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ABSTRACT

Therapeutic interest in augmentation of 5-hydroxytryptamine,a
(5-HT,a) receptor signaling has been renewed by the effective-
ness of psychedelic drugs in the treatment of various psychiatric
conditions. In this study, we have further characterized the pharma-
cological properties of the recently developed 5-HT, receptor agonist
N-2-hydroxybenzyl)-2,5-dimethoxy-4-cyanophenylethylamine
(25CN-NBOH) and three structural analogs at recombinant 5-HT5,,
5-HT,g, and 5-HT,¢ receptors and investigated the pharmacoki-
netic properties of the compound. 25CN-NBOH displayed robust
5-HT,a selectivity in [*H]ketanserin/[*H]mesulergine, [PH]lysergic acid
diethylamide and [PH]Cimbi-36 binding assays (K*/K?" ratio range of
52-81; K?2/K?A ratio of 37). Moreover, in inositol phosphate and
intracellular Ca®* mobilization assays 25CN-NBOH exhibited
30- to 180-fold 5-HT,a/5-HT,¢ selectivities and 54-fold 5-HToa/
5-HT,p selectivity as measured by Alog(Rmax/ECs) values. In
an off-target screening 25CN-NBOH (10 uM) displayed either

substantially weaker activity or inactivity at a plethora of other
receptors, transporters, and kinases. In a toxicological screening,
25CN-NBOH (100 wM) displayed a benign acute cellular toxicological
profile. 256CN-NBOH displayed high in vitro permeability (Papp = 29 x
10~® cm/s) and low P-glycoprotein-mediated efflux in a conventional
model of cellular transport barriers. In vivo, administration of 25CN-
NBOH (3 mg/kg, s.c.) in C57BL/6 mice mice produced plasma and
brain concentrations of the free (unbound) compound of ~200 nM
within 15 minutes, further supporting that 25CN-NBOH rapidly
penetrates the blood-brain barrier and is not subjected to
significant efflux. In conclusion, 25CN-NBOH appears to be a
superior selective and brain-penetrant 5-HT, 5 receptor agonist
compared with (*)-2,5-dimethoxy-4-iodoamphetamine (DOI),
and thus we propose that the compound could be a valuable
tool for future investigations of physiologic functions mediated
by this receptor.

Introduction

The neurotransmitter serotonin [5-hydroxytryptamine (5-
HT)] is widely distributed and regulates a broad spectrum
of functions throughout the central nervous system (CNS) and
in the peripheral nervous system (Berger et al., 2009). 5-HT
mediates these effects through six classes of G protein-coupled
receptors (GPCRs), 5-HT;, 5-HTs, 5-HT,, 5-HT5, 5-HTg, and
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5-HT5, comprising a total of 13 receptor subtypes and a class of
ligand-gated cation channels (5-HT3) (Hannon and Hoyer,
2008; Millan et al., 2008; McCorvy and Roth, 2015). The
5-HTgy, receptor (5-HT95R), 5-HTop receptor (5-HT9gR), and
5-HTyc receptor (5-HTocR) are Gag-coupled receptors linked
to activation of phospholipase C, increased formation of the
second messengers inositol triphosphate and diacylglycerol,
and mobilization of Ca?" from intracellular stores, albeit the
receptors also signal through other signaling cascades (Roth,
2011; Halberstadt, 2015; McCorvy and Roth, 2015; Maroteaux
et al., 2017).

5-HT25R is the major postsynaptic 5-HT receptor in the
CNS, where it is involved in processes of key importance for

