically bound (Cns), and Cs compartments (Equation 4):

CT=CF+CNS+CS

(4)

When equilibrium is achieved between the free and non-specifically bound
compartments, the equation can be simplified (Equation 5):

Cr = Cpyns + Cs

(5)

In this context, a test drug selectively displaces only the Cs compartment, leaving
the combined compartment Cr+ns unaffected and constant throughout the brain as
the ND fraction (Cnp). Regions without the target receptor can serve as a reference,
with their concentration representing the ND fraction. The radioligand freely
exchanges between compartments until equilibrium is reached and the rates of
movement and binding are linearly related (Equation 6) (Watabe et al., 2006):
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dCrins(t)

at = K1Cp(t) — (kz + k3)Crins(t) + kyCs(2),

dCs(t)
dt

= k3Cryns(t) — kyCs(t)

(6)

Here, K1 is the transportation rate (perfusion), and ko, ks, and ks are rate constants
of the radiotracer between the different compartments at time t in min*! in a two-
tissue compartment model (2TCM) (Figure 9).

Fig. 9 | lllustration of the 2TCM. The model consists of three compartments but two different
tissues, hence the name. First compartment is for the input function, the concentration of
radiotracer in plasma, Cp. The following two compartments are for the two distinct kinetic
compartments in the brain tissue, representing the free and non-specifically bound i.e., the ND
compartment, Cnp, and specific bound radiotracer concentrations, Cs. Compartments are
connected by four rate constants, Ki, k2, k3, and ka. Figure redrawn with permission as per Sage
Publications guidelines from Innis et al. (2007), doi:10.1038/s}.jcbfm.9600493.

From these equations, BPr can be calculated as a combination of kinetic parameters
and measurements of fp, (Equation 7), (Ichise et al., 2001; Mintun et al., 1984;
Watabe et al., 2006):
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Kiks

5P = tats

(7)

Or as BPr if not corrected for fp, (Equation 8):

(8)

(9)

Using the metabolite-corrected plasma time-activity curve (TAC) as an input
function, the kinetic parameters (K1, k2, ks, and ks) of receptor-rich areas can be
derived through nonlinear regression. In cases without a true reference region for
BPnp estimation, the revised Lassen plot is used to derive an occupancy measure,
where apparent tissue volume (Vr, in units of mL/cm®) is the outcome
(Cunningham et al., 2010; Lassen et al., 1995). The difference between estimates
of V1 post-drug and Vr at baseline across multiple regions is plotted against Vr
baseline using linear regression, with the slope providing an estimate of occupancy
and the intercept on the x-axis yielding an estimate of Vnp.

Utilizing PET imaging in downstream pharmacology

To assess the last of the three “pillars of survival’, PET allows for the observation
of downstream pharmacology, offering insights into how drugs affect physiological
processes and molecular pathways over time i.e., the pharmacodynamic (PD)
properties. The essence of using PET imaging to interrogate downstream
pharmacology lies in understanding how a drug's initial interaction with a molecular
target leads to broader physiological effects and alters radioligand binding. One
area where PET imaging has made significant contributions is in the field of
psychotropic medication research. As an example, studies using PET radioligands
targeting the dopamine system have provided key insights into the downstream
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effects of antipsychotic medications and various radioligands can be used to
investigate dopamine synthesis capacity, baseline D2 and D3 subtype receptor BP,
and dopamine release in response to pharmacological intervention (Kilbourn, 2021,
Laruelle, 2000). Beyond neurotransmitter systems, PET imaging is used in the
study of downstream events at the molecular level including the exploration of
signal transduction pathways (Holland et al., 2013), gene expression patterns
(Blasberg, 2002; Yu et al., 2000), and alterations in protein function (Phelps, 2000).
Also, PET imaging played a crucial role in the development of aducanumab, a
monoclonal antibody for AD, which received FDA approval in 2021 (Dhillon,
2021). This has been the first new drug to be approved for the treatment of AD since
2003 and the first drug to ever be approved for modification of the course of AD.
In this instance, the radioligand ®F-florbetapir, designed to bind AP plaques, was
developed alongside the monoclonal antibodies targeting AB (van Waarde et al.,
2021). The radioligand showed dose- and time-dependent decreases in the AR PET
binding (Chiao et al., 2019; Sabri et al., 2015) thereby confirming that aducanumab
reduce cerebral AB deposits (Sevigny et al., 2016). While this might seem like the
poster story for PET in assessing downstream pharmacology, it needs mentioning
that the approval of aducanumab has been very controversial. First, because it was
done against the recommendation of the FDAs advisory panel (Mahase, 2021),
second, as there has been a lack of evidence that the therapy improves cognitive
outcomes (Alexander et al., 2021; Schneider, 2022) and third, due to the
controversy of deeming AP plaque reductions an approvable surrogate endpoint that
is “reasonably likely to predict a clinical benefit” (Mullard, 2021) and finally, since
the diagnostic value of Ap PET imaging has been challenged and it has been argued
that there are significant limitations as a marker of efficacy (Hoilund-Carlsen &
Alavi, 2021; Hoilund-Carlsen et al., 2022; Kepp et al., 2023). This example shows
the role of PET imaging as an essential tool for PD interrogation, but also
emphasizes the need for a multimodal approach: incorporating other read-outs,
biomarkers and endpoints alongside PET imaging can enhance the robustness and
reliability of neuroimaging data in drug development (Liu & Howard, 2021).

PET imaging of the a7 nicotinic acetylcholine receptor

PET radioligands targeting o7 nAChRs have been developed and used to
investigate the distribution, density, and occupancy of these receptors in vivo, and
offers a valuable approach for investigating the development and progression of
CNS diseases associated with a7 nAChR (Zhang et al., 2023), (Table 3). However,
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the development has been challenging due to the low density of the receptor in the
brain (Marutle et al., 2001), and therefore, a suitable radioligand must have high
specificity, low nano- or picomolar binding affinity, good brain penetration, and
appropriate PK properties for PET imaging (Halldin et al., 2001). The following
section looks at current radioligands targeting a7 nAChRs, highlighting their
strengths and limitations.

11C-GTS-21 was the first PET radioligand tested in vivo, acting as a partial agonist
for a7 nAChR (Figure 10). It was radiolabeled in two different positions as well as
radiolabeling of two metabolites for PK PET studies in baboons and mice but
showed only modest specificity (Kim et al., 2007).

Fig. 10 | The first a7 nAChR PET in vivo images in baboon with three "'C labeled versions of GTS-
21. Figure reprinted from Kim et al. (2007), doi:10.1016/j.nucmedbio.2007.04.005. © 2007, Elsevier
Inc., permission conveyed through Copyright Clearance Center license number 5813610561679.

SSR180711, was shown to have good binding affinity for rat and human a7
nAChRs and was radiolabeled with ®Br and 11C to yield °Br-SSR180711 and *'C-
SSR180711, respectively. Further, a "®Br-SSR180711 analogue, where "®Br was
replaced with 'CH; was also developed (*!C-CHIBA-1001) (Hashimoto et al.,
2008). "®Br-SSR180711 and '!C-CHIBA-1001 were tested in rhesus monkeys,
showing a heterogeneous distribution pattern and good region-specific brain uptake
and specificity was demonstrated with competition binding studies. These results

38


https://doi.org/10.1016/j.nucmedbio.2007.04.005

led to 1*C-CHIBA-1001 being the first a7 nAChRs specific radioligand to be tested
in humans in vivo (Toyohara et al., 2009) (Figure 11).

Fig. 11| The first o7 nAChR PET in vivo images in humans with ""C-CHIBA-1001. Top panel: MRI
of the corresponding slices. Middle panel: static images from 0 to 90 min post "C-CHIBA-1001
injection, shown as SUV. Lower panel: total distribution volume of "C-CHIBA-1001 via Logan
graphical analysis (30 to 90 min data). Figure modified from Toyohara et al. (2009),
doi:10.1007/512149-009-0240-x. © 2009, The Japanese Society of Nuclear Medicine, permission

conveyed through Copyright Clearance Center license number 5813610854886.

This study revealed a heterogeneous brain uptake with the highest uptake found in
the thalamus. However, the human data showed comparable radioligand uptake in
the cerebellum to that in the cerebral cortex, in contrast to the monkey data, which
might be due to low receptor affinity (Ding et al., 2012). For this reason, no further
development of the radioligand has been reported.

Three a7 nAChRs specific compounds, 1,4-diazabicyclo[3.2.2]nonane derivatives,
were radiolabeled as potential PET radioligands: 1) ®F-NS10743 was developed
with good binding affinity toward a7 nAChRs and ex vivo studies in mice indicated
good BBB permeability as well as target specificity (Deuther-Conrad et al.,
2009). However, later in vivo PET studies in pigs revealed modest specificity as
shown by a low decrease of SB in competition binding studies (Deuther-Conrad et
al., 2011). 2) *C-NS14492 is a selective o7 nAChR partial agonist that was
evaluated in our group using in vivo PET imaging in pigs (Ettrup et al., 2011). The
radioligand showed good BBB penetration, with high binding in the thalamus and
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cerebral cortex, moderate binding in the striatum, and low cerebellar binding, in
accordance with known distribution of a7 nAChR in the human brain. Selectivity
was demonstrated by dose-dependent signal blocking, with pre-dosing of cold
NS14492 and SSR180711. Taken together, these results demonstrate that *'C-
NS14492 is a promising radioligand for a7 nAChRs brain imaging and used as part
of the work in this thesis. 3) 18F-NS14490 was developed as a radioligand with high
binding affinity and selectivity, but PET studies in mice and pigs revealed limited
brain uptake (Rotering et al., 2013). Recently, Reid et al. (2023) used tritiated 3H-
NS14490 as an imaging marker to study cardiac repair after myocardial infarction,
supporting a7 nAChR's involvement in key repair processes.

BE-ASEM and its isomer F-DBT10T are two potent a7 nAChR antagonists with
very high binding affinity and good selectivity (Horti, 2015). Biodistribution
studies in mice revealed a higher uptake in the brain of *®F-ASEM compared to ‘8F-
DBT10 and given their structural similarity, further investigations of 8F-ASEM
were pursued. These studies revealed heterogeneous binding: high in the
hippocampus and frontal cerebral cortex, intermediate in the striatum, and low in
the cerebellum, consistent with known o7 nAChR distribution in the mouse brain.
Similar results, including in vivo dose-dependent blocking in competition binding
studies, were obtained in baboons (Horti et al., 2014) and pigs, as investigated in
our group (Donat et al., 2020). These results let to the first human in vivo PET study
with ®F-ASEM, making it only the second radioligand to be tested in humans
(Wong et al., 2014). This study showed good brain uptake and regional binding
matching postmortem human and non-human primate results with high levels in
parietal cortex, putamen, thalamus, temporal lobes, cingulate, frontal lobes, and
hippocampus. This led to a series of human studies: 1) Coughlin, Du, Rosenthal, et
al. (2018) investigated the potential relationship between a7 nAChR distribution
and ageing using F-ASEM in 25 healthy volunteers aged 21-86 years. Here, they
found that V1’s of six brain regions, including the striatum and five cortical regions,
were negatively correlated with age. 2) Coughlin, Du, Crawford, et al. (2018) used
BE_.ASEM to study a7 nAChR distribution in 11 participants with recent-onset
psychosis compared to 15 healthy controls and found lower binding in hippocampus
in the patient group. 3) Further, ®F-ASEM was used to study a7 nAChR
distribution in 14 participants with mild cognitive impairment and 17 controls,
revealing higher binding across all brain regions in the cognitively impaired group,
suggesting increased receptor density (Coughlin et al., 2020). Finally, these recent
studies are worth mentioning: 4) Vetel et al. (2020) used ®F-ASEM to study the
evolution of the a7 NAChR using in vivo PET in an early-stage Parkinson’s disease
rat model. They found an early and transient rise in receptor expression in the
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lesioned striatum and substantia nigra. 5) Yang et al. (2021) investigated a7 NAChR
expression in the vasculature in two animal models of atherosclerotic plaques and
found that F-ASEM made it feasible to locate atherosclerotic plaques and to
evaluate the vulnerability of plaques toward rupture. 6) Kim et al. (2024) showed
that a7 nAChR imaging has potential as a noninvasive diagnostic method for
peripheral nervous system disorders. 7) Nag et al. (2022) used in silico modelling
to produce ASEM analogues with improved radioligand properties and tested six
of these lead compounds with in vitro autoradiography in post-mortem human
tissue and in in vivo PET imaging in non-human primates. 8) Finally, two recent
abstracts have been presented indicating higher availability of the a7 nAChR in the
brains of older, cognitively normal subjects (Woolsey et al., 2024), and low
hippocampal levels of a7 NAChRs in patients with recent-onset psychosis (Wong
etal., 2024).

11C-(R)-MeQAA was developed with reasonable binding affinity and
biodistribution and in vivo receptor blocking studies in mice demonstrated high
initial brain uptake, and a heterogeneous distribution with high binding in the
hippocampus and low binding in the cerebellum. Further, pretreatment with a7
nAChR antagonist MLA resulted in a significant blocking of signals in the
hippocampus. Later, PET imaging studies in rhesus monkeys showed regional brain
uptake with high levels in the thalamus, moderate levels in the cerebral cortex, and
low levels in the cerebellum (Ogawa et al., 2010). !C-(R)-MeQAA was assessed
in twenty human patients with AD and ten healthy age-matched controls in
combination with AP deposition evaluation with C-Pittsburg compound B
(Nakaizumi et al., 2018). This study showed significantly lower !C-(R)-MeQAA
binding in the temporal and prefrontal cholinergic projection regions in patients
with AD, and the binding levels of 1C-(R)-MeQAA showed significant correlation
with memory function scores in patients with AD. Finally, from a pilot study in
patients with schizophrenia, significantly lower levels of 'C-(R)-MeQAA BPnp
were found in the middle frontal cortex. There was also a trend toward decreased
BPnp levels in the temporal and parietal cortex. No difference was observed in the
superior frontal cortex (Wakuda et al., 2018). Despite the promising results, no
further development of the radioligand has been reported.
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Table 3 | List of radioligands targeting the o7 nAChR. Type: (A) = Agonist, (PA) = Partial agonist,
(AN) = Antagonist. n.s. = not specified.

Name (type)  Affinity Animals Study highlights Reference
tested in

C-3 (n.s) Kq = 0.54 nM Mice High binding affinity, no in vivo  Pomper et al,,
studies conducted 2005

BF-6 (A) Ki=13nM Baboons Poor signal in the baboon brain ~ Kim et al,
2008

TC-A-582941  K;=10.8-17nM Mice, Good BBB penetration but Toyohara et
(A) monkeys lacked sufficient regional al, 2010
specificity

"C-A-833834 Ky =153nM Mice, High binding affinity but low Horti et al,
(A) baboons brain uptake 2013

BF-ASEM Ki=037nM Mice, Second human in vivo PET Wong et al,
(AN) baboons, study. Good brain uptake and 2014
pigs, humans  regional binding. Widely used.
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TC-CHIBA- Kgq =120-180 nM  Monkeys, First o7 nAChR  specific Toyohara et
1001 (PA) humans radioligand tested in humans al, 2009

with  heterogeneous  brain

uptake
BF-DBT10 Ki =132 nM Mice Similar uptake and binding as  Wong et al,
(AN) 18F-ASEM 2014
C-GTS-21 Low (n.s.) Baboons, First 11C-labeled PET radioligand ~ Kim et al., 2007
(PA) mice tested in vivo
C-(R)- Ki = 41 nM Mice, Good brain uptake, useful in AD  Ogawa et al,
MeQAA (PA) monkeys, and schizophrenia studies 2010

humans
BF-NS10743 K4 =8.99 nM Mice, pigs Good BBB permeability, but Deuther-
(A) limited specificity Conrad et al,
2009

BE-NS14490 K =25nM Mice, pigs Limited brain uptake Rotering et al,,
(A) 2013
C-NS14492  Ki=22nM Pigs Dose-dependent signal  Ettrup et al,
(PA) blocking. Good BBB penetration, 20711

promising for o7 nAChR

imaging
76Br- Ki=14-22nM  Monkeys Good specificity in competition  Hashimoto et
SSR180711 binding studies al., 2008
(PA)
BE-YLF-DW Ki=2.98 nM Mice Promising brain uptake, used for  Wang et al,
(A) atherosclerotic plaques 2018

identification

In the interest of conciseness, the following nine a7 nAChR radioligands deserve
brief mention, although they all failed for various reasons: 1) !C-2 showed no
specific accumulation and low specific binding (SB), (Dolle et al., 2001); 2) *'C-3
and 'C-4 showed low brain uptake and homogeneous distribution (Pomper et al.,
2005); 3) 8F-6 showed poor binding signal (Kim et al., 2008); 4) ‘8F-7 showed low
and homogeneous distribution and poor SB (Pin et al., 2014); 5) *¥F-AZ11637326
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showed limited brain uptake and low SB (Ravert et al., 2013); 6) 1!C-A-582941 and
7) 11C-A-844606 both penetrated the BBB in mice and monkeys but lacked
sufficient regional selectivity and specificity (Toyohara et al., 2010); 8) C-A-
752274 and 9) *C-A-833834, showed very high binding affinity but had low brain
uptake (Horti et al., 2013).

Finally, Wang et al. (2018) developed ®F-YLF-DW and initial mouse studies
revealed promising brain uptake and it was subsequently used for identifying
vulnerable atherosclerotic plaques in carotid arteries (Wang et al., 2021). The last
example shows that the emergence of whole-body PET targeting a7 nAChRSs in the
periphery could complement CNS studies and identify new potential treatment
targets.

The pursuit for PET radioligands targeting the a7 nAChR has been long and
challenging, marked by numerous setbacks and failures in preclinical stages. Most
often the failure is due to limited specificity or inability to penetrate the BBB.
However, amidst these challenges, some promising radioligands such as *C-(R)-
MeQAA and ®F-ASEM have been developed and we will continue to further
develop 1C-NS14492 as we believe that the application of o7 nAChR-targeted PET
radioligands are positioned to impact the diagnosis, treatment, and management of
a7 nAChR-related disorders.

