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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). 
AZD0328 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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AZD0328 
(PA) 

PK study 1 Company decision 00687141 Sydserff et 
al., 2009 

AZD0328 
(PA) 

Schizophrenia 2 Company decision 00669903 Sydserff et 
al., 2009 

EVP-
6124 (PA) 

Schizophrenia 1 Positive effects in 
performance on 
cognitive tests 

01556763 Preskorn 
et al., 
2014 

EVP-
6124 (PA) 

Schizophrenia 2 Cognitive 
improvements 

00968851 Keefe et 
al., 2015 

EVP-
6124 (PA) 

AD 2 Cognitive 
improvements 

01073228 Deardorff 
et al., 2015 

EVP-
6124 (PA) 

AD 3 Clinical hold due to 
adverse events 

01969123, 
01969136 

None 
found 

EVP-
6124 (PA) 

Schizophrenia 3 No significant effects 01714661, 
01716975 

Brannan, 
2019 

GTS-21 
(PA) 

Probable AD 2 No significant effects 00414622 Kem, 
2000 

GTS-21 
(PA) 

Schizophrenia 2 No significant effects 01400477, 
00100165 

Freedman 
et al., 
2008 

JNJ-
3939340
6 (PAM) 

Smoking cessation in 
patients with 
schizophrenia  

2 No treatment benefit 02230384 Perkins et 
al., 2018 

JNJ-
3939340
6 (PAM) 

Cognition in patients 
with unipolar 
depression 

2 No treatment benefit 02677207 Davidson 
et al., 2021 

JNJ-
3939340
6 (PAM) 

Schizophrenia 1 No treatment benefit 01137799 Winterer 
et al., 2013 

RG3487 
(PA) 

AD 2 Not reported 00884507 None 
found 
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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 
HDACs 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-IV (Haberland et al., 2009): 

I. This class includes HDAC1, HDAC2, HDAC3, and HDAC8. They are 
primarily localized in the nucleus and are associated with transcriptional 
regulation. HDAC3 can also be found in the cytoplasm. These HDACs, 
except for muscle specific HDAC8, are widely expressed in the brain 
including areas associated with memory formation. 

 
II.  This class is further divided into two subclasses (all of which can be found 

expressed in the brain):  
a) Class IIa: HDAC4, HDAC5, HDAC7, and HDAC9. These HDACs 

shuttle between the nucleus and the cytoplasm, and their activity is 
often associated with signal-dependent processes.  

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

 
III.  Also called sirtuins, this class includes SIRT1-7. Unlike Class I and II 

HDACs, Class III 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 II HDACs. HDAC11 is a new and less studied member of 
the HDAC family, reviewed in Liu et al. (2020). 



 

26 

 

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). 

 

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/s41582-022-00714-w. © 2022, Springer Nature Ltd., permission conveyed through 
Copyright Clearance Center license number 5813600621861. 

https://doi.org/10.1038/s41582-022-00714-w
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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).  

 

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. 

https://doi.org/10.1146/annurev-bioeng-071114-040723
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Fig. 12 | VT images of 11C-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 11C-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).  

https://doi.org/10.1021/jm500872p
https://creativecommons.org/licenses/by/4.0/deed.en
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Fig. 13 | 11C-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) 11C-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, 11C-Martinostat has been used extensively to 
investigate the role of HDACs 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) 

https://doi.org/10.1126/scitranslmed.aaf7551
https://www.science.org/content/page/reprints-and-permissions
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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 III, 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 I (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 ROIs 
for each brain region. Mean pixel density was converted to ligand binding using 
standard 3H-microscales. Calibration was performed using a 3rd-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. Kd of 
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In Paper II, in vivo selectivity of 11C-Martinostat was tested through self-blocking 
with unlabeled compound. For Paper III 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 kBq/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 (VT) 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 II, 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 III, co-
registration to a standardized MRI 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, VT was 
computed using 1TCM, 2TCM, Ichise Multilinear Analysis (MA1), and Logan 
invasive. In Paper III, VT for selected regions was calculated using a Logan 
graphical analysis with arterial input function (Logan et al., 1990). 
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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, 11C-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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Paper I 

Magnussen, J. H., Ettrup, A., Donat, C. K., Peters, D., Pedersen, M. H. F., Knudsen, 
G. M., & Mikkelsen, J. D. (2015). Radiosynthesis and in vitro validation of (3)H-
NS14492 as a novel high affinity alpha7 nicotinic receptor radioligand.  
European Journal of Pharmacology, 762, 35-41,  
doi:10.1016/j.ejphar.2015.04.036  
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a b s t r a c t