ABBREVIATIONS: 25CN-NBF, N-(2-fluorobenzyl)-2,5-dimethoxy-4-cyanophenylethylamine; 25CN-NBMD, N-(2,3-methylenedioxybenzyl)-2,5-dimethoxy-
4-cyanophenylethylamine; 25CN-NBOH, N-(2-hydroxybenzyl)-2,5-dimethoxy-4-cyanophenylethylamine; 25CN-NBOMe, N-(2-methoxybenzyl)-
2,5-dimethoxy-4-cyanophenylethylamine; 5-HT, 5-hydroxytryptamine (serotonin); 5-HT»aR, 5-hydroxytryptamine type 2A receptor; 5-HT»gR,
5-hydroxytryptamine type 2B receptor; 5-HTocR, 5-hydroxytryptamine type 2C receptor; 5-HT,R, 5-hydroxytryptamine type 2 receptor; CNS, central
nervous system; DOI, (+)-2,5-dimethoxy-4-iodoamphetamine; GPCR, G protein-coupled receptor; HBSS, Hanks’ buffered saline solution; IP, inositol
phosphate; IP4, inositol monophosphate; LSD, lysergic acid diethylamide; MDCK, Madin-Darby canine kidney.
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memory and cognitive functions, mood, circadian rhythm, and
appetite (Berger et al., 2009; Zhang and Stackman, 2015). The
receptor constitutes a major drug target in cognitive and
psychiatric disorders (Celada et al., 2004; Gonzalez-Maeso
and Sealfon, 2009; Meltzer, 2012; Maroteaux et al., 2017), and
it is the main mediator of the psychotropic and psychotomi-
metic effects of natural hallucinogens such as lysergic acid
diethylamide (LSD), psilocybin, and mescaline as well as several
synthetic drugs (Gonzélez-Maeso and Sealfon, 2009; Halberstadt,
2015; Nichols, 2016; Nichols et al., 2017). For decades, the hal-
lucinogenic properties possessed by these drugs has hampered
the exploration of the therapeutic potential in augmentation of
5-HT2AR signaling for treatment of CNS disorders. However, in
recent years the remarkable effects mediated by LSD and
psilocybin in rodent models of cognitive and psychiatric disor-
ders and in human treatment trials of depression, post-
traumatic stress, obsessive-compulsive disorder, autism, and
various forms of addiction have substantiated this potential
and rekindled the therapeutic interest in 5-HT95R agonists
(Kometer et al., 2012; Halberstadt, 2015; Schmid et al., 2015;
Carhart-Harris et al., 2016; Nichols, 2016; Maroteaux et al.,
2017; Nichols et al., 2017).

Classical 5-HT25R agonists can be divided into three struc-
tural classes: ergolines, tryptamines, and phenethylamines,
represented by LSD, psilocybin, and mescaline, respectively.
The hallucinogenic effects induced by these drugs are believed
to arise predominantly from their 5-HT5R activity; however,
the compounds also exhibit potent activities at other 5-HT
receptors and in some cases at other monoaminergic receptors
as well (Nichols, 2016). The polypharmacological profiles of
these drugs complicate their use as pharmacological tools for
studies of physiologic 5-HT2sR functions. Thus far, the prototypic
5-HT type 2 receptor (5-HT;R) agonist (*)-2,5-dimethoxy-4-
iodoamphetamine (DOI) has been used extensively to probe
5-HT3AR functions in vivo; however, since DOI only displays
modest preference for 5-HT25R over 5-HT9gR and 5-HTscR
(Almaula et al., 1996; Nelson et al., 1999; Pigott et al., 2012;
Canal et al., 2013) it has often been applied in combination
with 5-HT5R subtype-selective antagonists in previous stud-
ies. Because of its inherent selectivity for 5-HTsRs over other
serotonergic and monoaminergic receptors, the phenethyl-
amine scaffold has often been applied as a lead in the search
for selective 5-HT25R agonists (Rickli et al., 2015; Nichols,
2016), but the fact that the orthosteric sites in the three
5-HT5R subtypes are highly conserved has made the devel-
opment of truly 5-HTssR-selective agonists difficult. How-
ever, a couple of N-benzylphenethylamine derivatives have
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recently been reported to exhibit substantial degrees of
5-HT35R-over-5-HT5cR selectivity (Juncosa et al., 2013; Hansen
et al., 2014, 2015). One of these analogs, N-(2-hydroxybenzyl)-
2,5-dimethoxy-4-cyanophenylethylamine [(25CN-NBOH),
compound 1] (Fig. 1), was originally reported to display
100- and 90-fold selectivity for 5-HT35R over 5-HTscR in
radioligand binding and inositol phosphate (IP) turnover
assays, respectively (Hansen et al., 2014). Subsequently,
25CN-NBOH has been used as a pharmacological tool in
studies of 5-HT3R functions in connection with time per-
ception and hallucinogen-induced head twitches in mice
(Fantegrossi et al., 2015; Halberstadt et al., 2016) and to
elucidate the involvement of the receptor in mitochondrial
biogenesis (Harmon et al., 2016).