PET imaging of HDACs

Similar to its use in studying the a7 nAChR, PET imaging offers significant
advantages for investigating HDACs. Its non-invasive nature allows real-time
visualization and quantification of HDAC activity, providing insights into gene
regulation processes in the living human brain. A key benefit of PET in studying
HDAG:S is its ability to assess the effectiveness of novel therapeutic interventions.
By visualizing HDAC occupancy and enzymatic activity over time, it becomes
possible to monitor drug response, optimize dosages, and evaluate the efficacy of
potential HDAC-targeted therapies (Wang, Schroeder, & Hooker, 2014). This is
crucial for advancing drug development and precision medicine strategies for
conditions affected by HDAC dysregulation. Additionally, PET facilitates the
examination of early disease stages associated with HDAC dysfunction, providing
information about the development of conditions such as AD.
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The following radioligands have been developed and tested, but only one has been
reported in human studies.

The first HDAC specific radioligand, ®F-FAHA, was developed by
Mukhopadhyay et al. (2006). Studies in rats examined the in vivo characteristics of
the compound, showing brain uptake and decreased binding in a competition assay
with the HDAC inhibitor SAHA (suberoylanilide hydroxamic acid, generic name
vorinostat) (Yeh et al., 2013). However, studies in baboons showed rapid
metabolism of the compound, with the main radiometabolite penetrating the BBB,
complicating data analysis. (Reid et al., 2009). Bonomi et al. (2015) introduced *8F-
DFAHA and BF-TFAHA, with improved selectivity towards class 1la HDACs and
PET/CT imaging in rats demonstrated high accumulation of both compounds in
brain regions such as the cerebellum, nucleus accumbens, and hippocampus, where
class Ila HDACs are expressed. Subsequently, *®F-TFAHA has been used in various
rodent models to investigate HDAC class Ila expression in intracerebral glioma
(Laws et al., 2019), mild traumatic brain injury (Kamal et al., 2022), low- and high-
cocaine intake (Perrine et al., 2022), and finally in a transgenic mouse model of AD
(Chen et al., 2021). As of today, 8F-TFAHA has not been used in humans, but
studies are currently underway (personal communication, Juri Gelovani). Four
other SAHA-based compounds were evaluated, but none had suitable properties for
further development: ®F-FESAHA (Zeglis et al., 2011), p-®F-SAHA (Hendricks
etal., 2011), and two *'C-labeled analogues (Seo et al., 2013).

Wang, Schroeder, Wey, et al. (2014) developed the first adamantane-conjugated
HDAC imaging radioligand, *!C-Martinostat at the Athinoula A. Martinos Center
for Biomedical Imaging at Massachusetts General Hospital, hence the name. The
adamantane group is often used to improve a compound’s BBB permeability
(Wanka et al., 2013), and here it was linked to a potent HDAC inhibitor. From their
initial validation, low 1Csp values were seen for HDAC1, 2, 3, and 6 (between 0.3
and 4.1 nM), and more modest levels for HDAC4, and 5 (between 0.4 and 2.0 uM),
with high values for HDAC?7, 8, and 9 (between 15 and 20 uM). Specificity was
confirmed using in vitro autoradiography in rat brain sections and competition
binding with SAHA. In vivo PET imaging in rats and baboons showed brain
accumulation of 'C-Martinostat, which decreased dose-dependently with cold
compound pre-treatment (Figure 12). These results suggested C-Martinostat is a
suitable radioligand for HDAC imaging, prompting further PET studies.
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Fig. 12 | Vr images of "C-Martionstat in a baboon brain. Top panel is baseline and lower panel
shows decreased signal by pre-treatment with unlabeled Martinostat. Figure reprinted from
Wang, Schroeder, Wey, et al. (2014), doi:10.1021/jm500872p. © 2014, American Chemical Society,
distributed under a Creative Commons Attribution 4.0 International License.

Schroeder et al. (2014) conducted PET studies in rats using a subset of HDAC
inhibitors to assess the relationship between HDAC target engagement and in vivo
effect. Later, the first human PET study with C-Martinostat was performed in
eight healthy volunteers (Wey et al., 2016). Here, high HDAC expression was
found in cortical gray matter regions, with conserved regional distribution patterns
between test subjects, while lowest expression was found in the hippocampus and
amygdala. (Figure 13).
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Fig. 13 | "C-Martinostat PET scans from a first-in-human trial. Top panel (A) average SUV brain
images from 60 to 90min following injection with PET images overlaid on MRI. (B) "C-Martinostat
SUVR images of eight individual participants. Figure reprinted from Wey et al. (2016),
doi:10.1126/scitranslmed.aaf7551. © 2016, American Association for the Advancement of Science,

reprinted with permission from AAAS.

Following this pivotal study, !C-Martinostat has been used extensively to
investigate the role of HDAC:s in the following clinical settings: 1) Schizophrenia:
Gilbert, Zurcher, Wu, et al. (2019) compared uptake between 14 patients with
schizophrenia or schizoaffective disorder and 17 healthy controls, showing lower
HDAC expression in the dorsolateral prefrontal cortex of patients, correlating with
cognitive performance. 2) Amyotrophic lateral sclerosis: Dios et al. (2019)
investigated altered HDAC levels but found no significant differences between
patients and healthy controls, indicating it is not a pathological hallmark of
amyotrophic lateral sclerosis. 3) Age and sex differences: Gilbert, Zurcher,
Catanese, et al. (2019) examined age- and sex-related alterations in gene
transcription, finding HDAC expression increases with age in cerebral white matter
and sex-specific differences in brain regions associated with emotion and memory,
including the amygdala and hippocampus. 4) Bipolar disorder: Tseng et al. (2020)
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compared in vivo brain expression of HDACs in 11 participants with bipolar
disorder, finding lower binding in the right amygdala compared to healthy controls,
with no changes in the dorsolateral prefrontal cortex in contrast to the previous
finding in participants with schizophrenia. 5) AD: Pascoal et al. (2022) studied
epigenetic dysregulations and their role in neurodegeneration and cognitive
impairment in 94 participants ranging from cognitively unimpaired young
participants, cognitively unimpaired elderly, mild cognitive impaired individuals,
and participants with AD dementia. This study showed a high correlation of HDAC
I reduction with elevated AP and tau in patients with AD, in contrast with previous
studies that predicted HDAC I increase. This finding is critical, as the use of HDAC
inhibitors in treating AD has been suggested, but these results indicate it may be
counterproductive. Furthermore, the authors found that HDAC 1 reduction
predicted longitudinal neurodegeneration and cognitive decline, suggesting that
HDAC | reduction is an important element associated with both AD
pathophysiology and cognitive impairment in general. 6) Dementia with Lewy
bodies: Goodheart et al. (2023) studied HDAC expression in participants with
dementia with Lewy bodies, finding increased binding in regions with Lewy body
pathology (brainstem, medial temporal lobe, anterior cingulate) compared to
healthy subjects. Increased uptake was also observed in motor function areas
(striatum, motor cortex, cerebellum), while 1*C-Martinostat uptake decreased in the
parietal cortex, indicating abnormal class | HDAC expression in these regions.

Recently, Tago et al. (2021) developed the HDACSG specific radioligand *3F-FSW-
100, which showed good brain penetration and moderate stability in mice but was
rapidly metabolized. Blocking studies with the unlabeled compound and HDAC6
inhibitors demonstrated its selectivity. Subsequent preclinical validation in non-
human primates confirmed good brain penetration and specificity (Tago et al.,
2024).

In summary, recognizing epigenetic abnormalities in the brain as therapeutic target
for neurodegenerative diseases has led to a focus on PET imaging to quantify the
activity of HDAC enzymes non-invasively and support the development of new
treatments. Notably, PET imaging ligands for HDACs are well-developed, with the
adamantane-conjugated radioligand !C-Martinostat emerging as a promising tool
for imaging HDACs.
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Chapter 2
AIMs

Due to the challenges and limitations highlighted in the introduction, there remains
a gap in the field of effective radioligands for neuronal nAChRs and HDACS.
Therefore, with this thesis, | aim to investigate the following:

1. To assess the suitability of 3H-NS14492 as an in vitro radioligand for the
a7 nAChR (Paper I): Targeting neuronal nAChRs, particularly the o7
subtype, still holds promise for addressing cognitive impairments in conditions
like AD and schizophrenia. Our investigation aims to evaluate the binding
properties of 3H-NS14492 to the a7 nAChR.

2. To validate the newly developed radioligand, *C-Martinostat, in the pig
brain (Paper Il): HDACs are crucial enzymes in epigenetic modifications,
and their dysregulation is implicated in neurological and psychiatric disorders,
including AD. This aim supports the exploration of HDACs as therapeutic
targets and diagnostic tools.

3. Toevaluate the binding of previous clinical drug candidates, bradanicline
(TC-5619) and encenicline (EVP-6124), to the a7 nAChR in the pig brain
using PET imaging with 1C-NS14492 (Paper IIl): This study aims to
understand the interaction of these drug candidates with the a7 nAChR, which
may offer insights into their potential therapeutic efficacy.
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Chapter 3

Materials and methods

The methods used in the studies are covered here, with specific experimental details
provided in the methodology sections of the relevant publications.

In vitro receptor autoradiography

Autoradiography is an imaging technique used to visualize the location and
distribution of radiolabeled molecules within a solid biological sample, typically a
thin tissue section. It relies on the radioactive isotope in the molecule, such as
tritium (H), carbon-14 (*4C), or iodine-125 (*?°I), emitting radiation that can be
detected by photosensitive film or phosphor imaging plates (Solon, 2007). Tritium
labeling is often preferred since substituting hydrogen with tritium does not alter
the chemistry of the ligand. Additionally, tritium's long half-life of 12.32 years and
low B -decay energy (18.6 keV) allows for long-term storage and use. The resulting
autoradiograms display excellent spatial resolution, used for visual interpretation of
radioligand binding and distribution in distinct anatomical structures. For this
reason, autoradiography has been used to study the localization of macromolecules
within cells, tissues, and organs, as well as to map the distribution of
neurotransmitters and their receptors in the brain. Furthermore, quantification by
comparing binding levels with a standard allows for the characterization of ligand
affinity measurements Kq, Ki, and Bmax (Davenport, 2008; Manuel et al., 2015).

The autoradiographic procedures used in Papers | and Il involve two main steps:
pre-incubation and incubation. The conditions for these steps are specifically
adjusted to differentiate between total binding (TB) and non-specific binding
(NSB), with each binding type having distinct protocols for pre-incubation and
incubation. A subsequent washing step is identical for both TB and NSB. In in vitro
binding assays, TB includes SB to the targeted receptor and NSB to tissue and other
receptors. SB is determined by subtracting NSB from TB, where NSB is measured
in the presence of an excess of a cold competitor that also binds to the target
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receptor. This method is applicable to both autoradiography and homogenate
binding assays (discussed later). During pre-incubation, tissue sections are treated
with assay buffer alone, with the addition of a cold competitor for NSB to prevent
nonspecific interactions. Following this, sections undergo incubation in assay
buffers containing the radioactive ligand, differing only in the addition of the cold
competitor for NSB measurements.

Autoradiograms and image analysis

In Papers I and I11, we used phosphor imaging plates (IP) to detect radioactive decay
and measure receptor binding. The IP captures radiation energy, emitting photo-
stimulated luminescence upon stimulation (Amemiya & Miyahara, 1988). Tritium
radiation-sensitive IPs were used in Paper | (Griem-Krey et al., 2019). Photo-
stimulated luminescence, directly proportional to emitted radiation, enables
quantification of in vitro receptor binding through densitometric measurements.

In Paper I, ImageJ software was used for image analysis, with manually drawn ROIls
for each brain region. Mean pixel density was converted to ligand binding using
standard 3H-microscales. Calibration was performed using a 3"-degree polynomial
function to relate densitometric measurements to decay-corrected 3H-microscale
activity levels, and ImageJ computed the results as binding (in nCi/mg tissue
equivalent (TE)) using this calibration function. We calculated TB, NSB, and SB
in fmol/mg TE for each ROI using decay-corrected specific activity to convert from
nCi to fmol. The difference between binding in adjacent sections determined SB
for all measured sections.

Homogenate binding assays

The homogenate binding assay is a technique used to measure the binding affinity
of ligands to specific receptors or proteins in a crude homogenate of cells or tissue.
The method involves the preparation of a homogenate by disrupting the cells or
tissues of interest, followed by the addition of a radioligand to the homogenate. The
ligand binds to the receptor or protein of interest, and the bound ligand is separated
from the unbound ligand using various separation techniques, such as filtration. The
amount of bound ligand is then measured using scintillation counting and is
proportional to the amount of receptor or protein present in the homogenate. Kq of
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the ligand-receptor or ligand-protein interaction can be determined using saturation
binding assays, where the concentration of the radioligand is varied while keeping
the amount of homogenate constant. This is also the main strength of the assay: its
ability to measure the binding affinity of ligands to specific receptors or proteins,
without the need for purification of the target protein. One major limitation is the
potential for NSB of the radioligand to other proteins or components in the
homogenate, which can result in inaccurate measurements of SB (Maguire et al.,
2012). In Paper 1, brain tissue homogenate binding assays were used. Key
parameters, including buffer composition, temperature, and the radioligand-to-
membrane concentration ratio, was optimized to enhance TB while minimizing
NSB. Saturation binding assay was conducted with serial dilutions of *H-NS14492,
and NSB was determined in the presence of excess SSR180711 as a competitor.
Homogenate was added to the assay buffer and incubated and bound radioligand-
receptor were collected on glass microfiber filters. After washing with buffer, filters
were stored overnight before being quantified in a liquid scintillation counter. For
competition binding assays assessing Ki’s of various a7 NAChR agonists, inhibition
curves were generated. SB was plotted against the logarithm of the competing
ligand concentration, and a one-site binding model was applied to determine K;,
using the 3H-NS14492 concentration and K.

Positron emission tomography protocol

In Papers Il and 111, we performed PET scans on young female Danish Landrace
pigs using a HRRT scanner at the PET and Cyclotron Unit, Rigshospitalet. List
mode data acquisition began at radioligand injection, administered as a bolus in the
milk vein catheter. Femoral artery catheterization allowed for arterial blood
sampling during PET scanning, used for determining radioactive concentrations in
plasma and whole blood, and we quantified radiometabolites with a HPLC system
using a radiodetector. Continuous whole blood radioactivity measurement occurred
in the first 30 minutes.

In Paper II, *C-Martinostat synthesis followed Wang, Schroeder, Wey, et al.
(2014), while Paper 11 used *C-NS14492 synthesized as per Ettrup et al. (2011),
with both processes conducted at the PET and Cyclotron Unit, Rigshospitalet. The
short half-life of 1!C makes it possible to conduct receptor blocking studies within
a single experiment, allowing repeat scans as soon as two hours post-baseline in the
same animal.
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In Paper 11, in vivo selectivity of 1'C-Martinostat was tested through self-blocking
with unlabeled compound. For Paper Il occupancy studies, we administered
bradanicline (TC-5619) or encenicline (EVP-6124) as bolus injections. Re-scans
were done with the same PET protocol. Finally, PET images were reconstructed
into 38 dynamic frames of increasing length using an iterative method, as reported
by Sureau et al. (2008).

PET image analysis

PET images obtained during dynamic scans provide a quantitative assessment of
radioligand concentration in each volume of interest (VOI) over time. The
relationship is often depicted as a TAC, with the outcome expressed as the
concentration of the radioligand in the VOI (measured in kBg/ml), adjusted for the
injected dose and corrected for the animal's weight, resulting in standardized uptake
values (SUV) expressed in g/ml. This normalization allows for the merging of
regional activity data from different animals and injected doses on the same graph,
assuming a consistent fraction of injected radioligand uptake by a given region.
Kinetic modeling uses this data to calculate the distribution volume (V7) of the
radioligand in each VOI, serving as a measure of receptor concentration. Accurate
measurement of radioactivity in each VOI is crucial for both TACs and kinetic
modeling. In Paper Il, brain parcellation was achieved through an automated
PET/MRI method developed in our group by Villadsen et al. (2018), defining 178
brain regions, with only selected regions used for the study. In Paper Ill, co-
registration to a standardized MR atlas of the Danish Landrace pig brain was done,
and discrete points on the PET image were co-registered to this atlas using the
Register software as described by Kornum et al. (2009). After co-registration,
radioactive concentrations in VOIs were extracted from the dynamic PET scans.