The neuronal �7 nicotinic acetylcholine receptor is a homo-pentameric ligand-gated ion channel that is
a promising drug target for cognitive de�cits in Alzheimer's disease and schizophrenia. We have
previously described 11C-NS14492 as a suitable agonist radioligand for in vivo positron emission
tomography (PET) occupancy studies of the �7 nicotinic receptor in the pig brain. In order to investigate
the utility of the same compound for in vitro studies, 3H-NS14492 was synthesized and its binding
properties were characterized using in vitro autoradiography and homogenate binding assays in pig
frontal cortex. 3H-NS14492 showed speci�c binding to �7 nicotinic receptors in autoradiography,
revealing a dissociation constant (Kd) of 2.170.7 nM and a maximum number of binding sites (Bmax) of
15.772.0 fmol/mg tissue equivalent. Binding distribution was similar to that of another selective ligand
125I-�-bungarotoxin (125I-BTX) in autoradiography, and unlabeled NS14492 displaced 125I-BTX with an
inhibition constant (Ki) of 23 nM. 3H-NS14492 bound to �7 nicotinic receptors in homogenized pig
frontal cortex with a Kd of 0.870.3 nM and a Bmax of 30.2711.6 fmol/mg protein. This binding assay
further revealed the Ki rank order for a number of �7 nicotinic receptor agonists, and positive allosteric
modulators (PAMs). Further, we saw increased binding of 3H-NS14492 to pig frontal cortex membranes
when co-incubated with PNU-120596, a type II PAM. Taken together, these �ndings show that 3H-
NS14492 is a useful new in vitro radioligand for the pig �7 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 � and � subunits that can
assemble in a number of combinations. In the brain the heteromeric
�4�2 and the homomeric �7 are the most common nicotinic
receptors (Gotti et al., 2006). The �7 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 �7 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.,

2006) and 2–20 fmol/mg protein in humans (Anderson et al., 2008;
Falk et al., 2003). Several lines of evidence suggest that the �7
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 �7 nicotinic receptor agonists in the
treatment of CNS disorders, the ability to de�ne 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 11C-NS14492 is a selective �7 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 �7 nicotinic acetylcholine
receptor speci�c radioligands such as 125I-�-bungarotoxin (125I-BTX)
but these have some disadvantages as radioligands. 125I-BTX is a

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/ejphar

European Journal of Pharmacology

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

Abbreviations: Bmax, maximum density; 125I-BTX, 125I-�-bungarotoxin; Kd, dis-
sociation constant; Ki, inhibition constant; NSB, non-speci�c binding; OD, optical
density; PAM, positive allosteric modulator; SB, speci�c binding; TB, total binding;
TE, tissue equivalent
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peptide antagonist that seems to display pseudo-reversible binding
with slow kinetics, and it also binds with high af�nity to muscle-type
nicotinic receptor, to �8 and �9�10 containing receptors (Arias,
2000; Elgoyhen et al., 2001). [3H]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 (Kd) of
0.2 nM, but the 18F �uorinated PET version of the same compound
did not reveal speci�c binding in non-human primates (Ravert et al.,
2013). Finally, [3H]A-585,539 with sub-nanomolar Kd

’ s in rat and
human brain homogenate displayed good binding properties with
low non-speci�c 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 3H-NS14492 in the pig brain using autoradio-
graphy and homogenate binding assays.

2. Materials and methods

2.1. Synthesis of 3H-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 mmol) and then added acetone (0.3 ml). After dissolution
of material, tetrabutylammonium hydroxide (20 ml, 1 M in methanol)
was added followed by the addition of [H-3]methyl iodide (20 ml,
2.37 mCi). The vial was capped and heated to 50 1C for 2 h. After
reaction the solution was evaporated by a �ow of helium and the
remaining solids re-dissolved in 10% ethanol in 0.l% phosphoric acid.
High-performance liquid chromatography (HPLC) methods were used
for puri�cation. The solution was injected onto a Princeton Spher C30
200 Å (250 mm � 10.0 mm, 5 mm) column at a �ow 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 MBq/ml) and 30–
34 min (3.6 MBq/ml). The puri�ed 3H-NS14492 and the cold standard
were analyzed on the same RP–HPLC system with 100 ml and 25 ml
injection volumes using a separate column and injection port.
Detection was performed using radiodetection (Bioscan Triathler
equipped with CaF2 Solid Scintillant 100 ml Flow Cell) and UV
detection at 250 nm and 290 nm (Waters 2487). A Phenomenex Luna
C18(2) (250 mm � 4.6 mm, 5 mm) column with a guard front was
used with a �ow 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 speci�c activity of 70 mCi/mmol.

2.2. Compounds

125I-BTX ([125I]-Tyr54) with high speci�c activity (2200 Ci/mmol)
was purchased from Perkin-Elmer (Skovlunde, Denmark). EVP-6124
(Prickaerts et al., 2012), PNU-120596 (Hurst et al., 2005), SSR180711

(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 (Brøndby, 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 1C. Coronal serial
sections of 12 mm containing frontal cortex were cut on a
HM500OM Cryostat (Microm Intl GmbH, Walldorf, Germany) at
�20 1C, thaw mounted on SuperFrost Plus glass slides (Thermo
Scienti�c, Hvidovre, Denmark) with two sections per slide, air
dried and stored at �80 1C until use.

2.4. Autoradiography

Slides were allowed to reach room temperature, and then pre-
incubated in buffer (50 mM Tris–HCl, 4 mM CaCl2, 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-speci�c binding
(NSB) was determined in the presence of 10 mM SSR180711 in both
incubation steps. Slides were washed for 2 min � 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 1C. 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)
(Fuji�lm, Tokyo, Japan) in a BAS-2040 cassette for 14 days at 4 1C
along with a set of high and low activity tritium standards (3H-
microscales: equivalent to 0.07�33.4 nCi/mg tissue; GE Health-
care, Little Chalfont, UK). The IP was scanned in a BAS-2500
(Fuji�lm) 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 mM)
could displace 0.5 nM 125I-BTX, the antagonist reference ligand used
for �7 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 � 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 quanti�ed 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 �tting the OD of the measured microscales to the
decay-corrected tissue equivalent (TE) values. 125I-BTX binding
was measured with OD as main outcome measure. Speci�c
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 mMFig. 1. Radiosynthesis of 3H-NS14492.