In the present study, we have characterized the in vitro
pharmacological and pharmacokinetic properties of 25CN-NBOH
in detail. 25CN-NBOH and three close structurally related analogs
{N-(2-methoxybenzyl)-2,5-dimethoxy-4-cyanophenylethylamine
[(25CN-NBOMe), compound 2], N-(2-fluorobenzyl)-2,5-dimethoxy-
4-cyanophenylethylamine [(25CN-NBF), compound 3], and N-(2,3-
methylenedioxybenzyl)-2,5-dimethoxy-4-cyanophenylethylamine
[(25CN-NBMD), compound 4]} (Fig. 1) have been subjected to
elaborate pharmacological characterization and compared
with DOI at recombinant 5-HT,Rs in binding and functional
assays. Moreover, 25CN-NBOH has been screened for off-
target activity at other monoamine receptors and several
other putative targets. Finally, the pharmacokinetic charac-
teristics of 25CN-NBOH have been investigated, including
the brain and plasma exposure of the drug following admin-
istration in mice.

Materials and Methods

Materials. Culture media, serum, antibiotics, and buffers for cell
culture were obtained from Invitrogen (Paisley, United Kingdom).
The Fluo-4/AM dye was obtained from Molecular Probes (Eugene,
OR), and the IP-One assay kit was purchased from Cisbio (Bagnols,
France). 5-HT and probenecid were purchased from Sigma-Aldrich
(St. Louis, MO), and the Polyfect transfection reagent was obtained
from Qiagen (Hilden, Germany). Compounds 1-4 and DOI were
synthesized in-house as previously described (Hansen et al., 2014),
and [*H]Cimbi-36 was kindly provided by Dr. Christer Halldin
(Karolinska Institute, Stockholm, Sweden).

Cell Culture and Transfections. All cell lines were cultured in
a humidified atmosphere at 37°C and 5% CO,. Tetracycline-inducible
Flp-In293 cells (Invitrogen) stably expressing either human 5-HToR,
5-HT5gR, or 5-HT5cR-INI (Cheng et al., 2016) were used for Ca*
assay I and cultured in Dulbecco’s modified Eagle’s medium
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Fig. 1. Chemical structures of the four
| analogs and DOI.
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supplemented with penicillin (100 U/ml), streptomycin (100 ug/ml),
and 5% fetal bovine serum containing 100 pug/ml hygromycin B (KSE
Scientific, Durham, North Carolina) and 10 ug/ml blasticydin (Invivogen)
as selection antibiotics. The HEK293 cell lines stably expressing hu-
man 5-HT5xR and 5-HT5cR (Jensen et al., 2013) used for the IP-One
assay and Ca®" assay II were cultured in Dulbecco’s modified
Eagle’s medium supplemented with penicillin (100 U/ml), streptomycin
(100 wg/ml), and 5% dialyzed fetal bovine serum supplemented with
1 mg/ml G-418. The tsA201 cells used for the [*H]Cimbi-36 binding
experiments were cultured in Dulbecco’s modified Eagle’s medium
supplemented with penicillin (100 U/ml), streptomycin (100 wg/ml),
and 10% fetal bovine serum. For the transfections of tsA201 cells,
1.8 x 10° cells were split into a 10-cm tissue culture plate and
transfected the following day with a total of 8 ug cDNA (5-HTgx-
pcDNAS3.1 or 5-HTec-pcDNAS.1) plasmids using Polyfect according to
the manufacturer’s procedure (Qiagen).

[*H]Ketanserin, [3H]Mesulergine, and [*°HILSD Binding
Assays. Membranes were prepared from tetracycline-inducible Flp-
In293 stably expressing either human 5-HT24R, 5-HT3gR, or 5-HT>cR-INI,
and radioligand binding assays were performed as previously de-
scribed (Cheng et al., 2016). Briefly, membranes were resuspended in
standard binding buffer (50 mM Tris, 10 mM MgCl,, 0.1 mM EDTA,
0.1% bovine serum albumin, 0.01% ascorbic acid, pH 7.4) and added to
96-well polypropylene plates containing test ligands (1 pM to 100 uM,
final concentrations). For 5-HT9sR affinity determination, either
[PHILSD (Kp = 0.17 nM, concentration range 0.3-0.8 nM) or
[*Hlketanserin (Kp = 1.5 nM, concentration range 0.9-1.7 nM) was
used. For 5-HT,gR affinity determination, [PH]LSD (Kp = 0.36 nM,
concentration range 0.6-1.2 nM) was used. For 5-HTycR affinity
determination, either [PH]LSD (Kp = 4.3 nM, concentration range
1.5-3.0 nM) or [3H]mesulergine (Kp = 2.3 nM, concentration range
2.5-3.3 nM) was used. Reactions were incubated at 37°C for 2 hours
in the dark to reach equilibrium and terminated by harvesting onto
0.3% polyethyleneimine—soaked Filtermax GF/A filters (PerkinElmer,
Waltham, MA). Filters were washed three times with ice-cold harvest
buffer (50 mM Tris, pH 7.4), dried, and Melitilex scintillant (PerkinElmer,
Waltham, MA) was applied. Filters were counted on a Wallac TriLux
microbeta counter (1 minute/well). Bound radioligand was plotted as a
function of log[ligand] and data were analyzed using a one-site K; model
built into the Graphpad Prism 5.0 software (Graphpad, La Jolla, CA).