Several kinetic models exist, with compartmental analyses often considered the
gold standard for receptor binding quantification, using parent-compound corrected
arterial concentration as an input function (Innis et al., 2007). In Paper II, V1 was
computed using 1TCM, 2TCM, Ichise Multilinear Analysis (MAL), and Logan
invasive. In Paper Ill, Vr for selected regions was calculated using a Logan
graphical analysis with arterial input function (Logan et al., 1990).
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The pig as a model animal in neurobiology

As discussed in the section ‘Translational challenges in a7 nAChR drug
development’, the limitations of rodent models in neurobiological research
highlight the need for alternative animals. While non-human primates are often
considered the gold standard, their use is constrained for various reasons, as
reviewed in Capitanio and Emborg (2008). Pigs are increasingly being used as an
alternative animal model in biomedical research due to their anatomical,
physiological, and genetic similarities to humans (Netzley & Pelled, 2023). They
have been effectively used in studies on various diseases, including neurological
and psychiatric disorders, and developmental processes. Pigs are particularly
valuable in neurobiology due to their large brain size and complex behavior, which
provide a closer approximation to human brain function compared to traditional
rodent models (Lunney et al., 2021). Like humans, pigs have a gyrencephalic brain
structure, facilitating complex cognitive functions compared to the lissencephalic
structure of rodent brains without cortical folds (Lind et al., 2007). Moreover, pig
brains surpass rodents in size, weighing approximately 180 g compared to the
rodent's ~10 g, though still notably smaller than the human brain, averaging ~1,300
g. Additionally, the white matter composition in humans and pigs is similar, with a
60:40 ratio of white to gray matter (Platt et al., 2014; Simchick et al., 2019). Finally,
the size of the pig and its brain makes it suitable for use in human imaging
equipment such as a PET scanner which has been done extensively in our group,
thereby eliminating the need for specialized animal imaging equipment. In the
studies detailed in Papers Il and Ill, a total of thirteen female pigs were used
weighing between 20-22 kg. All pigs were sourced from local farms and allowed
to acclimatize for 7-9 days in an enriched environment prior to PET scans. For
procedures, anesthesia was initially induced by midazolam, followed by a zoletil
mixture, maintained with propofol, with endotracheal intubation for ventilation and
venous and arterial access established for monitoring and blood sampling. Vital
parameters were continuously monitored throughout the experiments, which
concluded with euthanasia using a pentobarbital 1V injection. Ethical approval for
both studies was granted by the Danish Council for Animal Ethics (journal no.
2012-15-2934-00156).
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Chapter 4

Results and discussions

In vitro validation of *H-NS1449?

In Paper I, we have evaluated the in vitro properties of 3H-NS14402.
Autoradiographic binding in pig brain sections proved to be saturable, with a Kq of
2.1 +£0.7 nM and a Bmax 0of 15.7 = 2.0 fmol/mg TE (Figure 14).
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Fig. 14 | Saturation binding of 2H-NS14492 on 12 um pig frontal cerebral cortex sections included
determination of NSB in the presence of 10 uM SSR180711. Data points represent mean + S.D.
Figure reprinted from Paper |, Magnussen et al. (2015), doi:10.1016/j.ejphar.2015.04.036. © 2015,
Elsevier B.V., reprinted with permission as per publisher’s copyright policy.

The autoradiograms of *H-NS14492 displayed laminar distribution in gray matter,
with the highest density in superficial cortical layers (Figure 15). The structural
distribution of 3H-NS14492 binding closely resembled that of 1?°I-Btx, though a
more detailed structural distribution was observed with the former.
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Fig. 15 | Representative autoradiograms depict the distribution of TB and NSB in pig frontal
cerebral cortex sections for '°|-Btx (A and B) and H-NS14492 (C — E). NSB was determined in
the presence of T mM (-)-nicotine (B) and 10 uM SSR180711 (D and F). Additionally, *H
microscales are shown (G). Figure modified from Paper |, Magnussen et al. (2015),
doi:10.1016/j.ejphar.2015.04.036. © 2015, Elsevier B.V., reprinted with permission as per
publisher’s copyright policy.

The displacement of 0.5 nM 1°1-Btx by unlabeled NS14492 was assessed on similar
sections, revealing a K; of 23 nM (*?°I-Btx Kgq = 0.45 nM). At the highest
concentration of unlabeled NS14492 (1 pM), 81% of ?I-Btx was displaced
compared to NSB with 1 mM (—)-nicotine (Figure 16). This observation may
suggest a potential lack of reversibility in a-Btx binding to the a7 nAChR, as
previously suggested (Young et al., 2003).
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Fig. 16 | Inhibition curve for displacement of '°l-a-Btx with cold NS14492 with fitted i value =
23 nM. Points represent mean value + S.D. from an experiment in duplicate. Figure reprinted
from Paper I, Magnussen et al. (2015), doi:10.1016/j.ejphar.2015.04.036. © 2015, Elsevier B.V.,
reprinted with permission as per publisher’s copyright policy.

With an optimized protocol in pig frontal cerebral cortex homogenate, *H-NS14492
showed saturable binding with a Kg of 0.8 + 0.3 nM and a Bmax of 30.2 + 11.6
fmol/mg protein (Figure 17). The difference in Kqvalues between the two
experimental methods could be attributed to differences in incubation temperature:
room temperature for autoradiography versus 4°C for homogenate binding assay.
Lower temperature is known to decrease dissociation (Kotf) more than association
(kon) rate constants thereby lowering the K¢ (Hulme & Trevethick, 2010). The
calculated Bmax values, 15.7 £ 2.0 fmol/mg TE in autoradiography and 30.2 +
11.6 fmol/mg protein in the homogenate binding assay, align with values found in
macaque monkeys (Kulak et al., 2006), humans (Anderson et al., 2008; Falk et al.,
2003), and pigs (Hoffmeister et al., 2011). However, it is important to consider
species-specific differences in receptor structure that may influence binding,
complicating direct Bmax comparisons. The difference in Bmax between the two
assays is due to methodological variations, as greater variation in Bmax was observed
in homogenized samples compared to autoradiography.
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Fig. 17 | Saturation binding of *H-NS14492 in homogenized tissue from pig frontal cerebral
cortex. NSB determined in the presence of 10 uM SSR180711. Points represent mean value + S.D.
Figure reprinted from Paper I, Magnussen et al. (2015), doi:10.1016/j.ejphar.2015.04.036. © 2015,
Elsevier B.V., reprinted with permission as per publisher’s copyright policy.

We assessed the binding properties of *H-NS14492 by displacement with a7
NAChR agonists and PAMs in pig brain homogenate (Figure 18). TC-5619, EVP-
6124, SSR180711, and the unlabeled NS14492 displaced *H-NS14492 binding
with a similar nanomolar affinity rank order, with K; values of 0.06 nM (95% CI:
0.039-0.104 nM), 0.19 nM (95% CI: 0.095-0.396 nM), 0.26 nM (95% CI:
0.169-0.406 nM), and 1.44 nM (95% CI: 1.128-1.844 nM), respectively. In
contrast, (—)-nicotine displaced 3H-NS14492 binding with 2—3 orders of magnitude
lower affinity, having a Kj value of 123 nM (95% CI: 30.64—494.4 nM). The a7
nAChR PAMs, AVL-3288 and PNU-120592, were incapable of displacing 3H-
NS14492 binding in the tested range, as expected, given their binding to a site
different from the orthosteric agonist site.
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Fig. 18 | Inhibition curves for displacing 2.5 nM 3H-NS14492 in pig brain homogenate, presented
as percent SB: (A) TC-5619, (B) EVP-6124, (C) SSR180711, (D) NS14492, (E) (-)-nicotine, and (F)
AVL-3288. Compounds ((A)—(D) and (F)) were tested in concentrations from 40 pM to 3.125 pM,
while (-)-nicotine (E) was tested in concentrations from 1.6 nM to 125 uM. Points represent mean
+ S.D. from a representative duplicate experiment. Ki values were determined by fitting a one-
site function to TB with defined *H-NS14492 concentration and Kq. Figure reprinted from Paper
[, Magnussen et al. (2015), doi:10.1016/j.ejphar.2015.04.036. © 2015, Elsevier B.V., reprinted with
permission as per publisher’s copyright policy.
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PNU-120596 appears to display an inhibition curve (Figure 19A), but even at the
highest tested concentration (10 uM), SB remained at 95 * 4% of baseline. Lower
concentrations exceeded baseline SB, e.g., 25 pM PNU-120596 resulted in 136 +
7% SB, indicating a potential increase in 3H-NS14492 binding to pig a7 nAChR.
Another experiment (Figure 19B), conducted in triplicate, showed no displacement
but a significant increase of 169 + 2% SB at 100 pM PNU-120596. These results
underscore the utility of 3H-NS14492 for evaluating both partial and full agonists
and functionally diverse molecules like type 1l PAMSs. Szabo et al. (2014) suggests
that PNU-120596 decreases the kor rate, increasing 3H-NS14492 binding and
favoring the bound state. Conversely, AVL-3288 did not increase maximal 3H-
NS14492 binding (data not shown).
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Fig. 19 | Percent SB of 2.5 nM H-NS$14492 to homogenized pig frontal cerebral cortex tissue co-
incubated with PNU-120596: (A) Across concentrations from 5 pM to 10 uM, and (B) in the
presence of 100 pM PNU-120596. NSB was determined in the presence of 10 uM SSR180711.
Points in (A) represent mean + S.D. from a representative duplicate experiment, while bars in (B)
represent mean + S.D. from an experiment in triplicate. *P<0.05 indicates a significant difference
from baseline in an unpaired t-test. Figure reprinted from Paper |, Magnussen et al. (2015),
doi:10.1016/j.ejphar.2015.04.036. © 2015, Elsevier B.V., reprinted with permission as per
publisher’s copyright policy.

Taken together, *H-NS14402 demonstrated high specificity and affinity for o7
nAChRs with strong binding in pig brain sections and homogenates.
Autoradiography showed cortical layer binding and displacement studies confirmed
nanomolar affinity for a7 nAChR agonists and PAMs. Notably, PNU-120596
increased binding, indicating its utility for evaluating partial and full agonists, as
well as type 11 PAMs. Overall, these findings suggest *H-NS14402 is a promising
tool for a7 nAChR neurobiological and pharmacological research.
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Evaluation of "C-Martinostat in the pig brain

In Paper 1, we investigated the in vivo properties of !C-Martinostat in the pig brain
and its potential to measure HDAC1-3 levels. Following the administration of !C-
Martinostat, we observed substantial brain uptake, reaching a peak SUV of 4 in the
cerebellum vermis. *C-Martinostat showed slow kinetics with no apparent wash-
out observed across any brain region during the 121-minute acquisition period
(Figure 20a), aligning with findings in non-human primates (Wang, Schroeder,
Wey, et al., 2014; Wey et al., 2015) and humans (Wey et al., 2016). **C-Martinostat
showed a widespread uptake pattern (Figure 20d), with the highest levels observed
in the cerebellum vermis and cortical regions, while the lowest levels were found
in the olfactory bulbs and subcortical regions. Notably, both white and gray matter
regions showed significant uptake, emphasizing the conserved nature of the
HDAC:S as reviewed in Seto and Yoshida (2014).

To assess C-Martinostat specificity, we coadministered 0.5 mg/kg unlabeled
Martinostat, significantly reducing the signal (Figure 20e) and leading to
accelerated radioligand kinetics (Figure 20b). Blocking decreased regional Vr
values, as shown by the Lassen plot (Figure 20c), revealing 89% Martinostat
occupancy and a Vnp of 2.87 ml/cm3. This Vnp, approximately 6% of Vr in high-
binding regions and below 16% in low-binding regions, highlighted *!C-
Martinostat's excellent signal-to-noise ratio
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Fig. 20 | Regional distribution and PK in the pig brain of "C-Martinostat. (a) Regional TACs at
baseline (mean + SD, n = 13). (b) TACs after 0.5 mg/kg unlabeled Martinostat administration. (c)
Lassen plot illustrating regional Vi differences of "C-Martinostat before and after 0.5 mg/kg
Martinostat administration (R* = 0.99, n = 1). (d) Representative PET image (0-121 min) showing
radioactivity in the pig brain after "C-Martinostat injection. (e) PET image (0-121 min) after 0.5
mg/kg unlabeled Martinostat injection (symbols denote regions: e = cerebellum vermis, B =
frontal cerebral cortex, A = hippocampus, ¢ = olfactory bulbs). SUV: Standardized Uptake
Values, Vr: Total Distribution Volume. CB: Cerebellum, TL: Thalamus, STR: Striatum, CTX: Cortex.
Figure reprinted from Paper I, Donovan, Magnussen, et al. (2020), doi:10.1007/s11307-019-
01403-9. © 2019, World Molecular Imaging Society, permission conveyed through Copyright
Clearance Center license number 5816970762368.

The olfactory bulbs had the lowest baseline binding, although the Vr value was still
approximately five times higher than the Vnp. This highlights the absence of an
ideal reference region in the pig brain for non-invasive reference tissue modeling.
Evaluation of the standardized uptake value ratio (SUVR) measure as an alternative
to full kinetic modeling, following the approach described in humans by Wey et al.
(2016), revealed positive correlations with Vt values for the three pig brain regions
investigated. We quantified !C-Martinostat using various kinetic models: 1TCM,
2TCM, Logan invasive, and MA1. The 1TCM showed poor fit and underestimated
binding, while 2TCM and MA1 provided satisfactory fits. The MA1 model, with
individual t* for each ROI, had the lowest Akaike information criterion (AIC)
scores, making it the preferred model. AIC is a measure used to compare different
statistical models, taking into account the goodness of fit and the number of
parameters used (Akaike, 1998). Lower AIC scores indicate a model that better
balances fit and complexity. Comparisons with previous studies in non-human

64


https://doi.org/10.1007/s11307-019-01403-9
https://doi.org/10.1007/s11307-019-01403-9

primates and humans suggested that the MAl-calculated Vt’s from pig brain
aligned with 2TCM-calculated V1’s from nonhuman primates, whereas human V+s
were notably lower, though Vnp in humans remains to be measured. Due to the
absence of an ideal reference region in the pig brain, reference tissue models could
not be applied. Instead, we explored the use of SUVR as a BPnp surrogate, using
the olfactory bulb as a reference due to its relative low binding. The TACs remained
constant over time, with varying timepoints for different brain regions. The BPnps,
calculated based on MA1-generated Vs and self-blocking-derived Vnp (BPnp = (VT
— Vno)/Vnb), showed robust correlations with the SUVRs (Table 4).

Table 4 | Total volumes of distribution (V1) from four different kinetic models, ND BPs (BPp), and
SUVR. All values are expressed as mean + SD (except for AIC values, expressed as mean value).
Table modified from Paper ll, Donovan, Magnussen, et al. (2020), doi:10.1007/s11307-019-01403-
9. © 2019, World Molecular Imaging Society, permission conveyed through Copyright Clearance
Center license number 5816970762368.

V7 (mL/cm3) BPnp
1TCM 2TCM Logan MA1 MAT1 SUVRx-
121
Cerebellum vermis 426 + 496 + 455 +10 474 + 155+37 25+03
10.2 12.5 10.6
AIC 174 -19.3 147 -11.5 - -
Frontal cerebral 369+96 446+ 407 £ 9 417 + 9.1 135 + 2+02
cortex 10.6 3.2
AIC 4.4 -34.4 124 -16.1 - -
Hippocampus 266 +53 346 +91 289+ 308+£68 97x24 15+01
6.2
AlIC 49.6 417 146 5.6 - -
Olfactory bulbs 165+37 209+5 179+33 189+37 56+13 -
AlC 61.3 46.2 142 2.4 - -
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To assess test-retest variability, four pigs were scanned twice. Three showed Vr
differences of 7-12% in the frontal cerebral cortex, while the fourth had a larger
difference of 39%. However, concerning SUVRs, all four pigs displayed
differences of less than 9% between scans in the frontal cerebral cortex.

Taken together, 'C-Martinostat showed substantial brain uptake in the pig brain,
with the highest levels in the cerebellum vermis and cortical regions. Specificity
was confirmed through coadministration of unlabeled Martinostat, significantly
reducing the signal. Various kinetic models were evaluated, with the MA1 model
preferred due to the lowest AIC scores. These findings demonstrate !C-
Martinostat’s promise for measuring HDAC levels and its applicability in
neurobiological research.

"C-NS14492 PET imaging of bradanicline and
encenicline binding

In Paper III, we investigated the target engagement for two a7 NAChR specific
compounds that have failed in clinical trials: bradanicline (TC-5619) and
encenicline (EVP-6124), using !C-NS14492. This study involved both in vitro
autoradiography and in vivo PET imaging in the pig brain. Results from in vitro
autoradiography on coronal pig sections revealed laminar binding in cortical layers
and reduced binding in white matter, aligning with findings obtained with 3H-
NS14492. Additionally, a near-complete blocking effect was observed with 10 uM
concentrations of both bradanicline and encenicline. As a control, SSR180711 was
included, showing robust blocking effects for comparison (Figure 21).
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Fig. 21| In vitro autoradiography in coronal pig brain sections. TB was determined with 10 nM
C-NS14492. Blocking shown with bradanicline (TC-5619), (10 uM), encenicline (10 uM), and
SSR180711 (10 uM). Figure reprinted from Paper I, Magnussen et al. (2024),
doi10.3389/fnimg.2024.1358221. © 2024, Magnussen, Ettrup, Lehel, Peters, Dyssegaard,
Thomsen, Mikkelsen and Knudsen, distributed under a Creative Commons_Attribution 4.0
International License.