J.H. Magnussen et al. / European Journal of Pharmacology 762 (2015) 35–4136



NaCl, 20 mM EDTA, pH 7.4) until a uniform texture was reached.
Brain homogenates were centrifuged at 33,000 � 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 � g
for 1 min, supernatant was collected and this procedure was
repeated once. The collected supernatant was centrifuged at
33,000 � g for 10 min and the �nal membrane fraction pellet
was resuspended in assay buffer (50 mM Tris–HCl). Samples and
buffers were kept on ice, and centrifugation was performed at 0–
2 1C. 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 3H-
NS14492 (0.037�9 nM) in duplicate. NSB was determined in
the presence of 10 mM SSR180711. Homogenate containing
�200 mg total protein was added to assay buffer (100 mM Tris–
HCl, 4 mM CaCl2, 120 mM NaCl, 5 mM KCl, 0.3% BSA, pH 7.4) to a
�nal volume of 1 ml. Samples were incubated at 4 1C 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 micro�ber �lter (GE Healthcare, Little Chalfont, UK) pre-
moistened with 1% polyethylenimine by vacuum �ltration. Filters
were washed with buffer (4 ml � 10 ml), placed in scintillation
vials with 2 ml Ultima Gold scintillation solution (Perkin-Elmer)
and stored overnight at 4 1C before being counted in a Tri-Carb
2900TR Liquid Scintillation analyzer (Packard, CT, USA), counting
ef�ciency…60%. Competition binding assays were performed to
determine inhibition constants (Ki) for a number of �7 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 mM, whereas all other compounds were tested in a
range of 40 pM–3.125 mM. NSB were determined in the presence
of 10 mM SSR180711 or 10 mM EVP-6124 for Ki determination of
SSR180711. Inhibition curves were generated by plotting speci�c
binding against the logarithm to competing ligand concentration
and a one-site function was applied �tting Ki directly based on
3H-NS14492 concentration and Kd. An additional binding assay
was conducted with 100 pM PNU-120596 in triplicate with
2.5 nM 3H-NS14492 and compared to speci�c binding in a base-
line setting without PNU-120596 but with NSB determined in the
presence of 10 mM SSR180711.

2.7. Data analysis

All curve �tting (competition, saturation, and kinetic data) was
performed using interactive, nonlinear, least-squares curve-�tting
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 signi�cant. Results are expressed as mean7standard
deviation (S.D.) unless otherwise stated.

3. Results

3.1. Autoradiography

Binding of 3H-NS14492 in pig brain sections was saturable and
nonlinear regression analysis of SB revealed a Kd of 2.170.7 nM
and a Bmax of 15.772.0 fmol/mg TE (n…5) (Fig. 2 and Table 1). 3H-
NS14492 binding showed laminar distribution in gray matter with
highest density in the super�cial cortical layers, and in particular
laterally and dorsally (Fig. 3C and E). The ability of unlabeled
NS14492 to displace 0.5 nM 125I-BTX was tested on similar
sections with increasing concentrations of NS14492. In this setup
Ki was determined to be 23 nM (125I-BTX Kd…0.45 nM), and at the
highest concentration of unlabeled NS14492 (1 mM), 81% of 125I-
BTX was displaced compared to NSB (1 mM (�)-nicotine) (Fig. 4).
Autoradiography revealed a structural distribution of 3H-NS14492
binding comparable to that of 125I-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 Kd of 0.870.3 nM
and a Bmax of 30.2711.6 fmol/mg protein at 4 1C (n…8) (Fig. 5 and
Table 1).

Binding properties of 3H-NS14492 were assessed by examining
its displacement by other �7 nicotinic receptor agonists and PAMs
from pig brain homogenate. The �7 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 3H-NS14492
binding with similar rank order of af�nity in the nanomolar range.
By contrast, (�)-nicotine (Fig. 6E) displaced 3H-NS14492 binding
with 2–3 orders of magnitude lower af�nity (see Table 2). The two
�7 nicotinic receptor PAMs, AVL-3288 (Fig. 6F) and PNU-120592
(Fig. 7A), were unable to displace 3H-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 speci�c binding reached at 10 mM PNU-
120596 was still 9574% of baseline, whereas lower concentra-
tions of PNU-120596 generally achieved more than 100% speci�c
binding compared to baseline. As an example, 25 pM PNU-120596
resulted in 13677% speci�c binding, and could indicate a
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Fig. 2. Saturation binding of 3H-NS14492. Binding of 3H-NS14492 (0.15–20 nM) to
12 mm thick sections from pig frontal cortex. Non-speci�c binding (NSB) deter-
mined in the presence of 10 mM SSR180711. Speci�c 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 value7S.D. from a representative experiment in duplicate
out of �ve independent experiments. Data from saturation binding experiments
were analyzed by nonlinear regression. Kd and Bmax values are shown in Table 1.
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tendency toward enhancing 3H-NS14492 binding to pig �7 nico-
tinic receptor. This experiment was repeated in triplicate (Fig. 7B).
Again we saw no displacement, but a signi�cant increase
(169721% speci�c 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 3H-NS14492 in pig
brain tissue to determine the utility of this radioligand for in vitro
assessment of �7 nicotinic acetylcholine receptor occupancy. 3H-
NS14492 showed high-af�nity and speci�c binding to �7 nicotinic
receptors in the pig brain both in autoradiography and in homo-
genate binding assays. We have previously described the �7
nicotinic acetylcholine receptor selectivity of NS14492 (Ettrup
et al., 2011), and this study further supports this �nding. Saturation
binding experiments revealed nanomolar Kd values: 2.170.7 nM in
autoradiography and 0.870.3 nM in homogenate binding assays.
There are small differences in Kd 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 1C
for homogenate binding assays. Lowering the temperature is known
to decrease dissociation (koff) more than association (kon) rate
constants and so lowering the Kd (Kd…koff/kon) (Hulme and
Trevethick, 2010). A single autoradiography experiment assessing
incubation temperature revealed a more than threefold lower Kd at
4 1C (Kd…5.0 nM at room temperature versus Kd…1.4 nM at 4 1C
incubation) (data not shown) suggesting that the difference in
incubation temperatures could indeed explain the differences in
Kd values. The calculated Bmax values, 15.772.0 fmol/mg TE found in
autoradiography and 30.2711.6 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)