[*HICimbi-36 Binding Assay. The binding affinities of the li-
gands at human 5-HT5xR and 5-HT»cR using [PH]Cimbi-36 as the
radioligand were determined at membranes from tsA201 cells tran-
siently expressing the two receptors. Next, 36-48 hours after the
transfection, the tsA201 cells were harvested and scraped into ice-cold
assay buffer (50 mM Tris—HCI, 4 mM CaCly, pH 7.4), homogenized with a
Polytron homogenizer (Kinematica, Eschbach, Germany) for 10 seconds,
and centrifuged for 20 minutes at 50,000g at 4°C. Cell pellets were
resuspended in fresh assay buffer, homogenized, and centrifuged at
50,000g for another 20 minutes, after which the membranes were stored
at —80°C until use. On the day of the assay, the cell membranes were
resuspended in assay buffer and incubated with [®*H]Cimbi-36 and various
concentrations of the test compounds. Concentration ranges of 0.05-0.15
and 0.2—-0.5 nM [*H]Cimbi-36 were used for the affinity determinations
at 5-HT3aR (Kp = 0.11 nM) and 5-HTycR (Kp = 1.5 nM), respectively.
Nonspecific binding was determined using 20 uM mianserin, and the
assay volume was 1 ml. The reactions were incubated for 2 hours at room
temperature while shaking. Whatman GF/C filter (GE Healthcare,
Brondby, Denmark) were presoaked for 1 hour in a 0.2% polyethy-
lenimine solution, and binding was terminated by filtration through
the filters using a 48-well Brandel cell harvester (Alpha Biotech Ltd,
Glasgow, United Kingdom) and four washes with 4 ml of ice-cold
isotonic NaCl solution. After this, the filters were dried, 3 ml of Opti-
Fluor (PerkinElmer) was added, and the amount of bound radioac-
tivity was determined in a scintillation counter.

IP One HTRF Assay. The ligands were characterized function-
ally at the stable 5-HT35R- and 5-HTocR-HEK293 cell lines in the IP
One HTRF Assay (IP-One homogeneous time-resolved fluorescence

443

assay) (Ngrskov-Lauritsen et al., 2014) essentially as previously described
(Jensen et al., 2013; Hansen et al., 2015). On the day of the experiment
subconfluent cells were washed one time with phosphate-buffered saline
and detached from the cell culture plate using dissociation buffer (Sigma-
Aldrich). Cells were centrifuged and resuspended in assay buffer [Hanks’
buffered saline solution (HBSS) supplemented with 20 mM HEPES,
1 mM CaCl,, and 1 mM MgCl, pH 7.4] at a concentration of 1 x 107 cells/ml.
Ligand solutions were prepared in HBSS supplemented with 1 mM
CaCl,, 1 mM MgCl,, and 40 mM LiCl. Then, 5 ul of ligand solution was
mixed with 5 ul cell suspension in a white 384-well OptiPlate
(PerkinElmer). The plate was sealed and incubated at 37°C for 1 hour,
followed by 15-minute incubation at room temperature. Next, 10 ul of
detection reagents [lysis buffer containing 2.5% Tb®*-anti-inositol
monophosphate (IP;) antibody and 2.5% IP;-d2] was added and the
plate was incubated for 1 hour at room temperature. The plate was
read on an Envision plate reader (PerkinElmer) exciting the cells
with light at 340 nm and measuring emitted light at 620 and 665 nm.
In this assay, the time resolved-fluorescence resonance energy
transfer 665/620 nm ratio was inversely proportional to the IP,
accumulation in the cells upon 5-HT35R or 5-HTycR activation. The
Forster resonance energy transfer ratios were converted to IP;
concentrations by interpolating values from an IP; standard curve
generated from a calibrator provided by the manufacturer (Cisbio,
Codolet, France). The compounds were characterized in triplicate at
least three times at each cell line.