In vivo PET imaging revealed a distinctive brain uptake pattern of *C-NS14492,
with the highest uptake observed in the thalamus and cortical areas, intermediate
striatal uptake, and low cerebellar uptake (Figure 22). For occupancy studies, pre-
treatment with 3 mg/kg of either bradanicline or encenicline was correlated with a
lower Vr in all assessed brain regions (Figure 23a). Specifically, pre-treatment with
3 mg/kg bradanicline resulted in an occupancy ranging from 38% to 42% (Figure
23c — d), while pre-treatment with 3 mg/kg encenicline yielded an average
occupancy of less than 10% (Figure 23e — f). The average Vnp was determined to
be 5.3 + 1.7 mL/cm?® based on a sample size of n = 3. After IV injection, the parent
fraction of 1C-NS14492 declined rapidly, with about 50% of plasma radioactivity
attributable to the parent compound after 7 minutes (Figure 23b). No radiolabeled
lipophilic metabolites were detected, as indicated by the absence of distinct peaks
in the lipophilic range on radiochromatograms. (data not shown).
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Fig. 22 | Regional distribution of "C-NS14492 in the pig brain. Representative sagittal PET images
pre and post bradanicline challenge. PET images summed and averaged over 0-90 minutes (top
panel) overlaid MRI-based pig brain atlas (lower panel). Figure reprinted from Paper IlI,
Magnussen et al. (2024), doi:10.3389/fnimg.2024.1358221. © 2024, Magnussen, Ettrup, Lehel,
Peters, Dyssegaard, Thomsen, Mikkelsen and Knudsen, distributed under a Creative Commons
Attribution 4.0 International License.
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Fig. 23 | (a) Logan plot Vi's of "C-NS14492 in different brain regions at baseline and with
encenicline (EVP-6124) or bradanicline (TC-5619) (both given IV at 3 mg/kg 30 minutes prior to
second scan). Bars indicate mean + SEM. (b) Relative radioactive parent compound in pig plasma
as a function of time after IV injection of "C-NS14492. Data from 8 PET scans were averaged: 4
baseline scans (black) and 4 challenge scans (gray) with 3 mg/kg Encenicline (n = 2) or 3 mg/kg
TC-5619 (n = 2). Solid black and gray lines represent a single exponential decay function fitted
to the data. (c-f) Occupancy plots of "C-NS14492 V7's at baseline and pharmacological challenge
for individual pigs. Statistical test results (P-values) for slope not equal to zero is shown for the
individual fits. ¥ = cerebral cortex; ® = thalamus; A = cerebellum; B = hippocampus; ¢ =
striatum.  Figure  reprinted  from  Paper Il Magnussen et al.  (2024),
doi10.3389/fnimg.2024.1358221. © 2024, Magnussen, Ettrup, Lehel, Peters, Dyssegaard,
Thomsen, Mikkelsen and Knudsen, distributed under a Creative Commons_Attribution 4.0
International License.
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We found two plausible explanations for the low receptor occupancy of encenicline:

1. Ifencenicline is rapidly cleared after 1V dosing, it may not have sufficient time
for uptake by the brain initially. Evidence from rat studies shows that following
oral administration, brain-to-plasma ratios of encenicline reach approximately
2 between 1 and 4 hours and 5 at 8 hours (Prickaerts et al., 2012). This suggests
that while encenicline eventually accumulates in the brain, the initial plasma
clearance rate may impact its early availability for receptor binding. The
increasing brain-to-plasma ratio over time indicates that the drug's uptake in the
brain and equilibration with receptors improve significantly at later time points.
In contrast, the plasma half-life in humans is much longer, 50-65 hours after
oral administration of encenicline (Barbier et al., 2015). However, potential PK
differences between humans and pigs, along with variations between oral and
IV administration, could influence the observed differences. These factors
should be considered when evaluating the drug's kinetics and its potential
impact on brain uptake, especially in the context of varying routes of
administration and inter-species variations.

2. An alternative explanation may be found in the well-documented species
variation in BBB permeability, observed among rats, pigs, and humans (Deo et
al., 2013; Stanimirovic et al., 2015; Syvanen et al., 2009). This variability could,
in part, contribute to the failure of encenicline in clinical trials. Moreover, a
thorough examination of the available literature has yielded no documented
evidence supporting that encenicline can effectively cross the BBB in humans.

In contrast, bradanicline demonstrates the ability to pass the BBB in pigs with high
occupancy at the a7 nAChR. Despite these promising characteristics, no studies
have yet determined the optimal a7 nAChR occupancy range for treatment effects.
It is therefore possible that the lack of significant pro-cognitive effects observed in
the clinical trials of bradanicline could be attributed to the selection of a suboptimal
dose. Previous research indicates that the pro-cognitive effects of certain a7 nAChR
agonists, including encenicline (Keefe et al., 2015), bradanicline (Hauser et al.,
2009), AZD0328 (Castner et al., 2011), DMXB-A (Olincy et al., 2006), and
PHA543613 (Yang et al., 2013), tend to be more pronounced at lower doses. This
suggests the possibility that the cognitive enhancement effect for at least some a7
nAChR agonists follows an inverted U-shaped dose-response curve, with peak
efficacy occurring at lower doses. This observation underscores the complexity of
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dosing decisions in human clinical trials and emphasizes the need for robust pre-
clinical tools such as PET for dose finding.

Overall, 1*C-NS14492 effectively assessed the target engagement of bradanicline
and encenicline in the pig brain. In vitro autoradiography showed significant
cortical binding and robust blocking effects. In vivo PET imaging indicated distinct
uptake patterns, with bradanicline achieving 38-42% occupancy and encenicline
less than 10%. The low occupancy of encenicline is likely due to rapid plasma
clearance or species differences in BBB permeability.
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Chapter 5

Conclusions and future perspectives

The research projects presented in this thesis are all concerned with the exploration
and characterization of new radioligands and their applications in studying critical
targets within the CNS. The studies focus on the a7 nAChRs and HDACs. a7
nAChRs are involved in cognitive functions and have been implicated in several
neuropsychiatric conditions, including schizophrenia and AD. HDACSs, on the other
hand, play a crucial role in the regulation of gene expression through epigenetic
mechanisms and are linked to various neurological and psychiatric disorders as well
as other diseases outside the CNS. Using advanced imaging techniques and
comprehensive in vitro and in vivo methodologies, we aim to enhance our
understanding of these molecular targets, which hold potential for therapeutic
intervention in neurological and psychiatric disorders and potentially to bridge the
gap between molecular pharmacology and clinical application. The following
sections summarize the key findings from the three papers included in this thesis.
Additionally, they discuss future perspectives and potential directions for continued
research.

In Paper | we established that 3H-NS14492 demonstrates favorable binding
properties for studying a7 NAChRs. The radioligand demonstrate saturable binding,
consistent nanomolar affinity across methods, and good binding characteristics.
These findings underscore its suitability as a valuable tool for investigating a7
nAChR interactions in neuroscientific research. The findings from Paper | suggest
several areas for future exploration: continued investigation into the applicability
of 3H-NS14492 in various experimental settings and other animal models, as well
as in human brain samples, could enhance our understanding of its utility.
Additionally, an exciting area for future use involves a more in-depth examination
of the properties of PAMSs, such as the clinically testes AVL-3288 and JNJ-
39393406, to enhance binding with 3H-NS14492 in tissue as we saw with the
addition of PNU-120596. This, coupled with the in vivo PET imaging approach
discussed in Paper 111 for dose-finding, presents an exciting area for investigation.
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Exploring microdosing of both compounds, a PAM and a conventional agonist or
partial agonist, holds promise for addressing potential dose-related side effects and
may broaden our understanding of the therapeutic window, especially in the context
of the hypothesized inverted U-shaped dose-response curve for some a7 nAChR
agonists.

In Paper 11, we explored the in vivo properties of 1*C-Martinostat in the pig brain
for measuring HDAC1-3 levels. The radioligand showed substantial brain uptake
with slow kinetics, displaying a widespread distribution pattern and an excellent
signal-to-noise ratio. Coadministration experiments with unlabeled Martinostat
confirmed the specificity of binding. Together, the results highlight the potential of
11c-Martinostat for investigating epigenetic changes in vivo. Further exploration of
11C-Martinostat in various animal models and human disease contexts could
broaden our understanding of the potential implication of epigenetic changes in a
broad range of diseases, both neurological and psychiatric, as well as diseases
outside the CNS. Investigating the epigenetic status and longitudinal changes in
early diagnosed patients with e.g., AD could also pose a way to monitor and guide
early treatment interventions. Caution should be applied to avoid a repetition of the
single-sided use of just one biomarker as was seen with the approval of aducanumab
as discussed elsewhere in this thesis. In such a case, a multimodal approach
involving many biomarkers and efficacy output measures should be combined.
Finally, 1C-Martinostat should be used to validate potential treatments targeting
HDAC1-3, guide dosing, and aid in early clinical decision-making processes.

In Paper III, target engagement for a7 NAChR agonists bradanicline and encenicline
was investigated using C-NS14492 in the pig using both in vitro and in vivo
methods. Occupancy studies revealed distinct in vivo a7 nAChR occupancies for
the two compounds, with bradanicline demonstrating robust occupancy in contrast
to the modest binding observed with encenicline. These findings underscore the
significance of PET as an indispensable pre-clinical tool in CNS drug development,
highlighting the necessity for comprehensive evaluations before starting up large-
scale clinical trials. This is particularly crucial for the a7 NAChR as a therapeutic
target, given its potentially challenging pharmacology and the history of numerous
failed clinical trials in the field.

Collectively, these papers highlight the versatility and significance of PET imaging,
here in the context of a7 NAChRs, HDAC1-3 levels, and target engagement of a7
NAChR ligands. The studies provide insights into the in vitro and in vivo properties
of radioligands, demonstrating their potential as essential tools in drug
development.
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The neuronal o7 nicotinic acetylcholine receptor is a homo-pentameric ligand-gated ion channel that is
a promising drug target for cognitive deficits in Alzheimer's disease and schizophrenia. We have
previously described "C-NS14492 as a suitable agonist radioligand for in vivo positron emission
tomography (PET) occupancy studies of the a7 nicotinic receptor in the pig brain. In order to investigate
the utility of the same compound for in vitro studies, >H-NS14492 was synthesized and its binding
properties were characterized using in vitro autoradiography and homogenate binding assays in pig
frontal cortex. >H-NS14492 showed specific binding to ®7 nicotinic receptors in autoradiography,
revealing a dissociation constant (Ky) of 2.1 + 0.7 nM and a maximum number of binding sites (Byax) of
15.7 4+ 2.0 fmol/mg tissue equivalent. Binding distribution was similar to that of another selective ligand
125]_q-bungarotoxin (*2°I-BTX) in autoradiography, and unlabeled NS14492 displaced ?°I-BTX with an
inhibition constant (K;) of 23 nM. >H-NS14492 bound to 7 nicotinic receptors in homogenized pig
frontal cortex with a Ky of 0.8 + 0.3 nM and a Bax of 30.2 + 11.6 fmol/mg protein. This binding assay
further revealed the K; rank order for a number of ®7 nicotinic receptor agonists, and positive allosteric
modulators (PAMs). Further, we saw increased binding of *H-NS14492 to pig frontal cortex membranes
when co-incubated with PNU-120596, a type Il PAM. Taken together, these findings show that *H-

NS14492 is a useful new in vitro radioligand for the pig a7 nicotinic receptor.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Neuronal nicotinic acetylcholine receptors are a class of pentameric
ligand-gated ion channels composed of o and f subunits that can
assemble in a number of combinations. In the brain the heteromeric
o4p2 and the homomeric o7 are the most common nicotinic
receptors (Gotti et al, 2006). The o7 nicotinic receptors are widely
distributed in the mammalian brain, with highest receptor density in
hippocampus, hypothalamus, amygdala and the cerebral cortex, and
lowest receptor density in cerebellum (Baddick and Marks, 2011).
Maximum density (Bmax) for neuronal o7 nicotinic receptors is 32—
73 fmol/mg protein in rodents (Anderson et al., 2008; Whiteaker et al.,
1999, 2008), 6 fmol/mg protein in macaque monkeys (Kulak et al.,

Abbreviations: Bmay, maximum density; 2°I-BTX, 2°l-a-bungarotoxin; Ky, dis-
sociation constant; K;, inhibition constant; NSB, non-specific binding; OD, optical
density; PAM, positive allosteric modulator; SB, specific binding; TB, total binding;
TE, tissue equivalent

* Correspondence to: Neurobiology Research Unit, Rigshospitalet, Blegdamsvej 9,
DK-2100 Copenhagen, Denmark. Tel.: +45 3545 6701; fax: +45 3545 6713.

E-mail address: jens_mikkelsen@dadlnet.dk (J.D. Mikkelsen).

http://dx.doi.org/10.1016/j.ejphar.2015.04.036
0014-2999/© 2015 Elsevier B.V. All rights reserved.

2006) and 2-20 fmol/mg protein in humans (Anderson et al., 2008;
Falk et al, 2003). Several lines of evidence suggest that the o7
nicotinic receptor is a promising drug target for cognitive impairments
in brain diseases such as Alzheimer's disease and schizophrenia
(Olincy and Freedman, 2012). These diseases are representing a large
medical unmet need and much attention is paid on novel treatment
opportunities, and in particular «7 nicotinic receptor agonists
(Citrome, 2014; Citron, 2010).

In the search for novel a7 nicotinic receptor agonists in the
treatment of CNS disorders, the ability to define receptor binding
sites in the human brain in vivo is of major importance. Changes in
binding density in a pathological setting and receptor occupancy of
selective compounds in humans is investigated with positron emis-
sion tomography (PET) (Lee and Farde, 2006). We have previously
demonstrated that ''C-NS14492 is a selective o7 nicotinic acetylcho-
line receptor agonist PET radioligand (Ettrup et al., 2011). In order to
compare PET data from in vivo studies with in vitro binding studies,
we have tritiated NS14492 and charaterized the binding properties of
this novel ligand. There are a few available a7 nicotinic acetylcholine
receptor specific radioligands such as >’I-a-bungarotoxin ('2°I-BTX)
but these have some disadvantages as radioligands. '?°’I-BTX is a
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peptide antagonist that seems to display pseudo-reversible binding
with slow kinetics, and it also binds with high affinity to muscle-type
nicotinic receptor, to 8 and o910 containing receptors (Arias,
2000; Elgoyhen et al., 2001). [°PH]AZ11637326 was recently described
(Gordon et al., 2010; Maier et al., 2011) and showed good binding
properties in rat brain tissue with a dissociation constant (K;) of
0.2 nM, but the '8F fluorinated PET version of the same compound
did not reveal specific binding in non-human primates (Ravert et al.,
2013). Finally, [*H]A-585,539 with sub-nanomolar Kjs in rat and
human brain homogenate displayed good binding properties with
low non-specific binding, but it has not been developed as a PET
radioligand (Anderson et al., 2008).

In this study, we describe the radiosynthesis and binding
characteristics for >H-NS14492 in the pig brain using autoradio-
graphy and homogenate binding assays.

2. Materials and methods
2.1. Synthesis of >H-NS14492

3H-NS14492 was produced in a radiochemical reaction between
desmethyl-NS14492 and tritiated methyl-iodide (Fig. 1). A reaction
vial with a volume of 0.4 ml was charged with desmethyl-NS14492
(1.5 mg, 5.8 pmol) and then added acetone (0.3 ml). After dissolution
of material, tetrabutylammonium hydroxide (20 pl, 1 M in methanol)
was added followed by the addition of [H-3]methyl iodide (20 ul,
2.37 mCi). The vial was capped and heated to 50 °C for 2 h. After
reaction the solution was evaporated by a flow of helium and the
remaining solids re-dissolved in 10% ethanol in 0.1% phosphoric acid.
High-performance liquid chromatography (HPLC) methods were used
for purification. The solution was injected onto a Princeton Spher C30
200 A (250 mm x 10.0 mm, 5 um) column at a flow of 2.0 ml/min.
Sample was eluted with 10% B: 0-50 min, 10-100% B: 50-51 min,
100% B: 51-56 min, 100-10% B: 56-57 min, 10% B: 57-60 min.
A=0.1% phosphoric acid, B=96% ethanol. The excess of desmethyl-
NS14492 was eluted between 14 and 20 min and the product was
collected in two fractions from 24 to 30 min (10.6 MBg/ml) and 30-
34 min (3.6 MBq/ml). The purified >H-NS14492 and the cold standard
were analyzed on the same RP-HPLC system with 100 pl and 25 ul
injection volumes using a separate column and injection port.
Detection was performed using radiodetection (Bioscan Triathler
equipped with CaF, Solid Scintillant 100 ul Flow Cell) and UV
detection at 250 nm and 290 nm (Waters 2487). A Phenomenex Luna
C18(2) (250 mm x 4.6 mm, 5 pm) column with a guard front was
used with a flow of 1 ml/min. Samples were eluted with 10% B: 0-
15 min, 10-100% B: 15-16 min, 100% B: 16-18 min, 100-10% B: 18-
19 min and 10% B: 19-22 min. A=0.1% phosphoric acid, B=96%
ethanol. The total yield of labeled compound was calculated to
2.25 mCi (yield: 95.0%) with a specific activity of 70 mCi/mmol.

2.2. Compounds
1251.BTX (['I]-Tyr54) with high specific activity (2200 Ci/mmol)

was purchased from Perkin-Elmer (Skovlunde, Denmark). EVP-6124
(Prickaerts et al., 2012), PNU-120596 (Hurst et al., 2005), SSR180711

(‘N
Acetone N\ O\”/ N \\i}

o_N
m \”/ +C3H3| B — \
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C%H,4
Desmethyl-NS14492 3H-NS14492

Fig. 1. Radiosynthesis of >H-NS14492.

(Biton et al., 2007; Pichat et al., 2007), TC-5619 (Hauser et al., 2009),
AVL-3288 (also known as XY4083 and CCMI) (Ng et al, 2007),
NS14492 and desmethyl-NS14492 were synthesized at NeuroSearch
A/S, Denmark and received as a gift. (— )-nicotine hydrogen tartrate
salt was purchased from Sigma-Aldrich (Brendby, Denmark). All
other reagents used were from Sigma-Aldrich and of analytical grade.

2.3. Tissue sectioning

Brain tissue from three 2-month-old female Danish Landrace
pigs was used for autoradiography and homogenate binding assay.
Rapidly after euthanasia (intravenous injection of pentobarbital),
brains were excised, separated sagitally in two hemispheres and
frozen on dry ice, before being stored at —80 °C. Coronal serial
sections of 12 um containing frontal cortex were cut on a
HM5000M Cryostat (Microm Intl GmbH, Walldorf, Germany) at
—20 °C, thaw mounted on SuperFrost Plus glass slides (Thermo
Scientific, Hvidovre, Denmark) with two sections per slide, air
dried and stored at —80 °C until use.