125 3I-BTX (0.5 nM) NSB H-NS14492 (5 nM) NSB 3H-NS14492 (2.5 nM) NSB 3H microscales 

Fig. 3. Representative autoradiograms showing distribution of TB and NSB in sections of pig frontal cortex for 0.5 nM 125I-BTX (A and B) and 3H-NS14492 at concentrations
5 nM (C) and 2.5 nM (E). NSB determined in the presence of 1 mM (�)-nicotine (B) and 10 mM SSR180711 (D and F). 3H microscales (G). Figures shown are from a
representative experiment in duplicate out of �ve independent experiments for 3H-NS14492 and from a single experiment in duplicate with 125I-BTX. Scale bar…1 cm.
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Table 1
Kd and Bmax values from 3H-NS14492 saturation binding analysis. TE; tissue equivalent.

Tissue Method Kd (nM) Bmax n

Pig frontal cortex Autoradiography 2.170.7 15.772.0 fmol/mg TE 5
Pig frontal cortex Homogenate binding assays 0.870.3 30.2711.6 fmol/mg protein 8
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and pig (Hoffmeister et al., 2011). However, it is important to keep in
mind that species speci�c differences in the receptor structure may
exist that could in�uence binding, and so complicating direct
comparison of Bmax values between species and between radioli-
gands. The observed difference in Bmax in the two assays is most
likely due to the methodological differences as greater variation in
Bmax in the homogenized samples as compared to autoradiography

was observed. The non-speci�c binding at concentrations near the
Kd 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 [3H]A-585539 tested in rat
brain homogenate under comparable conditions (Anderson et al.,
2008), we do observe more non-speci�c binding with 3H-NS14492.
Unlabeled NS14492 displaced 0.5 nM 125I-BTX with a Ki…23 nM.
However, even at 1 mM, NS14492 was only able to displace 81% of
125I-BTX when compared to NSB (1 mM (�)-nicotine). This could
indicate a lack of reversibility in BTX binding to the �7 nicotinic
receptor, which has earlier been suggested (Gill et al., 2011). From
this comparison it is also evident that 3H-NS14492 offers a higher
discriminative resolution and a more clearly de�ned laminar bind-
ing distribution than 125I-BTX.

Displacement of 3H-NS14492 binding in pig frontal cortex
homogenate with structurally different �7 nicotinic acetylcholine
receptor selective modulators revealed a binding potency rank
order of the orthosteric compounds with TC-5619, EVP-6124,
NS14492 and SSR180711 displaying af�nities in the nanomolar
range and (�)-nicotine in the lower micromolar range. As

Fig. 6. Inhibition curves for displacement of 2.5 nM 3H-NS14492 in pig brain cortical membranes shown as percent speci�c 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 mM. (�)-nicotine (E) was
tested in concentrations from 1.6 nM to 125 mM. Points represent mean value7S.D. from a representative experiment in duplicate. Ki values were determined by �tting a
one-site function to TB with de�ned 3H-NS14492 concentration and Kd.

Table 2
Displacement of 3H-NS14492 binding in pig brain homogenate. CI; 95% con�dence
interval.

Compound Ki (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 1.44 1.128�1.844
(�)-nicotine 123 30.64�494.4
AVL-3288 — —
PNU-120596 — —

J.H. Magnussen et al. / European Journal of Pharmacology 762 (2015) 35–41 39



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 3H-NS14492 as a tool
for assessing pharmacological properties of both classical agonists
but also functionally different compounds such as type II PAMs. It
has recently been suggested that PNU-120596 works by decreas-
ing the koff rate in the equilibrium process (Szabo et al., 2014). This
hypothesis may well �t with the observed increase in 3H-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 3H-NS14492 is a suitable radioligand for
detection and quanti�cation of amount and distribution of �7
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 [11C]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
[11C]Martinostat. We quantified [11C]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 [11C]Martinostat PET quantification.
Results: [11C]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 VT. The western blots revealed higher brain tissue protein levels of HDAC1/2 compared to HDAC3,
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 VT 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 [11C]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 [11C]Martinostat in 2014 [4], however, molecu-
lar investigations of cerebral epigenetic alterations had been
confined to animal studies or postmortem human brain
examinations.