Ca?* Assay L. This calcium flux assay used tetracycline-inducible
Flp-In293 stably expressing either human 5-HT5R, 5-HTygR, or
5-HTycR-INT and a FLIPR™TR4 fluorescence imaging plate reader
(Molecular Dynamics Sunnyvale, CA), which has been previously
described (Cheng et al., 2016). Briefly, cells were seeded (10,000 cells
per well in 40 ul volume) into poly-L-lysine-coated 384-well black
plates followed by addition of 2 ug/ml tetracycline to induce receptor
expression. On the day of the assay, the medium was decanted and
replaced with drug buffer (20 ul/well, 1X HBSS, 20 mM HEPES, 0.1%
bovine serum albumin, 0.01% ascorbic acid, pH 7.4) containing Fluo-4
Direct Dye (Invitrogen). Plates containing dye were incubated for
1 hour at 37°C. Afterward, cells were challenged with 10 pl/well of
drug (concentration range 1 pM to 32 uM) at 3X final concentration
diluted in drug buffer. Calcium flux was measured (1 read/s) for
300 seconds. Fluorescence in each well was normalized to the average
of the first 10 reads, and maximum-fold increase was determined. Fold
over baseline was plotted as a function of drug concentration. Data
were normalized to the percentage of 5-HT stimulation and analyzed
using log[agonist] versus response in Graphpad Prism 5.0.

Ca2* Assay ILI. The test and reference ligands were characterized
functionally at the stable 5-HT3sR- and 5-HTecR-HEK293 cell lines
in this assay essentially as previously described (Jensen et al., 2013).
Briefly, the cells were split into poly-D-lysine-coated black 96-well
plates with clear bottoms (6 x 10* cells/well). The following day the
culture medium was aspirated and the cells were incubated in 50 ul
assay buffer [HBSS containing 20 mM HEPES, 1 mM CaCly, 1 mM
MgCly, 2.5 mM probenecid, pH 7.4] supplemented with 6 mM Fluo-4/
AM at 37°C for 1 hour. Next, the buffer was aspirated, the cells were
washed once with 100 ul assay buffer, and then 100 ul assay buffer
was added to the cells (in the antagonist experiments the antagonist
was added at this point). The 96-well plate was assayed in FLEXStation®
(Molecular Devices, Crawley, United Kingdom) measuring emission (in
fluorescence units) at 525 nm caused by excitation at 485 nm before and
up to 90 seconds after addition of 33.3 ul test compound solution in the
assay buffer. The compounds were characterized in duplicate at least
three times at each cell line.

Data Analysis—Calculation of Alog(R,,../EC5¢) Values. The
Black/Leff operational model (Black and Leff, 1983) can be used to
compare the relative potencies of full to partial agonists through
the parameter Alog(7/K,), which specifically is the difference in the
logarithms of the ratio of the efficacy (r) and the equilibrium-
dissociation constant (K,) of the two relevant agonists. A fur-
ther simplification of this parameter can be made if the slopes of
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the agonist concentration-response curves are not significantly
different from unity. As shown by Black et al. (1985), the maximal
response to an agonist is given by

_ T"Emax

Runax =53, 1

Similarly, the EC5, value for an agonist is given by

K\

A @)
@+ 1]

ECs =

It can be seen that forn = 1, egs. 1 and 2 yield a ratio of R,,,./ECso = 7/K4.
Therefore, the Alog(R,.x/ECso) values furnish system-independent
values to compare the relative activity of agonists (Kenakin, 2017).

In Vitro Screening of 25CN-NBOH at Various Targets. The
selectivity profile of 256CN-NBOH (compound 1) was investigated in
radioligand binding assays at numerous targets performed by the
National Institute of Mental Health’s Psychoactive Drug Screen-
ing Program (http:/pdsp.med.unc.edu/pdspw/binding.php) (Besnard
et al., 2012) and by Eurofins Cerep SA, (Cell L’Evescault, France).
In these binding assays, an assay concentration of 10 uM 25CN-
NBOH was tested at homogenates of mammalian cell lines expressing
different targets, with a few assays being performed using homoge-
nized rat brain tissue, using an assay concentration of the radioligand
near or at the Kp value for the specific target. 25CN-NBOH was also
tested by Eurofins at a broad range of kinases and other enzymes in
enzymatic assays. The hERG channel inhibition was determined to
evaluate the potential of 25CN-NBOH to induce cardiac arrhythmia.