2.4. Autoradiography

Slides were allowed to reach room temperature, and then pre-
incubated in buffer (50 mM Tris—-HCl, 4 mM CaCl,, 0.1% bovine
serum albumin (BSA), 120 mM NaCl, 5 mM KCl, pH 7.4) under
constant gentle shaking for 25 min. Slides were then incubated for
2 h under constant gentle shaking in buffer with 3H-NS14492 in
serial dilutions (0.15—20 nM) in duplicate. Non-specific binding
(NSB) was determined in the presence of 10 uM SSR180711 in both
incubation steps. Slides were washed for 2 min x 2 min in ice cold
buffer followed by a quick dip in ice cold distilled water, dried and
placed overnight in paraformaldehyde vapor at 4 °C. Slides were
left to dry for 2 h in a dessicator at room temperature before being
exposed to a BAS TR2040 tritium sensitive imaging plate (IP)
(Fujifilm, Tokyo, Japan) in a BAS-2040 cassette for 14 days at 4 °C
along with a set of high and low activity tritium standards (*H-
microscales: equivalent to 0.07—33.4 nCi/mg tissue; GE Health-
care, Little Chalfont, UK). The IP was scanned in a BAS-2500
(Fyjifilm) scanner. A number of steps in this procedure were
optimized: This included testing of different buffers, incubation
temperature, washing procedure and pH in the buffer.

It was investigated whether unlabeled NS14492 (0.32 nM —1 pM)
could displace 0.5 nM '?°]-BTX, the antagonist reference ligand used
for a7 nicotinic receptor autoradiography. NSB was determined in
the presence of 1 mM ( — )-nicotine. The procedure was similar to 3H-
NS14492 autoradiography with some exceptions: 30 min pre-
incubation in buffer (50 mM Tris-HCl, 0.1% BSA, pH 7.4), followed
by 2 h of incubation in buffer. Slides were washed 2 min x 30 min in
ice cold buffer followed by a quick dip in distilled water, and left to
dry overnight. Slides were exposed for 6 h to a BAS-MS IP.

Receptor binding was quantified by measuring the optical
density (OD) in a hand-drawn region of interest (ROI) on the
autoradiogram in a prominent dorsal sulcus. The images were
analyzed using Quantity One version 6.4.9 (Bio-Rad, CA, USA).
Mean OD was converted to ligand binding using an equation
derived from fitting the OD of the measured microscales to the
decay-corrected tissue equivalent (TE) values. '>’I-BTX binding
was measured with OD as main outcome measure. Specific
binding (SB) was calculated as total binding (TB) minus NSB for
the same region in adjacent sections.

2.5. Membrane preparation
A part of the pig frontal cortex containing white and gray

matter was dissected and homogenized with a Polytron homo-
genizer for 10 s in 10 volumes of buffer (50 mM Tris-HCl, 150 mM
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NaCl, 20 mM EDTA, pH 7.4) until a uniform texture was reached.
Brain homogenates were centrifuged at 33,000 x g for 10 min. The
pellet was homogenized in lysis buffer (5 mM Tris-HCl, 5 mM
EDTA) and left to stand for 10 min. After centrifugation at 1000 x g
for 1 min, supernatant was collected and this procedure was
repeated once. The collected supernatant was centrifuged at
33,000 x g for 10 min and the final membrane fraction pellet
was resuspended in assay buffer (50 mM Tris-HCI). Samples and
buffers were kept on ice, and centrifugation was performed at 0-
2 °C. Protein concentration was measured using a Bio-Rad Protein
Assay with a BSA standard dilution.

2.6. Homogenate binding assay

Initial optimization of assay conditions was performed to
maximize TB and minimize NSB. Parameters examined included
buffer composition and temperature and ratio of radioligand to
membrane concentration. In this optimized setup saturation
binding assay was conducted with serial dilutions of 2H-
NS14492 (0.037-9 nM) in duplicate. NSB was determined in
the presence of 10uM SSR180711. Homogenate containing
~200 pg total protein was added to assay buffer (100 mM Tris—
HCl, 4 mM CaCl,, 120 mM NaCl, 5 mM KCl, 0.3% BSA, pH 7.4) to a
final volume of 1 ml. Samples were incubated at 4 °C for 2 h
under constant gentle shaking. A 24 well harvester (Brandel, MD,
USA) was cooled down by pumping ice cold water through the
system and just before end of incubation ice cold buffer was
perfused. Bound radioligand was collected in Whatman GF/B
glass microfiber filter (GE Healthcare, Little Chalfont, UK) pre-
moistened with 1% polyethylenimine by vacuum filtration. Filters
were washed with buffer (4 ml x 10 ml), placed in scintillation
vials with 2 ml Ultima Gold scintillation solution (Perkin-Elmer)
and stored overnight at 4 °C before being counted in a Tri-Carb
2900TR Liquid Scintillation analyzer (Packard, CT, USA), counting
efficiency=60%. Competition binding assays were performed to
determine inhibition constants (K;) for a number of a7 nicotinic
receptor agonists; SSR180711, EVP-6124, TC-5619, unlabeled
NS14492 and ( — )-nicotine and the positive allosteric modulators
(PAM) AVL-3288 and PNU-120596. All compounds were tested in
concentrations of serial dilutions in duplicate against 2.5 nM 3H-
NS14492. (—)-Nicotine was tested in a concentration range of
1.6 nM-125 pM, whereas all other compounds were tested in a
range of 40 pM-3.125 uM. NSB were determined in the presence
of 10 uM SSR180711 or 10 uM EVP-6124 for K; determination of
SSR180711. Inhibition curves were generated by plotting specific
binding against the logarithm to competing ligand concentration
and a one-site function was applied fitting K; directly based on
3H-NS14492 concentration and K;. An additional binding assay
was conducted with 100 pM PNU-120596 in triplicate with
2.5 nM 3H-NS14492 and compared to specific binding in a base-
line setting without PNU-120596 but with NSB determined in the
presence of 10 uM SSR180711.

2.7. Data analysis

All curve fitting (competition, saturation, and kinetic data) was
performed using interactive, nonlinear, least-squares curve-fitting
programs of GraphPad Prism version 6.0 (GraphPad Software, San
Diego, CA). All statistical tests were performed using Prism version
6.0 (GraphPad software). P-values below 0.05 were considered
statistically significant. Results are expressed as mean + standard
deviation (S.D.) unless otherwise stated.

3. Results
3.1. Autoradiography

Binding of >H-NS14492 in pig brain sections was saturable and
nonlinear regression analysis of SB revealed a Ky of 2.1 + 0.7 nM
and a By, of 15.7 + 2.0 fmol/mg TE (n=5) (Fig. 2 and Table 1). >H-
NS14492 binding showed laminar distribution in gray matter with
highest density in the superficial cortical layers, and in particular
laterally and dorsally (Fig. 3C and E). The ability of unlabeled
NS14492 to displace 0.5nM '?°[-BTX was tested on similar
sections with increasing concentrations of NS14492. In this setup
K; was determined to be 23 nM ('?°I-BTX K;=0.45 nM), and at the
highest concentration of unlabeled NS14492 (1 uM), 81% of '?°I-
BTX was displaced compared to NSB (1 mM (- )-nicotine) (Fig. 4).
Autoradiography revealed a structural distribution of >*H-NS14492
binding comparable to that of >°I-BTX (Fig. 3A), which also bound
with a laminar pattern and with the ability to distinguish gray and
white matter.

3.2. Homogenate binding assays

Binding of 3H-NS14492 was measured using an optimized
protocol in pig frontal cortex homogenate. Here, SB was saturable
and nonlinear regression analysis revealed a Ky of 0.8 + 0.3 nM
and a Bpax of 30.2 4+ 11.6 fmol/mg protein at 4 °C (n=8) (Fig. 5 and
Table 1).

Binding properties of >H-NS14492 were assessed by examining
its displacement by other a7 nicotinic receptor agonists and PAMs
from pig brain homogenate. The a7 nicotinic receptor agonists TC-
5619 (Fig. 6A), EVP-6124 (Fig. 6B), SSR180711 (Fig. 6C), and the
cold ligand NS14492 (Fig. 6D) were found to displace *H-NS14492
binding with similar rank order of affinity in the nanomolar range.
By contrast, (— )-nicotine (Fig. 6E) displaced *H-NS14492 binding
with 2-3 orders of magnitude lower affinity (see Table 2). The two
a7 nicotinic receptor PAMs, AVL-3288 (Fig. 6F) and PNU-120592
(Fig. 7A), were unable to displace *H-NS14492 binding at the full
concentration range up to 0.1 mM.

PNU-120596 does seem to display an inhibition curve (Fig. 7A),
but in fact the lowest specific binding reached at 10 uM PNU-
120596 was still 95 + 4% of baseline, whereas lower concentra-
tions of PNU-120596 generally achieved more than 100% specific
binding compared to baseline. As an example, 25 pM PNU-120596
resulted in 136 +7% specific binding, and could indicate a
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Fig. 2. Saturation binding of >H-NS14492. Binding of *H-NS14492 (0.15-20 nM) to
12 um thick sections from pig frontal cortex. Non-specific binding (NSB) deter-
mined in the presence of 10 uM SSR180711. Specific binding (SB) (total binding (TB)
minus NSB). Optical density of the autoradiograms was converted into ligand
binding (fmol/mg tissue equivalent (TE)) using decay-corrected tritium microscales.
Points represent mean value + S.D. from a representative experiment in duplicate
out of five independent experiments. Data from saturation binding experiments
were analyzed by nonlinear regression. K; and By,ax values are shown in Table 1.



38 J.H. Magnussen et al. / European Journal of Pharmacology 762 (2015) 35-41

Table 1

K4 and By values from >H-NS14492 saturation binding analysis. TE; tissue equivalent.
Tissue Method K4 (nM) Bimax n
Pig frontal cortex Autoradiography 21+0.7 15.7 + 2.0 fmol/mg TE 5
Pig frontal cortex Homogenate binding assays 0.8+0.3 30.2 + 11.6 fmol/mg protein 8

B1.BTX (0.5 nM) *H-NS14492 (5 nM)

°H microscales

®H-NS 14492 (2.5 nM) NSB

F

E

Fig. 3. Representative autoradiograms showing distribution of TB and NSB in sections of pig frontal cortex for 0.5 nM '>°I-BTX (A and B) and *H-NS14492 at concentrations
5nM (C) and 2.5nM (E). NSB determined in the presence of 1 mM (—)-nicotine (B) and 10 uM SSR180711 (D and F). >H microscales (G). Figures shown are from a
representative experiment in duplicate out of five independent experiments for *H-NS14492 and from a single experiment in duplicate with '>°I-BTX. Scale bar=1 cm.
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Fig. 4. Inhibition curve for displacement of '?°I-BTX with unlabeled NS14492 with
fitted K; value=23 nM. Points represent mean value + S.D. from an experiment in
duplicate.
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Fig. 5. Saturation binding of *H-NS14492 in homogenates. Binding of *H-NS14492
(0.037-9 nM) to homogenized tissue from pig frontal cortex at 4 °C. NSB deter-
mined in the presence of 10 uM SSR180711. SB (TB minus NSB). Points represent
mean value +S.D. from a representative experiment in duplicate out of eight
independent experiments. Data from saturation binding experiments were ana-
lyzed by nonlinear regression. K; and Bp,ax values are shown in Table 1.

tendency toward enhancing >H-NS14492 binding to pig o7 nico-
tinic receptor. This experiment was repeated in triplicate (Fig. 7B).
Again we saw no displacement, but a significant increase
(169 + 21% specific binding compared to baseline) at 100 pM
PNU-120596 (Fig. 7B). AVL-3288 did not increase maximal binding
(not shown).

4. Discussion

Here, we examined binding properties of H-NS14492 in pig
brain tissue to determine the utility of this radioligand for in vitro
assessment of a7 nicotinic acetylcholine receptor occupancy. >H-
NS14492 showed high-affinity and specific binding to a7 nicotinic
receptors in the pig brain both in autoradiography and in homo-
genate binding assays. We have previously described the o7
nicotinic acetylcholine receptor selectivity of NS14492 (Ettrup
et al,, 2011), and this study further supports this finding. Saturation
binding experiments revealed nanomolar K, values: 2.1 + 0.7 nM in
autoradiography and 0.8 + 0.3 nM in homogenate binding assays.
There are small differences in Ky values between the two experi-
mental methods used in this study. Notably, the optimal tempera-
tures for the two methods were not the same as the incubation in
autoradiography was conducted at room temperature versus 4 °C
for homogenate binding assays. Lowering the temperature is known
to decrease dissociation (kog) more than association (k,,) rate
constants and so lowering the Ky (Ky=Koflkon) (Hulme and
Trevethick, 2010). A single autoradiography experiment assessing
incubation temperature revealed a more than threefold lower K, at
4°C (K4=5.0 nM at room temperature versus K;=14nM at 4 °C
incubation) (data not shown) suggesting that the difference in
incubation temperatures could indeed explain the differences in
Ky values. The calculated By« values, 15.7 + 2.0 fmol/mg TE found in
autoradiography and 30.2 + 11.6 fmol/mg protein in the homoge-
nate binding assay correlates to values found in macaque monkeys
(Kulak et al., 2006), human (Anderson et al., 2008; Falk et al., 2003)
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Fig. 6. Inhibition curves for displacement of 2.5nM >H-NS14492 in pig brain cortical membranes shown as percent specific binding. (A) TC-5619, (B) EVP-6124,
(C) SSR180711, (D) NS14492, (E) (— )-nicotine and (F) AVL-3288. Compounds ((A)-(D) and (F)) were tested in concentrations from 40 pM to 3.125 pM. (— )-nicotine (E) was
tested in concentrations from 1.6 nM to 125 uM. Points represent mean value + S.D. from a representative experiment in duplicate. K; values were determined by fitting a

one-site function to TB with defined >H-NS14492 concentration and K.

Table 2
Displacement of >H-NS14492 binding in pig brain homogenate. CI; 95% confidence
interval.

Compound K; (nM) 95% CI
TC-5619 0.06 0.039-0.104
EVP-6124 0.19 0.095—-0.396
NS14492 0.26 0.169 —0.406
SSR180711 144 1128 -1.844
(—)-nicotine 123 30.64—-494.4
AVL-3288 — —
PNU-120596 — —

and pig (Hoffmeister et al., 2011). However, it is important to keep in
mind that species specific differences in the receptor structure may
exist that could influence binding, and so complicating direct
comparison of By,.x values between species and between radioli-
gands. The observed difference in B,y in the two assays is most
likely due to the methodological differences as greater variation in
Bimax in the homogenized samples as compared to autoradiography

was observed. The non-specific binding at concentrations near the
Ky was less than 50% of TB in both assays and produced a robust
signal at this concentration. When comparing this result to that
reported for another in vitro radioligand [*H]A-585539 tested in rat
brain homogenate under comparable conditions (Anderson et al.,
2008), we do observe more non-specific binding with 3H-NS14492.
Unlabeled NS14492 displaced 0.5 nM !2°-BTX with a K;=23 nM.
However, even at 1 uM, NS14492 was only able to displace 81% of
125 BTX when compared to NSB (1 mM (—)-nicotine). This could
indicate a lack of reversibility in BTX binding to the a7 nicotinic
receptor, which has earlier been suggested (Gill et al.,, 2011). From
this comparison it is also evident that >H-NS14492 offers a higher
discriminative resolution and a more clearly defined laminar bind-
ing distribution than '?°I-BTX.

Displacement of 3H-NS14492 binding in pig frontal cortex
homogenate with structurally different a7 nicotinic acetylcholine
receptor selective modulators revealed a binding potency rank
order of the orthosteric compounds with TC-5619, EVP-6124,
NS14492 and SSR180711 displaying affinities in the nanomolar
range and (- )-nicotine in the lower micromolar range. As
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Fig. 7. Percent specific binding of 2.5 nM >H-NS14492 to homogenized tissue from pig frontal cortex co-incubated with PNU-120596. (A) Percent specific binding with PNU-
120596 at concentrations from 5 pM to 10 uM. (B) Percent specific binding with the presence of 100 pM PNU-120596. NSB determined in the presence of 10 uM SSR180711.
Points (A) represent mean value + S.D. from a representative experiment in duplicate. Bars (B) represent mean value + S.D. from an experiment in triplicate. *P < 0.05

indicate significant difference from baseline in an unpaired t-test.

expected, the different allosteric modulators AVL-3288 and PNU-
120596, were unable to displace the binding of 3H-NS14492, as
these compounds bind to a site different from the orthosteric
agonist site. Interestingly, we found that the addition of PNU-
120596 increased the maximal binding compared to a baseline
setting. This greatly adds to the usability of >H-NS14492 as a tool
for assessing pharmacological properties of both classical agonists
but also functionally different compounds such as type Il PAMs. It
has recently been suggested that PNU-120596 works by decreas-
ing the ko rate in the equilibrium process (Szabo et al., 2014). This
hypothesis may well fit with the observed increase in *H-NS14492
binding which could be explained by a shift in equilibrium
favouring the bound state by lowering the rate of radioligand
leaving the receptor-radioligand complex. In conclusion, we have
here demonstrated that H-NS14492 is a suitable radioligand for
detection and quantification of amount and distribution of a7
nicotinic receptors in pig brain tissue.
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Abstract

Purpose: With the emerging knowledge about the impact of epigenetic alterations on behavior
and brain disorders, the ability to measure epigenetic alterations in brain tissue in vivo has
become critically important. We present the first in vivo/in vitro cross-validation of the novel
positron emission tomography (PET) radioligand [''C]Martinostat in the pig brain with regard to
its ability to measure histone deacetylase 1-3 (HDAC1-3) levels in vivo.

Procedures: Nine female Danish landrace pigs underwent 121-min dynamic PET scans with
['"C]Martinostat. We quantified [''C]Martinostat uptake using both a simple ratio method and
kinetic models with arterial input function. By the end of the scan, the animals were euthanized
and the brains were extracted. We measured HDAC1-3 protein levels in frontal cortex,
cerebellum vermis, and hippocampus and compared the protein levels and regional outcome
values to the [''C]Martinostat PET quantification.