[11C]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
[11C]Martinostat, and IC50 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]. [11C]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 HDAC1–3. We chose to perform this cross-
validation of [11C]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., Göttingen
minipigs.

Materials and Methods
Radiochemistry

[11C]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].

[11C]Martinostat yields ranged from 235 to 730 MBq and
molar radioactivity ranged from 30 to 709 GBq/�mol at end-
of-synthesis.

Animals

Nine female pigs (crossbreed of Landrace × Yorkshire ×
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 O2 and end-tidal CO2 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 [11C]Martinostat. Injected dose was 334.3 ± 99.1 MBq
(mean ± SD) while injected mass was 0.87 ± 0.94 �g (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 [11C]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 (30 × 4.6 mm, 50 �m,
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 × 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 × 10, 6 × 20, 4 × 30, 9 × 60, 8 × 120,
4 × 180, 2 × 240, 1 × 300, 1 × 360, 1 × 420, 1 × 600, 1 × 900,
1 × 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) �-map [11]. Images consist of 207
planes of 256 × 256 voxels of 1.22 × 1.22 × 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 (kBq/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. VT values were calculated using the 1
tissue compartment (1TC), 2 tissue compartment (2TC),

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 (VND) using the VT
values from the MA1 model in a Lassen plot [14]. Non-
displaceable binding potentials (BPND) were determined by
reverse calculations from MA1 VTs using the formula:

BPND ¼ VT�VNDð Þ=VND:

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 SUVX-121 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 SUV33–121,
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 �-
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 MgCl2, 5 mM �-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 % Tr i t on X-100 , 0 . 5 %
sodiumdeoxycholate, 1 % sodium dodecyl sulfate, 50 mM
Tris–HCl, 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 4× Laemmli buffer supplemented with 10 % �-
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 4× 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 4× 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 4× 5 min in
TBS-T, Western Lightning ECL Pro (NEL121001EA,
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/�g 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

X nmol HDAC1�3
9 �g protein

� �
*

total mg protein extracted
total mL tissue used for extraction

� �
:

Results
Regional Distribution of HDAC Proteins

After injection of [11C]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. 1a).
[11C]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 [11C]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. 1e) 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 VT 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 VND of
2.87 ml/cm3.

Parent Compound Data

[11C]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 [11C]Martinostat radio-
chromatogram at 30 min after radiotracer injection is shown
in Fig. 2a. The plasma parent fraction of [11C]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 [11C]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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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 VTs were similar to those from MA1
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
VT was in the order of 7–12 % in frontal cortex, but the
fourth animal had a 39 % difference in VT. However, in
regard to the SUVRs, all four pigs had G 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 VND in the pig brain, so we proceeded by

investigating the use of SUVR as a BPND 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 BPNDs calculated on the basis of MA1 generated VTs
and self-blocking derived VND (BPND = (VT � VND)/VND),
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: HDAC1 5
± 1.5 ng/�g, HDAC2 18.7 ± 4.9 ng/�g, and HDAC3 1.7 ± 0.4 ng/
�g 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

Fig. 1. Regional distribution and pharmacokinetics of [11C]Martinostat in the pig brain. a Regional time-activity curves for
[11C]Martinostat at baseline (mean ± SD, n = 13). b Regional time-activity curves for [11C]Martinostat after administration of
0.5 mg/kg unlabeled Martinostat. c Lassen plot showing regional differences in total distribution volumes (VT) of
[11C]Martinostat before and after administration of 0.5 mg/kg Martinostat (R2 = 0.99, n = 1). d A representative summed
frame-length weighted PET image (0–121 min) of radioactivity in the pig brain following [11C]Martinostat injection. e 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, VT total distribution volume. CB cerebellum, TL thalamus, STR striatum, CTX cortex.
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between HDAC1 and HDAC2 in all three investigated brain
regions (R2 = 0.78 p G 0.0001, Fig. 3b). HDAC2 and HDAC3
levels were also correlated (R2 = 0.28 p = 0.004, Fig. 3b), although
the HDAC3 protein levels only differed slightly between regions.

We found a good correlation between in vitro HDAC
levels, corrected for tissue volume and protein extraction
yield, and the in vivo SUVR measure (R2 = 0.36, p =
0.001, Fig. 3c), whereas the HDAC1–3 protein

Fig. 2. [11C]Martinostat parent compound. a Representative radiochromatogram 30 min after injection indicating the elution
times of early (M1) and late (M2) eluting radiometabolites, and the parent compound [11C]Martinostat (P) (n = 1). b Time course
of the percentage of [11C]Martinostat and metabolites measured in pig arterial plasma (n = 10). c Representative metabolite-
corrected arterial input as a function of time after [11C]Martinostat administration (n = 1).