Results: ["'C]Martinostat distributed widely across brain regions, with the highest uptake in the
cerebellum vermis and the lowest in the olfactory bulbs. Based on the Akaike information criterion, the
quantification was most reliably performed by Ichise MA1 kinetic modeling, but since the radioligand
displayed very slow kinetics, we also calculated standard uptake value (SUV) ratios which correlated well
with V. The western blots revealed higher brain tissue protein levels of HDAC1/2 compared to HDACS3,
and HDAC1 and HDAC2 levels were highly correlated in all three investigated brain regions. The in vivo
SUV ratio measure correlated well with the in vitro HDAC1-3 levels, whereas no correlation was found
between V+ values and HDAC levels.

Conclusions: We found good correlation between in vivo measured SUV ratios and in vitro
measures of HDAC 1-3 proteins, supporting that [''C]Martinostat provides a good in vivo
measure of the cerebral HDAC1-3 protein levels.

Key words: Positron emission tomography, Martinostat, Epigenetics, Histone deacetylase, Pig,
Western blot, HDAC1, HDAC2, HDAC3, Brain
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Introduction

Epigenetic modifying enzymes, such as histone deacetylase
(HDAC), have received increasing attention over the last
decades, since they have been recognized as part of the
pathophysiology of multiple neurological and psychiatric
pathologies, such as Parkinson’s disease, Alzheimer’s
disease, and depression (for review, see [1, 2]), and are
therefore potential diagnostic and therapeutic targets [3].
HDAC proteins are epigenetic modifiers which deacetylate
histone tails, resulting in decreased gene transcription. Until
the development of the positron emission tomography (PET)
radioligand [''C]Martinostat in 2014 [4], however, molecu-
lar investigations of cerebral epigenetic alterations had been
confined to animal studies or postmortem human brain
examinations.

[''C]Martinostat is an adamantane-based hydroxamic
acid, which is able to image HDAC paralogs 1, 2, and 3,
and has very minimal off-target binding [4]. In vitro assays
determined a partition coefficient (log D) of 2.03 for
[''C]Martinostat, and ICs, values in the nanomolar range
for all three targets: HDAC1=0.3 nM, HDAC2=2.0 nM,
and HDAC3=0.6 nM [4]. The radioligand has good brain
penetrance, with a peak brain concentration after 20 min in
non-human primates [5]. [''C]Martinostat has been tested in
rodents, non-human primates, and humans [3-7]; however,
we report the first direct comparison of in vitro and in vivo
measures of HDACI1-3. We chose to perform this cross-
validation of [''C]Martinostat in pigs, because the pig offers
several advantages as an animal model compared to rodents:
The brain is gyrencephalic like the human brain, and the size
is substantially larger than that of mice and rats, which
provides a better match to the spatial resolution of PET scans
and a tremendous amount of postmortem tissue for further
molecular investigations. Being a large animal, the pig also
allows for acquiring an arterial input function during the
PET scan, and this is a requirement to calculate the total
distribution volume (Vt). Therefore, the increased housing
cost and handling difficulties, compared to rodents, are made
up for in data quality. Finally, studies in pigs are cheaper and
the use of pigs is not considered as ethically challenging as
in non-human primates. The use of pigs thus does not
necessitate that they are reused for many different experi-
ments, and this rules out concerns about carry-over effects
from previous experiments. However, the Danish Landrace
pigs used in this study is bred to grow fast, so longitudinal
studies require a different breed of pigs, e.g., Gottingen
minipigs.

Materials and Methods
Radiochemistry
[''C]Martinostat was prepared at the Copenhagen University

Hospital Rigshospitalet using carbon-11 methyl iodide in a
modified procedure, as described earlier by Wang et al. [4].
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[''C]Martinostat yields ranged from 235 to 730 MBq and
molar radioactivity ranged from 30 to 709 GBg/umol at end-
of-synthesis.

Animals

Nine female pigs (crossbreed of Landrace x Yorkshire x
Duroc) weighing 20-22 kg (approx. 9 weeks old) were used
in the present study. Animals were sourced from a local farm
and acclimatized for 7-9 days in an enriched environment
prior to experiments. For PET scanning, anesthesia was
induced approx. 3 h prior to scanning by i.m. injection of
0.13 ml/kg zoletil veterinary mixture (11.36 mg/mL
xylazine, 11.36 mg/ml ketamine, 1.82 mg/ml butorphanol,
1.82 mg/ml methadone) and maintained by 15 mg/kg/h
propofol infusion i.v. Femoral arteries and mammary veins
were used for i.v. access. Endotracheal intubation allowed
for ventilation with 20 % oxygen in air at 10 ml/kg. Urine
catheter was placed to avoid discomfort and stress. The
animals were closely monitored throughout the experiment,
with peripheral O, and end-tidal CO, saturation, heart rate,
blood pressure, and temperature. The animals were termi-
nated by 15 ml pentobarbital/lidocaine i.v. injection. After
euthanasia, the brains were swiftly removed, snap frozen on
dry-ice, and stored at —80 °C until use. All animal
procedures were performed in accordance with the European
Commission’s Directive 2010/63/EU, approved by the
Danish Council of Animal Ethics (Journal no. 2012-15-
2934-00156), and were in compliance with the ARRIVE
guidelines.

PET Scanning Protocol

The pigs were PET-scanned with a high-resolution research
tomograph (HRRT) scanner (CPS Innovations/Siemens,
USA). Data acquisition lasted 121 min after a bolus injection
of [''C]Martinostat. Injected dose was 334.3+99.1 MBq
(mean + SD) while injected mass was 0.87 =0.94 pg (mean
+ SD). In one pig, we performed a self-blocking study with a
bolus injection of 0.5 mg/kg cold Martinostat, administered
immediately prior to injection of [''C]Martinostat. The
unlabeled Martinostat was dissolved in DMSO and diluted
in sterile water to reach a 10 % DMSO solution.

Blood Sampling and Analyses

Manual arterial blood samples were drawn at 2.5, 5, 10, 20,
30, 45, 60, 90, and 121 min after injection, while an ABSS
autosampler (Allogg Technology, Sweden) continuously
measured arterial whole blood radioactivity during the first
30 min. Manual blood samples were collected for measure-
ments of total radioactivity in whole blood and plasma using
a gamma well counter (Cobra 5003; Packard Instruments,
Meriden, USA). Radiolabeled parent and metabolite
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fractions were determined in plasma using an automatic
column-switching radio-HPLC (high-performance liquid
chromatography) as previously described [8], but with some
modifications. Up to 4 ml of filtered but otherwise
unadulterated plasma was loaded onto a Shimadzu
Shimpack MAYI-ODS column (30x4.6 mm, 50 um,
Holm&Halby, Denmark) to trap lipophilic component of
the plasma sample using a mixture of 20 mM disodium
hydrogen phosphate, 2 mM sodium 1-decane sulfonate, and
2 % 2-propanol. The mobile phase was adjusted to pH 7.2
with phosphoric acid. After a 4-min extraction phase, the
trapping column was eluted, by reversed direction of flow,
with analysis eluent consisting of 24 % acetonitrile in
100 mM sodium dihydrogen phosphate (pH 2.6) containing
5 mM sodium 1-decane sulfonate. The analysis eluent was
then passed through an analytical column (Onyx Monolithic
C-18, 50 x 4.6 mm, Phenomenex Aps, Denmark) to separate
the retained components. Flow rate was adjusted to 5 ml/min
and the total analysis time was 8.5 min. To increase
sensitivity in samples with low levels of radioactivity,
eluents (10 ml) from the HPLC were collected with a
fraction collector (Foxy Jr FC144; Teledyne, Lincoln, NE,
USA), and fractions were counted offline in a gamma well
counter (2480 Wizard2 Automatic Gamma Counter, Wallac
Oy, Turku, Finland).

PET Quantification

The PET emission data was reconstructed into time frames
of increasing lengths: 6 x 10, 6 x 20, 4 x 30, 9 x 60, 8 x 120,
4 x 180, 2 x 240, 1 %300, 1 x360, 1 x420, 1x600, 1 %900,
1 x 1680 s. The reconstruction used an ordinary Poisson
three-dimensional ordered-subset expectation maximization
with point spread function modeling (OP-3D-OSEM-PSF),
16 subsets and 10 iterations [9, 10] with all standard
corrections. Attenuation correction was done using the
HRRT maximum a posteriori transmission reconstruction
method (MAP-TR) p-map [11]. Images consist of 207
planes of 256 x 256 voxels of 1.22 x 1.22 x 1.22 mm in size.

Brain parcellation was performed according to the newly
developed PET-MRI (magnetic resonance imaging) pig
brain atlas method [12]. The input for the methodology
was frame-length weighted, summed PET images of the total
scan time (0—121 min). The extracted regional radioactive
concentration (kBg/ml) was normalized to injected dose
(MBq) and corrected for animal weight (kg) to give
standardized uptake values (SUV, g/ml). The atlas contains
178 regions [13], but for the present study, only the
cerebellum vermis, frontal cortex, hippocampus, and olfac-
tory bulbs were compared to in vitro data. All graphical
presentations were created using GraphPad Prism 7
(GraphPad, USA).

PMOD 3.7 (PMOD Technologies, Switzerland) was used
for kinetic modeling. V1 values were calculated using the 1
tissue compartment (1TC), 2 tissue compartment (2TC),
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Ichise Multilinear Analysis 1 (MA1), and Logan invasive
models. For the MA1 and Logan models, all model fits were
visually inspected with regard to the residuals to determine
an optimal threshold time (t*) for each region of interest
(ROI), so to avoid frame-inclusion bias between scans. For
each ROI and across all scans, we chose the earliest frame in
which the residuals of the fit appeared normally distributed
and in homoscedatic manner. For Logan modeling, t* was
28 in frontal cortex, hippocampus, and olfactory bulbs and
24 for cerebellum vermis. In MA1 modeling cerebellum
vermis and frontal cortex, t* was 33, hippocampus 26, and
olfactory bulbs 28.

For the self-block study, we calculated the occupancy and
non-displaceable volume of distribution (Vyp) using the V¢
values from the MA1 model in a Lassen plot [14]. Non-
displaceable binding potentials (BPyp) were determined by
reverse calculations from MA1 Vs using the formula:

BPxp = (V1—Vab)/ V-

It has previously been suggested to use the SUV ratio
(SUVR) as a simplified quantification method [5]; here, we
used linear regression to find the time (x) where a plateau of
the time-activity curve was reached (slope of line =0). For
each scan and each ROI, an average SUVyx_|,; was
calculated from timepoint x to the end of the scan
(121 min). For the olfactory bulbs, which is here used as
pseudo-reference region, the plateau was reached at 33 min.
SUVRs are consequently calculated by dividing the ROI-
SUVx_121 by the corresponding olfactory bulbs SUV33_ 151,
prOViding a SUVRX.121-

Nuclear Protein Extraction

Tissue samples from frontal cortex (605 mg+ 82), cerebel-
lum vermis (424 mg+ 120), and hippocampus (537 mg=+
120) (n=9/region) were used for nuclear protein extraction.
Tissue was homogenized in 10 ml ice-cold lysis buffer
containing 0.4 M sucrose, 10 mM HEPES (pH 8), 5 mM B-
mercaptoethanol, protease inhibitor cocktail (P8340, Sigma-
Aldrich) using a Polytron PT1200 (Kinematica, Switzer-
land). Volume was adjusted to 30 ml with ice-cold lysis
buffer, followed by centrifugation (20 min 3000 g 4 °C).
The pellet was resuspended in 1 ml ice-cold buffer 2
containing 0.25 M sucrose, 10 mM HEPES (pH 8), 1 %
Triton X-100, 10 mM MgCl,, 5 mM pB-mercaptoethanol,
protease inhibitor cocktail (P8340, Sigma-Aldrich), trans-
ferred to low-bind protein microtubes (Sarstedt, Germany),
and centrifuged (10 min 12,000 g 4 °C). The pelleted nuclei
were lysed by 30 min ice-incubation in RIPA buffer
(150 mM NaCl, 1 % Triton X-100, 0.5 %
sodiumdeoxycholate, 1 % sodium dodecyl sulfate, 50 mM
Tris—HCI, protease inhibitor cocktail (P8340, Sigma-
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Aldrich)), followed by centrifugation (20 min 20,800 g
4 °C). Protein concentrations of the supernatants were
determined using the DC™ Protein Assay (BioRad, USA)
according to the manufacturer’s protocol, including a serial
dilution of known BSA concentration, and absorbance was
measured by iMark Microplate Absorbance Reader (BioRad,
USA).

Western Blotting

All reagents and equipment were from BioRad (USA),
unless otherwise stated.

Nine micrograms nuclear protein was denatured in the
presence of 4x Laemmli buffer supplemented with 10 % pB-
mercaptoethanol at 95 °C for 5 min. The samples were
subjected to sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—PAGE) in Criterion™ TGX Stain-
Free™ Precast Gels at 200 V, and followingly blotted onto
Immun-Blot® low fluorescence polyvinylidene difluoride
(PVDF) membranes using the Trans-Blot® Turbo™ 7 min
standard program. After membrane washing 4x 5 min in
TBS-T (10 % TBS pH 7.5, 0.1 % Tween-20), the
membranes were blocked by 5 % Blotting-Grade Blocker
in TBS for 1 h at RT. The membranes were incubated
overnight at 4 °C in primary antibody solution with the
following dilutions: HDAC1 1:10,000 (PA1-860, Thermo
Scientific, USA), HDAC2 1:20,000 (PA1-861, Thermo
Scientific, USA), HDAC3 1:1000 (PA1-862, Thermo
Scientific, USA). Following 4x 5 min washing in TBS-T,
the membranes were incubated in 1:2000 polyclonal goat
anti-rabbit horseradish peroxidase (HRP)-conjugated sec-
ondary antibody (P0448, Dako, Denmark) for 1 h at RT.
After washing the membrane 1% 15 min and 4x 5 min in
TBS-T, Western Lightning ECL Pro (NELI121001EA,
Perkin Elmer, USA) was used for visualization by 1 min
incubation immediately before imaging by ChemiDoc
XRS+.

Recombinant HDAC1-3 protein was kindly provided by
Prof. Christian Olsen (Center for Biopharmaceuticals,
University of Copenhagen). Calibration rows of known
HDAC protein amounts were included in the workflow
described above: HDAC1 5-250 ng (50,051, bpsbioscience,
USA), HDAC2 5-250 ng (50,002, bpsbioscience, USA), and
HDAC3 2.5-60 ng for frontal cortex and cerebellum vermis
samples, and 1.25-40 ng for hippocampal samples (50,003,
bpsbioscience, USA).

Image Lab 6.1 (BioRad, USA) was used for image
analysis, with rolling disc (70 mm) background subtraction
and total loaded protein normalization. Statistical tests were
performed in GraphPad Prism 7 (GraphPad, USA). Quanti-
fied HDAC isoforms (X ng/pg nuclear protein) were directly
correlated to one another. In order to compare the in vitro
measured HDAC1-3 to the in vivo PET measure, the tissue
volume and yield from protein extraction was corrected.
Total HDAC per ml fresh brain tissue were determined as
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(X nmol HDAC1—3> *<

total mg protein extracted
9 g protein '

total mL tissue used for extraction

Results
Regional Distribution of HDAC Proteins

After injection of [''C]Martinostat, we observed high brain
uptake of the radioligand with a peak SUV of 4 in the
cerebellum vermis. The kinetics of the radioligand was very
slow, with no observable wash-out from any brain region
during the 121 min acquisition time (Fig. la).
[''C]Martinostat showed a widespread regional distribution
(Fig. 1d), with the highest uptake in cerebellum vermis and
cortical areas and lowest uptake in olfactory bulbs and
subcortical areas.

Self-Block Experiment

To investigate the specificity of [''C]Martinostat, we co-
administrated the radioligand with 0.5 mg/kg unlabeled
Martinostat in a single pig. Co-administration reduced the
radioactive signal substantially (Fig. le) and induced
markedly faster radioligand kinetics (Fig. 1b), and all three
regional time activity curves (TACs) approached that of the
olfactory bulbs. As expected, blocking was associated with
lower regional Vr values. The quantitative effect of co-
administration of unlabeled Martinostat (0.5 mg/kg) was
determined from the Lassen plot (Fig. 1c). We found 89 %
occupancy of the administered Martinostat, and a Vyp of
2.87 ml/em’.

Parent Compound Data

[''C]Martinostat administration caused a rapid peak in
plasma radioactivity (Fig. 2c), which plateaued around
20 min after injection and with a slight increase occurring
at around 60 min. A representative [''C]Martinostat radio-
chromatogram at 30 min after radiotracer injection is shown
in Fig. 2a. The plasma parent fraction of [''C]Martinostat
decreased during the acquisition time, with approx. 60 %
intact radioligand left after 30 min and 20 % at 121 min (Fig.
2b). The parent fraction was fitted to a 1-exponential curve,
for quantification.

Quantification

Quantification of [''C]Martinostat was performed with the
1-tissue compartment (TC), 2TC, Logan invasive, and MA1
kinetic models. Visual inspection of the fits revealed a
general poor fit of the 1TC model whereas the 2TC model
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Fig. 1. Regional distribution and pharmacokinetics of

['""C]Martinostat in the pig brain. a Regional time-activity curves for

["'C]Martinostat at baseline (mean +SD, n=13). b Regional time-activity curves for [''C]Martinostat after administration of

0.5 mg/kg unlabeled Martinostat. ¢ Lassen plot showing regional differences in total distribution volumes (V1) of
["'C]Martinostat before and after administration of 0.5 mg/kg Martinostat (R®=0.99, n=1). d A representative summed
frame-length weighted PET image (0—121 min) of radioactivity in the pig brain following [''C]Martinostat injection. € Summed
frame-length weighted PET image (0—121 min) with 3 mm filter of radioactivity in the pig brain following 0.5 mg/kg unlabeled
Martinostat injection circle cerebellum vermis, square frontal cortex, triangle Hippocampus, diamond olfactory bulbs. SUV

standardized uptake values, Vr total distribution volume. CB cerebellum, TL thalamus, STR striatum, CTX cortex.

fitted the data well (Suppl. Fig. 1, see Electronic Supple-
mentary Material (ESM)). The MA1 model also fitted the
data well using individual t* for each ROI (see method
section for t* determination). Similar to MA1 quantification,
a ROI-specific t* was used for the Logan invasive model
and the resulting Vrs were similar to those from MAI1
modeling (Table 1). Of all four models (Table 1), the MA1
model had the lowest Akaike information criterion (AIC)
scores and therefore MA1 is considered the best model
choice.