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

VT (ml/cm3) BPND

1TC 2TC Logan MA1 MA1 SUVRX-121
Frontal cortex mean ± SD 36.9 ± 9.6 44.6 ± 10.6 40.7 ± 9 41.7 ± 9.1 13.5 ± 3.2 2 ± 0.2

AIC 4.4 � 34.4 124 � 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 20.9 ± 5 17.9 ± 3.3 18.9 ± 3.7 5.6 ± 1.3 –

AIC 61.3 46.2 142 2.4 – –
Cerebellum vermis mean ± SD 42.6 ± 10.2 49.6 ± 12.5 45.5 ± 10 47.4 ± 10.6 15.5 ± 3.7 2.5 ± 0.3

AIC 17.4 � 19.3 147 � 11.5 – –

Data is presented as mean ± SD with the mean Akaike information criteria (AIC) below in italic. BPND was calculated by the formula (VT(ROI)-VND)/VND,
using the MA1 determined VT 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
1TC 1 tissue compartment model, 2TC 2 tissue compartment model, MA1 Ichise multilinear analysis 1
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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 [11C]Martinostat PET radioligand in pigs.
We found a good correlation between HDAC1–3 proteins
and the [11C]Martinostat binding quantified with SUVR,
supporting the use of [11C]Martinostat PET for in vivo
neuroimaging of HDAC1–3 .

The [11C]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 [11C]Martinostat in the pig brain. Previous
studies in non-human primates and humans used the 2TC

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

The self-block experiment revealed that 0.5 mg
Martinostat/kg resulted in 89 % occupancy and that VND
constitutes only about 6 % of VT in high-binding regions
and less than 16 % of VT in low-binding regions, which
means that [11C]Martinostat has an excellent signal-to-noise
ratio. The ROI with the lowest baseline binding, the
olfactory bulbs, had a VT value ~ 5 times higher than the
VND, 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 VT values for the three pig brain regions
investigated here (Suppl. Fig. 1b, see ESM), but for brain
regions with particularly high [11C]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 BPND. Importantly, however,

Fig. 3. Correlation between in vivo and in vitro measures of HDACs. a Equal amounts of nuclear protein from [11C]Martinostat
scanned pigs were quantified by human recombinant standards of HDAC1–3 through western blotting (n = 9, 3 brain regions). b
Linear correlation between HDAC2 and either HDAC1 (triangle R2 = 0.78 p G 0.0001) or HDAC3 (diamond R2 = 0.28 p = 0.0042)
in the three investigated brain regions (n = 9). c 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 [11C]Martinostat PET imaging (R2 = 0.36 p = 0.001 n = 9 pigs, three brain regions). ver cerebellum vermis (blue), fc
frontal cortex (magenta), hip hippocampus (orange).
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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 HDAC1 and 2–3 times higher levels of
HDAC1 than HDAC3 (HDAC2 9 HDAC1 9 HDAC3). The
literature on brain tissue HDAC subtype quantification is
sparse and results are inconsistent. In line with our results,
Anderson et al. found HDAC1,2 9 9 HDAC3 in whole
mouse brain lysate [16], whereas Wang et al. found protein
levels to be HDAC3 9 HDAC2 9 HDAC1 in various mouse
brain regions [17], and Chen et al. found HDAC2 9
HDAC3 9 HDAC1 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 HDAC1 and
HDAC2 protein levels, which is in line with previous reports
[19, 20]. The reports found stronger correlation between
HDAC1/2 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
HDAC1 increases the levels of HDAC2, and vice versa [21,
22]. However, distinct roles have also been described, such
as the necessity of HDAC2 for HDAC1 recruitment [23].

In our study, we conducted the correlation analysis
between the PET measures and the summed concentration
of the three HDAC subtypes. Since [11C]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
[11C]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 VT. Although the SUVR and VTs
showed good correlation, the variation in the VT values was
much larger than in the SUVR. The SUVRs had test–retest
variations G 9 % in the frontal cortex in all four scans,
consistent with the previous report from Wey et al. on
SUVRs of [11C]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

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 VND. A
better estimation of VND might have improved our estimate
of BPNDs, 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
HDAC1–3 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 HDAC1, 2, and 3 respectively. Therefore, we
believe that the function of the proteins is preserved through
evolution, and our results is translatable and validates
[11C]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 [11C]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 cogn itive impairments
associated with a spectrum of neurological and psychiatric disor ders, including
Alzheimer's disease and schizophrenia. However, despite thi s potential, clinical
trials employing a7-nAChR (partial) agonists such as TC-5619 and encenicline
(EVP-6124) have fallen short in demonstrating su�cient e�cacy. We here
investigate the target engagement of TC-5619 and encenicline i n 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 signi�cant
concentration-dependent binding of 11C-NS14492, and both TC-5619 and
encenicline can block this binding. Of particular signi�cance, our in vivo
investigations demonstrate that TC-5619 achieves substantial a7-nAChR
occupancy, e�ectively 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 en gagement
analysis in informing clinical trial strategies, including do sing decisions.