To evaluate test-retest variability within animals, four
pigs were scanned twice. In three animals, the difference in
V1 was in the order of 7-12 % in frontal cortex, but the
fourth animal had a 39 % difference in V;. However, in
regard to the SUVRs, all four pigs had <9 % difference
between scans in frontal cortex.

Simplified Quantification

In the absence of an ideal reference region in the pig brain,
we could not apply any reference tissue models to the data
but Wey et al. [7] described the use of SUVR as an
alternative and simplified quantification method. We found a
relatively low Vyp in the pig brain, so we proceeded by

investigating the use of SUVR as a BPyp surrogate (Table 1).
Whereas in the human brain, a white matter region was used a
pseudo-reference region, we here chose to use the olfactory
bulb, as this region had the lowest binding in the pig brain. For
the SUVR method to be valid, the TACs need to remain
relatively constant over time, and this was achieved at
timepoints that differed between brain regions: olfactory
bulbs =33 min, cerebellum vermis =39 min, hippocampus =
50 min, and frontal cortex =68 min. Note, the radioligand
kinetics in the frontal cortex was so slow, we only had three
frames for calculating the SUVR in this region.

The BPyps calculated on the basis of MA1 generated Vs
and self-blocking derived Vnp (BPnp=(Vr— Vab)/ VD),
correlated well with the SUVRs (Suppl. Fig. 2a, see ESM).

Brain Tissue HDAC Determination

In vitro western blotting revealed substantial differences in
protein amounts between the three HDAC subtypes: HDACI1 5
+ 1.5 ng/ug, HDAC2 18.7 £4.9 ng/ug, and HDAC3 1.7 £ 0.4 ng/
pg nuclear protein (Fig. 3b). To examine if the large amount of
HDAC2 was the major determinant of the in vivo—in vitro
correlations, we also investigated the relationship between the
HDACs themselves. We found strong positive correlation
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between HDAC1 and HDAC2 in all three investigated brain We found a good correlation between in vitro HDAC
regions (R*=0.78 p<0.0001, Fig. 3b). HDAC2 and HDAC3 levels, corrected for tissue volume and protein extraction
levels were also correlated (R? = 0.28 p = 0.004, Fig. 3b), although  yield, and the in vivo SUVR measure (R*=0.36, p=
the HDACS3 protein levels only differed slightly between regions. 0.001, Fig. 3c), whereas the HDACI-3 protein

Table 1. Regional total volumes of distribution (V) data resulting from four different arterial input models, non-displaceable binding potentials (BPyp), and
standardized uptake value ratio (SUVR)

Vi (ml/em®) BPyp
1TC 2TC Logan MA1 MAI1 SUVRx_121
Frontal cortex mean + SD 369+9.6 44.6+10.6 40.7+9 41.7+9.1 13.5+3.2 2+0.2
AlIC 44 —344 124 —16.1 - -
Hippocampus mean £+ SD 26.6+5.3 34.6+9.1 28.9+6.2 30.8+6.8 9.7+2.4 1.5+0.1
AIC 49.6 41.7 146 5.6 - -
Olfactory bulbs mean + SD 16.5+3.7 209+5 17.9+3.3 18.9+3.7 5.6+1.3 -
AIC 61.3 46.2 142 24 - -
Cerebellum vermis mean = SD 42.6+£10.2 49.6+£12.5 455+10 47.4+10.6 15.5+£3.7 2.5+0.3
AIC 17.4 -19.3 147 =115 - -

Data is presented as mean + SD with the mean Akaike information criteria (AIC) below in italic. BPyp was calculated by the formula (V(ROI)-Vnp)/ Vb,
using the MA1 determined V- values. For SUVR calculations, an average SUV of time intervals described in the method section was used and the olfactory
bulbs were used as pseudo-reference region

ITC 1 tissue compartment model, 27C 2 tissue compartment model, MA/ Ichise multilinear analysis 1
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Fig. 3. Correlation between in vivo and in vitro measures of HDACs. a Equal amounts of nuclear protein from [''C]Martinostat
scanned pigs were quantified by human recombinant standards of HDAC1-3 through western blotting (n =9, 3 brain regions). b
Linear correlation between HDAC?2 and either HDACH (triangle R?=0.78 p <0.0001) or HDAC3 (diamond R? = 0.28 p = 0.0042)
in the three investigated brain regions (n =9). ¢ Linear correlation between the summed amounts of HDAC1-3, measured by
western blotting and corrected for tissue volume and protein extraction yield, and the individual pig’s corresponding SUVR,
measured by [''C]Martinostat PET imaging (R? = 0.36 p = 0.001 n =9 pigs, three brain regions). ver cerebellum vermis (blue), fc

frontal cortex (magenta), hip hippocampus (orange).

concentrations did not correlate with the Vt values (p=
0.16, Suppl. Fig. 3, see ESM).

Discussion

Here, we present for the first time an in vivo—in vitro cross-
validation of the [''C]Martinostat PET radioligand in pigs.
We found a good correlation between HDAC1-3 proteins
and the [''C]Martinostat binding quantified with SUVR,
supporting the use of [''C]Martinostat PET for in vivo
neuroimaging of HDAC1-3 .

The [''C]Martinostat PET experiments in pigs revealed
high brain uptake and slow radioligand kinetics, similar to
what has been described in non-human primates [4, 5] and in
humans [7]. We found uptake in both white and gray matter
regions, which underscores the conserved nature of the
proteins [15]. The highest brain uptake was found in the
cerebellum vermis and the lowest in the olfactory bulbs.

Quantification of PET data was performed with four
different arterial input kinetic models: 1TC, 2TC, Logan
invasive, and MA1. All models produced similar Vt values,
although the 1TC underestimated the binding slightly, which
is evident by the model fit (Suppl. Fig. 3, see ESM). Given
that the MA1 generated the lowest AIC values, we suggest
this model to be the most appropriate kinetic model for
quantification of [''C]Martinostat in the pig brain. Previous
studies in non-human primates and humans used the 2TC

model to compute V1 values based on model fits assessed by
AIC values and model selection criterion [4, 5, 7].
Furthermore, Vs from the Logan invasive model have
shown good correlation with those from the 2TC model in
non-human primates [5]. Our MA1 calculated Vs from the
pig brain are in line with 2TC calculated Vs from the non-
human primate brain, whereas the Vs from the human brain
are in the order of 3—4 times lower, but Vyp in humans
remains to be measured.

The self-block experiment revealed that 0.5 mg
Martinostat/kg resulted in 89 % occupancy and that Vyp
constitutes only about 6 % of Vr in high-binding regions
and less than 16 % of Vr in low-binding regions, which
means that [''C]Martinostat has an excellent signal-to-noise
ratio. The ROI with the lowest baseline binding, the
olfactory bulbs, had a V1 value ~5 times higher than the
Vnp, meaning that the pig brain has no ideal reference
region that can be used for non-invasive reference tissue
modeling. We also evaluated if the SUVR measure provides
a good alternative to full kinetic modeling, as has been
described in humans [7]. Indeed, SUVRs correlated well
with the Vg values for the three pig brain regions
investigated here (Suppl. Fig. 1b, see ESM), but for brain
regions with particularly high [''C]Martinostat binding, such
as the frontal cortex, SUVR may be biased. This also
indicates that long acquisition time is necessary, if SUVR is
to be used as surrogate for BPyp. Importantly, however,
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SUVR may not be a suitable quantification method if the
experimental setting involves interventions that alter
radioligand kinetics. For a quantification model that would
be compatible with altered kinetics of the radioligand, full
arterial input modeling is necessary.

Using specific antibodies for HDAC1-3 and dilution
rows of recombinant protein, we quantified the protein levels
in three different brain regions: cerebellum vermis, frontal
cortex, and hippocampus. We found 3—4 times higher levels
of HDAC2 than HDACI1 and 2-3 times higher levels of
HDACI! than HDAC3 (HDAC2>HDACI1 >HDACS3). The
literature on brain tissue HDAC subtype quantification is
sparse and results are inconsistent. In line with our results,
Anderson et al. found HDACI1,2 >>HDAC3 in whole
mouse brain lysate [16], whereas Wang et al. found protein
levels to be HDAC3 >HDAC2 >HDACI in various mouse
brain regions [17], and Chen et al. found HDAC2 >
HDAC3 >HDACI in mouse cortex [18]. Generally, it seems
that HDAC3 levels vary quite a lot between species and
brain regions [7, 17].

We found a strong correlation between HDACI1 and
HDAC?2 protein levels, which is in line with previous reports
[19, 20]. The reports found stronger correlation between
HDACI1/2 and HDAC3, than what we found, but our
samples had limited variability of HDAC3 levels, with
similar levels in two out of three regions. Needless to say,
had we included more than three regions, we would be able
to make better conclusions regarding the inter-relationships,
but that was not the scope of our validation study.
Regardless of the described differences, there is a general
agreement of the interplay and possible redundancy between
the HDAC isoforms: Several reports show that knock-out of
HDACT increases the levels of HDAC2, and vice versa [21,
22]. However, distinct roles have also been described, such
as the necessity of HDAC2 for HDACI recruitment [23].

In our study, we conducted the correlation analysis
between the PET measures and the summed concentration
of the three HDAC subtypes. Since [''C]Martinostat binds
to the HDAC 1-3 with different affinities [4], we also tested
if weighing the HDAC 1-3 protein concentration with their
individual affinities would improve the association between
[''C]Martinostat PET and in vitro measures but that did not
result in substantial improvements of the fit.

The in vitro measures of HDAC1-3 levels correlated well
with the in vivo SUVR; however, we did not see a similar
correlation with the Vy. Although the SUVR and Vs
showed good correlation, the variation in the V1 values was
much larger than in the SUVR. The SUVRs had test-retest
variations <9 % in the frontal cortex in all four scans,
consistent with the previous report from Wey et al. on
SUVRs of [''C]Martinostat in the human brain [7].

In order to ensure that we examined the exact same brain
regions in our in vivo and in vitro comparisons, we chose
three anatomically well-defined and easily distinguishable
regions that represented a good range of expected HDAC
protein concentrations. Inclusion of more regions might have
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helped to establish an even firmer relationship, but three
were deemed sufficient for our purpose. Also, we do
recognize that our comparison assumes that the section used
for in vitro western blotting are representative for the regions
used for the PET quantification, i.e., that HDAC protein
concentrations only show small variations within the defined
PET volume.

Anesthesia may potentially have confounding effect on
experimental outcomes, but to the best of our knowledge, no
one has reported an effect of propofol on the HDAC
proteins. Isoflurane, on the other hand, has been shown to
induce neurotoxicity in the developing hippocampus of rats,
with HDACs playing an important role [24]. Further studies
are needed to ensure that propofol does not affect the
epigenetic machinery. In this study, however, all animals
have received the same anesthetic regime and have been
under anesthesia for the same duration of time. Therefore,
we have no reason to believe that the anesthesia is affecting
the comparison of data across animals. Also, the in vitro
cross-validation was performed on the PET-scanned pigs, so
a potential effect of anesthesia would not influence the
correlations.

It may be seen as a limitation that we only investigated
the blocking effect on the PET data of one dose (0.5 mg/kg)
of Martinostat limiting us to just one estimate of Vyp. A
better estimation of Vyp might have improved our estimate
of BPyps, and this is also based on the assumption that the
non-displaceable binding is similar across the animals.

The sample size in this study is relatively small; however,
we are confident in the results given that the correlations are
made across multiple brain regions, and we have performed
technical replicates of the in vitro work. The olfactory bulbs
are difficult to extract from the pig skull and are often lost
during whole-brain extraction and accordingly, we were
unfortunately unable to validate the olfactory bulbs in vitro
as pseudo-reference region. In the absence of available
porcine recombinant HDAC1-3 proteins, we used human
recombinant protein to generate the calibration curves for the
western blot. Because the proteins are well conserved across
eukaryotes [25], we found it safe to assume similar affinity
of the antibodies between species. Finally, for practical
reasons, only adolescent females were used in this study but
we find it reasonable to assume that our findings can be
generalized to the fully developed adult brain as well as in
both sexes.

The NCBI HomoloGene database reveals that the
HDACI1-3 proteins are conserved across evolution, from
fungi to plants and animals (HomoloGene ref no. 68426,
68187, and 48250 for HDAC 1, 2, and 3 respectively). More
specifically, the NCBI protein BLAST function reveals the
sequence similarity between pig and human is 99 %, 100 %,
and 100 % for HDACI, 2, and 3 respectively. Therefore, we
believe that the function of the proteins is preserved through
evolution, and our results is translatable and validates
[''C]Martinostat as a PET radioligand in pigs as well as
humans.
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Conclusions

We performed the first direct in vivo/in vitro cross-validation
of the PET-radioligand [''C]Martinostat. We found good
correlation between in vitro quantified HDAC1-3 levels and
in vivo measured SUVRs. We recommend to use SUVR as a
good proxy for HDAC1-3 levels. We find that the changed
kinetics after blocking of HDACs calls for a different
quantification method, of which the MA1 model provides
the best solution.
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The alpha7 nicotinic acetylcholine receptor (a7-nAChR) has has long been
considered a promising therapeutic target for addressing cognitive impairments
associated with a spectrum of neurological and psychiatric disorders, including
Alzheimer's disease and schizophrenia. However, despite this potential, clinical
trials employing a7-nAChR (partial) agonists such as TC-5619 and encenicline
(EVP-6124) have fallen short in demonstrating sufficient efficacy. We here
investigate the target engagement of TC-5619 and encenicline in the pig brain
by use of the a7-nAChR radioligand 11C-NS14492 to characterize binding
both with in vitro autoradiography and in vivo occupancy using positron
emission tomography (PET). In vitro autoradiography demonstrates significant
concentration-dependent binding of 11C-NS14492, and both TC-5619 and
encenicline can block this binding. Of particular significance, our in vivo
investigations demonstrate that TC-5619 achieves substantial a7-nAChR
occupancy, effectively blocking approximately 40% of a7-nAChR binding,
whereas encenicline exhibits more limited a7-nAChR occupancy. This study
underscores the importance of preclinical PET imaging and target engagement
analysis in informing clinical trial strategies, including dosing decisions.

KEYWORDS

positron emission tomography (PET), alpha7, nicotinic acetylcholine receptors,
autoradiography, occupancy study, cognitive impairment

Introduction

The alpha7 nicotinic acetylcholine receptor (a7-nAChR) is a homopentameric ligand-
gated ion channel that is involved in the regulation of cognitive processes in normal
conditions as well as is in the pathophysiology of some brain disorders. The receptor is
composed of five identical a7 subunits, yielding an equal number of binding sites (Dani and
Bertrand, 2007; Li et al., 2011). This receptor is widely distributed in the central nervous
systems (CNS) and found with high densities in regions associated with cognitive functions
(Tribollet et al., 2004; Wessler and Kirkpatrick, 2008). Of note, there is substantial evidence
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for the presence of heteromeric a7-nAChRs in mammalian
CNS, where a7 subunits co-assemble with B2 subunits to
form functional a7p2-nAChR (Wu et al., 2016). The exact
implications of the existence of this receptor are unknown. The
homopentameric a7-nAChR has been investigated as a potential
therapeutic target for addressing cognitive impairments associated
with neurological and psychiatric diseases, including Alzheimer’s
disease and schizophrenia (Wallace and Porter, 2011). Over
the past 20 years, several compounds have been developed to
selectively target the a7-nAChR, demonstrating promising effects
in enhancing cognitive functions in animal models (Thomsen et al.,
2010). However, a significant translational challenge persists, as
these encouraging preclinical outcomes have not translated into
corresponding benefits in human clinical trials (Lewis et al., 2017).
Some notable examples are TC-5619 from Targacept (Figure 1A),
encenicline (EVP-6124) from Forum Pharmaceuticals (Figure 1B),
and SSR180711 from Sanofi (Figure 1C). In vitro, TC-5619 is a full
and potent a7-nAChR agonist reported to be effective in rodent
models of schizophrenia (Hauser et al., 2009). Initially, in an
exploratory 12-week randomized clinical phase 2 trial involving 185
subjects with schizophrenia, TC-5619 showed promising effects on
cognitive endpoints and negative symptoms compared to placebo
(Lieberman et al., 2013). However, in a clinical phase 2 trial lasting
24 weeks, TC-5619 failed to meet the primary outcome measure of
change from baseline on the Scale for the Assessment of Negative
Symptoms (SANS) compared to placebo (Walling et al., 2016).
Additionally, TC-5619 did not demonstrate improvement in the
key secondary measures of cognitive function (ClinicalTrials.gov
identifier: NCT01488929) and further development was stopped
(Targacept, 2013). SSR180711 is a partial a7-nAChR agonist (Biton
et al., 2007) that has been shown to improve long-term and short-
term episodic memory and spatial working memory in rodents
(Pichat et al., 2007). The compound was tested in a placebo-
controlled phase 2 clinical trial, spanning 4 weeks and three
different dosage regimens, in patients with mild Alzheimer’s disease
(NCT00602680). However, the trial was prematurely terminated in
2008 due to an inadequate risk-benefit ratio, as documented on
clinicaltrials.gov. Encenicline is a partial a7-nAChR agonist in vitro
and it reverses a scopolamine-induced memory deficit in vivo in
rats (Prickaerts et al., 2012). Despite encenicline showing effects in
a proof-of-concept, randomized trial in patients with schizophrenia
(Preskorn et al., 2014) and in mild-to-moderate Alzheimer’s disease
patients on functional and cognitive skills compared to placebo
(Deardorff et al., 2015), this outcome was not confirmed in two
larger global clinical phase 3 trials as the trials were put on hold due
to severe gastrointestinal adverse effects (Alzforum, 2016). Further,
encenicline is so far the only compound targeting the a7-nAChR
that has been evaluated in a large-scale clinical phase 3 trial in
schizophrenia patients, but no effect could be seen (Brannon, 2019)
[see review by Terry and Callahan (2020)]. The lack of success in
clinical trials involving a7-nAChR ligands in Alzheimer’s disease
or schizophrenia has reduced the enthusiasm for this target and
consequently, many pharmaceutical companies have discontinued
their research efforts in this field (Bertrand and Terry, 2018).
However, before discarding a7-nAChR as a viable target,
it is worth noting that despite several large clinical trials,
little information regarding the compounds’ blood-brain barrier
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permeability, target involvement and the level of a7-nAChR
occupancy has been published. For these purposes, molecular brain
imaging emerges as a powerful tool capable of providing invaluable
insights into target engagement and occupancy. Several a7-nAChR
positron emission tomography (PET) radioligands have so far been
tested: '8 F-ASEM was developed as an a7-nAChR antagonist with
suitable binding properties (Horti et al., 2014) and tested in 21
healthy non-smoking volunteers and in 6 males with schizophrenia
(Wong et al., 2014, 2018). We have also validated 11C.NS14492
(Figure 1D) as a selective a7-nAChR agonist PET radioligand
capable of measuring a7-nAChR occupancy of SSR180711 and
unlabelled NS14492 in the pig brain (Ettrup et al., 2011b). This
compound has been further described and validated as a tritiated
in vitro radioligand (Magnussen et al., 2015). In our study, we
chose pigs as experimental animal due to their physiological
and anatomical similarities to humans, facilitating translational
relevance. Furthermore, the presence of the nAChR in the pig
brain has been well-documented, particularly validated through
numerous PET experiments, including a recent study employing
I8F_ASEM, confirming the comparability of nAChR expression
patterns between humans and pigs (Donat et al., 2020). Here,
we report the effect of TC-5619 and encenicline on ''C-NS14492
binding in the pig brain using both in vitro autoradiography
and in vivo PET imaging to elucidate the target occupancy for
these molecules.