KEYWORDS

positron emission tomography (PET), alpha7, nicotinic acety lcholine 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 �ve identicala7 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 heteromerica7-nAChRs in mammalian
CNS, where a7 subunits co-assemble withb2 subunits to
form functional a7b2-nAChR (Wu et al., 2016). The exact
implications of the existence of this receptor are unknown. The
homopentamerica7-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 thea7-nAChR, demonstrating promising e�ects
in enhancing cognitive functions in animal models (Thomsen et al.,
2010). However, a signi�cant translational challenge persists, as
these encouraging preclinical outcomes have not translated into
corresponding bene�ts 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 Sano� (Figure 1C). In vitro, TC-5619 is a full
and potenta7-nAChR agonist reported to be e�ective 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 e�ects 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
identi�er: NCT01488929) and further development was stopped
(Targacept, 2013). SSR180711 is a partiala7-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
di�erent dosage regimens, in patients with mild Alzheimer's disease
(NCT00602680). However, the trial was prematurely terminated in
2008 due to an inadequate risk-bene�t ratio, as documented on
clinicaltrials.gov. Encenicline is a partiala7-nAChR agonistin vitro
and it reverses a scopolamine-induced memory de�citin vivo in
rats (Prickaerts et al., 2012). Despite encenicline showing e�ects 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
(Deardor� et al., 2015), this outcome was not con�rmed in two
larger global clinical phase 3 trials as the trials were put on hold due
to severe gastrointestinal adverse e�ects (Alzforum, 2016). Further,
encenicline is so far the only compound targeting thea7-nAChR
that has been evaluated in a large-scale clinical phase 3 trial in
schizophrenia patients, but no e�ect could be seen (Brannon, 2019)
[see review byTerry and Callahan(2020)]. The lack of success in
clinical trials involvinga7-nAChR ligands in Alzheimer's disease
or schizophrenia has reduced the enthusiasm for this target and
consequently, many pharmaceutical companies have discontinued
their research e�orts in this �eld (Bertrand and Terry, 2018).

However, before discardinga7-nAChR as a viable target,
it is worth noting that despite several large clinical trials,
little information regarding the compounds' blood-brain barrier

permeability, target involvement and the level ofa7-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. Severala7-nAChR
positron emission tomography (PET) radioligands have so far been
tested:18F-ASEM was developed as ana7-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 validated11C-NS14492
(Figure 1D) as a selectivea7-nAChR agonist PET radioligand
capable of measuringa7-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
18F-ASEM, con�rming the comparability of nAChR expression
patterns between humans and pigs (Donat et al., 2020). Here,
we report the e�ect of TC-5619 and encenicline on11C-NS14492
binding in the pig brain using bothin 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
et al., 2011b). Brie�y, the radioligand was produced by transferring
11C-methyl tri�ate in a stream of helium to a vial containing
desmethyl-NS14492 fumarate dissolved in 300mL of acetone
and 10mL of 1 M tetrabutylammonium hydroxide in methanol
before being heated to 60� C for 3 min prior to high-performance
liquid chromatography puri�cation. The speci�c radioactivity of
the radioligand was in the range of 84–152 GBq/mmol, calculated
at the end of synthesis, and the radiochemical purity was> 99%
(n D 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
(Brøndby, 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� 3 kg) 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 i.m. 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)benzo[ b]thiophene-2-carboxamide] (C) SSR180711 (4-bromophenyl 1,4-diazabicyclo[3.2.2]nonane-4- carboxylate) and (D)
11C-NS14492 [2-(1,4-diazabicyclo[3.2.2]nonan-4-yl)-5-(1- (methyl- 11C)-1H-pyrrol-2-yl)-1,3,4-oxadiazole].

Zoletil veterinary mixture [6.25 Pt. xylazine (20 mg/mL)C 1.25 Pt.
ketamine (100 mg/mL)C 2 Pt. butorphanol (10 mg/mL)C 2 Pt.
methadone (10 mg/mL); Virbac, Kolding, Denmark]. Hereafter,
anesthesia was maintained with a constant propofol infusion
[10 mg/kg/h intravenous (i.v.); 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
pCO2) 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 12mm sections of pig frontal
cortex and thalamus/parietal cortex were cut on a HM500OM
Cryostat (Microm Intl GmbH, Walldorf, Germany) at� 20� C,
thaw-mounted on SuperFrost Plus glass slides (Thermo Scienti�c,
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-speci�c binding was
determined in the presence of either TC-5619 or encenicline or
SSR180711 (10mM) used in pre-incubation bu�er (50 mM tris–
HCl, 4 mM CaCl2, 0.1% bovine serum albumin (BSA), 120 mM
NaCl, 5 mM KCl, pH 7.4). Sections were then incubated for
30 min in 50 mM tris-HCl bu�er (pH 7.4) containing 120 mM
NaCl, 5 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2, 0.1% BSA, and
10 nM 11C-NS14492 and washed 2� 2 min in ice-cold bu�er
followed by 20 seconds in ice-cold distilled water. Sections were
exposed to an imaging plate (IP) (Fuji�lm, Tokyo, Japan) in a
BAS-2040 cassette overnight. The IP was scanned in a BAS-2500
(Fuji�lm) image reader. Image analysis was done with ImageJ
analysis software (http://rsb.info.nih.gov/ij/).

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).
Brie�y, 11C-NS14492 was given as an i.v. bolus injection (injected
dose, 458� 93 MBq; injected cold mass, 0.8� 0.4mg,n D 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 D 2) or encenicline (3 mg/kg i.v.,n D
2) dissolved in 10 mL saline and rescanned 30 min later using the
same PET protocol. Whole blood radioactivity was continuously
measured for the �rst 30 min after radioligand injection using
an ABSS autosampler (Allogg Technology, Strängnäs, 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 quanti�ed 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 speci�c 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.11C-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 the11C-NS14492
arterial input function. Volumes of distribution (VT) 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 ofa7-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 visualizingVT(baseline) –VT(blocking) as a linear
function of VT(baseline) in the speci�c brain regions (cortex,
thalamus, striatum, cerebellum, and hippocampus). The non-
displaceable distribution volume (VND) 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 signi�cant. Results are
presented as mean� standard error of the mean (SEM) unless
stated otherwise.

Results

Regional binding and blocking e�ects of
TC-5619, encenicline, and SSR180711 in
cortical pig sections

To investigate the binding properties of TC-5619, encenicline
and SSR180711 we performedin vitro autoradiography in coronal
pig sections using 10 nM11C-NS14492 (Figure 2). We observed
laminar binding in cortical layers and less binding in white matter.
Further, we observed an almost complete blocking with 10mM of
all three compounds: TC-5619, encenicline, and SSR180711.

Imaging in vivo binding pro�les and
blocking e�ects 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 lowerVT 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 signi�cantly
di�erent from zero (Figures 4E, F). The averageVND was 5.3� 1.7
mL/cm3 (n D 3).

After i.v. injection, the parent fraction of11C-NS14492 declined
rapidly, and after 7 min, approximately 50% of radioactivity in
plasma was attributable to parent11C-NS14492 (Figure 4B). We
detected no radiolabelled lipophilic metabolites of11C-NS14492 in

the plasma, as indicated by lack of distinct peaks in the lipophilic
range on the radiochromatograms (data not shown).

Discussion and conclusion

Here, we presentin vitro receptor autoradiography andin
vivo 11C-NS14492 PET data ona7-nAChR ligands in the pig
brain. Thein 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 threea7-nAChR ligands TC-5619, encenicline, and
SSR180711 were all able to block11C-NS14492 bindingin vitro,
supporting their e�ectiveness as competitive ligands for thea7-
nAChR orthosteric site.

With in vivo PET imaging we �nd that 3 mg/kg TC-5619
given i.v. results in 40% occupancy at thea7-nAChR whereas
the same dose of encenicline results in negligible occupancy. By
using anin vitro homogenate binding assay with3H-NS14492,
we previously foundKi 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 �nd that a dose of 3 mg/kg encenicline would result in 16%
a7-nAChR occupancy.

Several factors could explain the lowin vivo occupancy of
encenicline in the pig brain. If encenicline displayed a very rapid
drug clearance it may have insu�cient 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 4 h and 5 at
8 h (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 50–65 h (Barbier et al.,
2015), but pharmacokinetic di�erences between humans and
pigs could be a factor as well as di�erences between oral and
intravenous administration. Another explanation could lie with the
known interspecies di�erences 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
e�ectively penetrates the blood-brain barrier and exhibits
signi�cant binding to thea7-nAChR with a reasonable occupancy.
However, it is noteworthy that no prior studies have de�nitively
established an optimal range ofa7-nAChR occupancy necessary for
eliciting therapeutic e�ects. This lack of established benchmarks
raises the possibility that the failure of TC-5619 to produce
signi�cant pro-cognitive e�ects in clinical trials may stem from the
selection of suboptimal dosages. Interestingly, previous research on
selectivea7-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

In vitro autoradiography with 11C-NS14492 in 12 mm coronal pig sections containing thalamus (upper panel) and frontal cortex (lower panel) . Total
binding (TB) was measured with 10 nM 11C-NS14492. Non-speci�c binding shown with TC-5619 (10 mM), Encenicline (10 mM) and SSR180711
(10 mM).

FIGURE 3

Representative sagittal PET images of 11C-NS14492 PET scans before and after TC-5619 pre-treatment. S ummed and averaged over 0–90 min PET
image (top panel) overlaid MRI-based pig brain atlas (bottom panel) . SUV; standardized uptake value.

where the pro-cognitive e�ects 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 e�ect or even receptor desensitization, thereby
limiting further cognitive improvement. The implications of this
dose-response pattern are profound, particularly in the context

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 �nding.

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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FIGURE 4

(A) Logan plot VT's of 11C-NS14492 in �ve brain regions are shown at baseline and after int ervention 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 mea n � SEM.(B)
Relative radioactive parent compound in pig plasma as a function o f time after i.v. injection of 11C-NS14492. Average of measurements from 8 PET
scans is shown. Baseline scans (black, n D 4) and challenge scans (gray, n D 4) with 3 mg/kg Encenicline ( n D 2) or 3 mg/kg TC-5619 ( n D 2) is shown.
Solid lines (black and gray) correspond to a single exponential dec ay function �tted to the data. (C–F) Occupancy plots of 11C-NS14492 regional left
and right VT's at baseline and in intervention scan for individual pigs. Rece ptor occupancy by EVP-6124 (Encenicline) (C, D) or TC-5619 (E, F)is
measured as slope of regression line. 11C-NS14492 VND is found as x-axis intercept. Statistical test results ( P-values) for slope not equal to zero is
shown for the individual regression lines. H D cortex; � D thalamus; N D cerebellum; � D hippocampus; � D striatum.

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 �ve 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 �nd that the twoa7-nAChR ligands TC-
5619 and encenicline, when given at equal doses, display di�erent
a7-nAChR occupancyin vivo in the pig brain. Our �ndings
underscore the signi�cance 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 �nding for potential therapeutic agents.

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 emerginga7-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 e�ects.
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