Methods

Compounds

11C-NS14492 was produced as described previously (Ettrup
etal, 2011b). Briefly, the radioligand was produced by transferring
1C-methyl triflate in a stream of helium to a vial containing
desmethyl-NS14492 fumarate dissolved in 300 L of acetone
and 10 pL of 1M tetrabutylammonium hydroxide in methanol
before being heated to 60°C for 3 min prior to high-performance
liquid chromatography purification. The specific radioactivity of
the radioligand was in the range of 84-152 GBq/pmol, calculated
at the end of synthesis, and the radiochemical purity was >99%
(n = 8). Encenicline, TC-5619, SSR180711, desmethyl-NS14492,
and NS14492 were synthesized at NeuroSearch A/S, (Ballerup,
Denmark). All other reagents were purchased from Sigma-Aldrich
(Brondby, Denmark) and were of analytical grade.

Animal procedures

All animal procedures were approved by the Danish Council
for Animal Ethics (journal no. 2012-15-2934-00156). For this study,
four female Danish Landrace pigs (Sus scrofa) (mean weight £
SD, 19 =+ 3kg) were used. The animals were sourced from a local
farm, placed in standard housing conditions, and given a minimum
acclimatization period of 1 week in the veterinary facilities. At the
day of the experiment, but before scanning, the pigs were treated
with midazolam [0.5 mg/kg intramuscular (i.m.)] and anesthesia
was subsequently induced with an im. injection of 1 mL/kg
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FIGURE 1

Chemical structures of (A) TC-5619 (N-((2S,3R)-2-(pyridin-3-ylmethyl)quinuclidin-3-yl)benzofuran-2-carboxamide) (B) Encenicline [(R)-7-chloro-
N-(quinuclidin-3-yl)benzolblthiophene-2-carboxamide] (C) SSR180711 (4-bromophenyl 1,4-diazabicyclo[3.2.2lnonane-4-carboxylate) and (D)
11C-NS14492 [2-(1,4-diazabicyclo[3.2.2]nonan-4-yl)-5-(1-(methyl-1 C)- 1H-pyrrol-2-yl)-1,3,4-oxadiazole].
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Zoletil veterinary mixture [6.25 Pt. xylazine (20 mg/mL) + 1.25Pt.
ketamine (100 mg/mL) + 2 Pt. butorphanol (10 mg/mL) + 2Pt.
methadone (10 mg/mL); Virbac, Kolding, Denmark]. Hereafter,
anesthesia was maintained with a constant propofol infusion
[10 mg/kg/h intravenous (iv.); B. Braun, Melsungen, Germany].
During anesthesia, animals were endotracheally intubated and
ventilated. Venous access was granted through the peripheral milk
veins, and an arterial line for blood sampling was inserted in the
femoral artery after a minor incision. Vital parameters (heart rate,
body temperature, blood pressure, oxygen saturation, and end-tidal
pCO;) were continuously monitored during the scans. The pigs
were euthanized immediately after scanning with an i.v. injection
of pentobarbital.

In vitro autoradiography

In vitro autoradiography was performed on post-mortem
brain tissue from pigs. Coronal 12 um sections of pig frontal
cortex and thalamus/parietal cortex were cut on a HM5000M
Cryostat (Microm Intl GmbH, Walldorf, Germany) at —20°C,
thaw-mounted on SuperFrost Plus glass slides (Thermo Scientific,
Hvidovre, Denmark), air-dried, and stored at —80°C until use.
Autoradiography was conducted at room temperature with 10 nM
11C-NS14492 for total binding, and non-specific binding was
determined in the presence of either TC-5619 or encenicline or
SSR180711 (10 wM) used in pre-incubation buffer (50 mM tris—
HCIl, 4mM CaCl,, 0.1% bovine serum albumin (BSA), 120 mM
NaCl, 5mM KCl, pH 7.4). Sections were then incubated for
30 min in 50mM tris-HCI buffer (pH 7.4) containing 120 mM
NaCl, 5mM KCl, I mM MgCl,, 2.5mM CaCl,, 0.1% BSA, and
10nM !'C-NS14492 and washed 2 x 2min in ice-cold buffer
followed by 20 seconds in ice-cold distilled water. Sections were
exposed to an imaging plate (IP) (Fujifilm, Tokyo, Japan) in a
BAS-2040 cassette overnight. The IP was scanned in a BAS-2500
(Fujifilm) image reader. Image analysis was done with Image]
analysis software (http://rsb.info.nih.gov/ij/).
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In vivo PET imaging

PET experiments were performed with a high-resolution
research tomography (HRRT) scanner (Siemens Medical Solutions,
Munich, Germany) as previously described (Ettrup et al., 2011b).
Briefly, 1! C-NS14492 was given as an i.v. bolus injection (injected
dose, 458 £ 93 MBg; injected cold mass, 0.8 &= 0.4 ig, n = 8), and
the pigs were scanned at baseline for 90 min in list mode. After a
baseline scan, the animals were given a bolus injection of either
TC-5619 (3 mg/kg i.v., n = 2) or encenicline (3 mg/kg i.v.,, n =
2) dissolved in 10 mL saline and rescanned 30 min later using the
same PET protocol. Whole blood radioactivity was continuously
measured for the first 30 min after radioligand injection using
an ABSS autosampler (Allogg Technology, Stringnids, Sweden).
Additionally, manual sampling of arterial whole blood (8-13 mL)
occurred at intervals of 2.5, 5, 10, 20, 30, 50, 70, and 90 min after
injection. Subsequently, radioactivity levels in both whole blood
and plasma were quantified using a Cobra 5,003 well counter
(Packard Instruments).

The PET data was reconstructed as previously reported (Ettrup
et al, 2011a), and the individual summed images of all counts
during the 90-min scan time were co-registered to a standardized
MRI atlas of the Danish Landrace pig brain using the software
Register, as previously described (Kornum et al., 2009). Radioactive
concentrations (Bq/mL) were extracted from specific brain regions
of both hemispheres [cerebellum, cortex, hippocampus, thalamus
(average of lateral and medial), and striatum (average of caudate
and putamen)]. Time-activity curves of radioactive concentrations
in volumes of interest were normalized to the injected dose
and adjusted for body weight. !C-NS14492 metabolism was
measured with HPLC analysis with online radioactivity detection,
as previously described (Gillings, 2009). For kinetic modeling
purposes, an average metabolite curve for all 8 scans was generated
and used to correct plasma activity in the individual scans for
the parent compound fraction, thereby obtaining the ! C-NS14492
arterial input function. Volumes of distribution (V) for selected
regions were calculated using PMOD software (version 3.0; PMOD
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Technologies Inc.) applying a Logan graphical analysis with arterial
input function (Logan et al., 1990). Because there is no suitable
brain reference region devoid of a7-nAChRs, occupancy was
measured using the revisited Lassen plot (Cunningham et al,
2010). In the four blocking scans, occupancies of the receptor
by encenicline or TC-5619 were calculated as the slope of the
occupancy plot visualizing Vr(baseline) - Vr(blocking) as a linear
function of Vr(baseline) in the specific brain regions (cortex,
thalamus, striatum, cerebellum, and hippocampus). The non-
displaceable distribution volume (Vxp) was determined by the
x-intercept of the regression line.

Statistical analyses

All statistical tests were performed using GraphPad Prism
version 6.0 (GraphPad Software, San Diego, USA). P-values
below 0.05 were considered statistically significant. Results are
presented as mean + standard error of the mean (SEM) unless
stated otherwise.

Results

Regional binding and blocking effects of
TC-5619, encenicline, and SSR180711 in
cortical pig sections

To investigate the binding properties of TC-5619, encenicline
and SSR180711 we performed in vitro autoradiography in coronal
pig sections using 10 nM ''C-NS14492 (Figure 2). We observed
laminar binding in cortical layers and less binding in white matter.
Further, we observed an almost complete blocking with 10 uM of
all three compounds: TC-5619, encenicline, and SSR180711.

Imaging in vivo binding profiles and
blocking effects of TC-5619 and
encenicline

After a bolus injection of 11C.NS14492, we observed
heterogeneous brain uptake of radioactivity (Figure 3) with the
highest uptake in thalamus and cortical areas, intermediate
uptake in the striatum and the lowest uptake in the cerebellum.
Pre-treatment with 3 mg/kg TC-5619 or 3 mg/kg encenicline was
associated with a lower Ve in all measured regions (Figure 4A).
Whereas pre-treatment with 3 mg/kg TC-5619 resulted in an
occupancy of 38%—42% (Figures 4C, D), pre-treatment with 3
mg/kg encenicline resulted in less than in average 10% occupancy.
In one pig, the slope of the linear regression was not significantly
different from zero (Figures 4E, F). The average Vxp was 5.3 £ 1.7
mL/cm? (n = 3).

After i.v. injection, the parent fraction of ' C-NS14492 declined
rapidly, and after 7min, approximately 50% of radioactivity in
plasma was attributable to parent 'C-NS14492 (Figure 4B). We
detected no radiolabelled lipophilic metabolites of '' C-NS14492 in
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the plasma, as indicated by lack of distinct peaks in the lipophilic
range on the radiochromatograms (data not shown).

Discussion and conclusion

Here, we present in vitro receptor autoradiography and in
vivo 11C-NS14492 PET data on o7-nAChR ligands in the pig
brain. The in vitro autoradiography revealed laminar binding in
cortical layers with a clear discrimination between gray and white
matter binding, consistent with previous studies (Gotti et al.,
2006). The three a7-nAChR ligands TC-5619, encenicline, and
SSR180711 were all able to block ! C-NS14492 binding in vitro,
supporting their effectiveness as competitive ligands for the a7-
nAChR orthosteric site.

With in vivo PET imaging we find that 3 mg/kg TC-5619
given iv. results in 40% occupancy at the a7-nAChR whereas
the same dose of encenicline results in negligible occupancy. By
using an in vitro homogenate binding assay with >H-NS14492,
we previously found K; values for TC-5619 and encenicline of
0.063 nM and 0.194 nM respectively (Magnussen et al., 2015). That
is, given the observed occupancy of TC-5619, one could expect
to find that a dose of 3 mg/kg encenicline would result in 16%
a7-nAChR occupancy.

Several factors could explain the low in vivo occupancy of
encenicline in the pig brain. If encenicline displayed a very rapid
drug clearance it may have insufficient time to be taken up by
the brain. We know from rats that encenicline has good brain
penetration after oral administration (0.3 mg/kg), with brain-to-
plasma ratios of approximately 2 between 1 and 4h and 5 at
8h (Prickaerts et al., 2012), indicating that the plasma clearance
of encenicline is considerably faster than the brain uptake and
receptor equilibration. In humans, and after oral administration,
encenicline has a long plasma half-life of 50-65h (Barbier et al.,
2015), but pharmacokinetic differences between humans and
pigs could be a factor as well as differences between oral and
intravenous administration. Another explanation could lie with the
known interspecies differences in blood-brain barrier permeability
for compounds like encenicline and TC-5619 among rats, pigs,
and potentially humans (Syvanen et al., 2009; Deo et al., 2013;
Stanimirovic et al, 2015). This theory could partially explain
the reason for encenicline’s clinical trial failure. Furthermore, an
extensive review of the existing literature and public domain
resources has revealed no documented evidence demonstrating the
ability of encenicline to cross the blood-brain barrier in humans.

Our investigation in the pig model reveals that TC-5619
effectively penetrates the blood-brain barrier and exhibits
significant binding to the a7-nAChR with a reasonable occupancy.
However, it is noteworthy that no prior studies have definitively
established an optimal range of a7-nAChR occupancy necessary for
eliciting therapeutic effects. This lack of established benchmarks
raises the possibility that the failure of TC-5619 to produce
significant pro-cognitive effects in clinical trials may stem from the
selection of suboptimal dosages. Interestingly, previous research on
selective a7-nAChR agonists, including encenicline (Keefe et al.,
2015), TC-5619 (Hauser et al., 2009), as well as other compounds
such as AZD0328 (Castner et al., 2011), DMXB-A (Olincy et al.,
2006), and PHA543613 (Yang et al., 2013) has indicated a trend
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FIGURE 2

(10 uM).

In vitro autoradiography with 1*C-NS14492 in 12 um coronal pig sections containing thalamus (upper panel) and frontal cortex (lower panel). Total
binding (TB) was measured with 10 nM 1 C-NS14492. Non-specific binding shown with TC-5619 (10 wM), Encenicline (10 uM) and SSR180711

SSR180711
(10 pM)

Encenicline
(10 pM)

High

Low

Baseline

FIGURE 3

Representative sagittal PET images of 1 C-NS14492 PET scans before and after TC-5619 pre-treatment. Summed and averaged over 0—90 min PET
image (top panel) overlaid MRI-based pig brain atlas (bottom panel). SUV; standardized uptake value.

3 mg/kg TC-5619
Pre-treament

where the pro-cognitive effects peak at lower doses, following
an inverted U-shaped dose-response curve. This phenomenon
suggests that while lower doses may elicit optimal cognitive
enhancement, escalating doses beyond this threshold could lead
to diminishing effect or even receptor desensitization, thereby
limiting further cognitive improvement. The implications of this
dose-response pattern are profound, particularly in the context
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of human clinical trials. The absence of a clear understanding of
optimal dosing presents a considerable challenge, underscoring the
need for robust pre-clinical tools for dose finding.

Our study is not without limitations. First, it was not possible to
measure drug concentrations during the PET studies so an eventual
ultra-fast drug metabolism of encenicline cannot be excluded. As
discussed above, this could potentially result in an underestimation
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(A) Logan plot V+'s of 11C-NS14492 in five brain regions are shown at baseline and after intervention with EVP-6124 (Encenicline) (3 mg/kg i.v.
administered 30 minutes before second scan) or TC-5619 (3 mg/kg i.v. administered 30 min before second scan). Bars indicate mean + SEM. (B)
Relative radioactive parent compound in pig plasma as a function of time after i.v. injection of 11 C-NS14492. Average of measurements from 8 PET
scans is shown. Baseline scans (black, n = 4) and challenge scans (gray, n = 4) with 3 mg/kg Encenicline (n = 2) or 3 mg/kg TC-5619 (n = 2) is shown.
Solid lines (black and gray) correspond to a single exponential decay function fitted to the data. (C—F) Occupancy plots of 11 C-NS14492 regional left
and right V1's at baseline and in intervention scan for individual pigs. Receptor occupancy by EVP-6124 (Encenicline) (C, D) or TC-5619 (E, F) is
measured as slope of regression line. 11 C-NS14492 V\p is found as x-axis intercept. Statistical test results (P-values) for slope not equal to zero is
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of its occupancy. Secondly, only 4 animals were used in total
limiting the statistical power of the study. However, each animal
served as its own control, and we measured five distinct occupancy
regions in each animal. Thirdly, we administered both TC-5619 and
encenicline at 3 mg/kg but cannot exclude that an even higher dose
of encenicline could have returned a larger occupancy.

In conclusion, we find that the two a7-nAChR ligands TC-
5619 and encenicline, when given at equal doses, display different
a7-nAChR occupancy in vivo in the pig brain. Our findings
underscore the significance of utilizing PET radiotracers in CNS
pre-clinical drug development in assessing crucial factors such
as blood-brain barrier permeability and target engagement, as
well as in aiding dose finding for potential therapeutic agents.

Frontiersin Neuroimaging

By proposing the establishment of target occupancy through PET
experiments prior to embarking on clinical trials, we advocate
for a more precise dosing strategy for emerging a7-nAChR
selective drug candidates. This proactive approach has the potential
to mitigate uncertainties surrounding dosing regimens, thereby
enhancing the likelihood of therapeutic success while minimizing
adverse effects.
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