Toxicology Screening. The cellular toxicity was investigated in a
high-content screening assay, where the effects of 25CN-NBOH at
concentrations up to 100 uM for six parameters (nuclei counts,
nuclear area, plasma membrane integrity, lysosomal activity, mito-
chondrial membrane potential, and mitochondrial area) were deter-
mined (Persson et al., 2013).

Solubility. The solubility and stability of 25CN-NBOH at pH 7.4
was determined.

Membrane Permeability, Intrinsic Clearance, and Plasma
Protein and Brain Tissue Binding. The bidirectional permeabil-
ity of 25CN-NBOH was measured in the Madin-Darby canine kidney
(MDCK) cell line expressing human MDR1 (P-glycoprotein) in tripli-
cate as described previously (Risgaard et al., 2013). The permeability
assessment was performed at 37°C over a 60-minute period at a
concentration of 0.5 uM applied to the apical or basolateral side of
the cell monolayer. The efflux ratio was calculated as the ratio
between the permeability in the basal-to-apical direction divided by
the permeability in the apical-to-basal direction. The murine intrinsic
clearance of 25CN-NBOH (in /kg/h) was calculated from its half-life in
the presence of murine microsomes, as previously described (Leth-
Petersen et al., 2014). The free fraction of 25CN-NBOH in mouse
plasma and brain tissue was determined in vitro at 37°C in triplicate
using equilibrium dialysis as described previously (Redrobe et al.,
2014). The assay was performed using a test compound concentration
of 1 uM incubated for 5 hours.

Plasma and Brain Exposure Analysis. Three groups of male
C57BL/6 mice (2025 g, obtained from Charles River, Sulzfeld,
Germany) were dosed subcutaneously with 3 mg/kg of 25CN-NBOH.
The compound was dissolved in 20% hydroxypropyl-B-cyclodextrin
dosed in a volume of 10 ml/kg. Plasma and brain samples were taken
from each group at 5, 15, or 30 minutes after drug administration (n =
3). Under isoflurane anesthesia, cardiac blood was obtained in EDTA-
coated tubes and centrifuged for 10 minutes at 4°C, after which plasma
was harvested. After decapitation, the brain was removed and gently
rinsed on filter paper and frozen together with plasma specimens
at —80°C until analysis. Brain homogenate was prepared by homogeniz-
ing the brain with four volumes of deionized water using isothermal
focused acoustic ultrasonication (Covaris Inc., Woburn, MA). Quan-
titative bioanalysis was performed using ultraperformance liquid

chromatography (Waters, Milford, MA) coupled to tandem mass
spectrometry (Sciex 4000; AB Sciex, Foster City, CA). The lower limit
of quantification was 1 ng/ml in plasma and 5 ng/g in brain tissue.
Ethical permission for the in vivo procedures was granted by the
Danish Animal Experiments Inspectorate (Glostrup, Denmark), and
all animal procedures were performed in compliance with Directive
2010/63/EU of the European Parliament and the Council and with
Danish Law and Order regulating animal experiments.

Results

Binding Properties of the Four Analogs and DOI at Human
5-HT,4R and 5-HT.cR

The binding affinities of 25CN-NBOH (compound 1), 25CN-
NBOMe (compound 2), 25CN-NBF (compound 3), 25CN-
NBMD (compound 4), and DOI to recombinant human 5-HT25R,
5-HT9gR, and 5-HTocR were determined in competition binding
experiments using membranes from mammalian cell lines
expressing the three receptors. Since previous studies have
found binding affinities exhibited by agonists at 5-HT34R and
other GPCRs to be highly dependent on the intrinsic activity
of the radioligand used (Rosenkilde et al., 1994; Hjorth et al.,
1996; Sleight et al., 1996; Sagan et al., 1997; Rosenkilde and
Schwartz, 2000), the binding affinities of the compounds
were determined using both antagonist ([*H]ketanserin for
5-HT4R and [*H]mesulergine for 5-HT5cR) and agonist (the
partial agonist [PH]LSD for 5-HT25R, 5-HT55R, and 5-HTcR
and the partial/full agonist [*H]Cimbi-36 for 5-HT94R and
5-HTycR) radioligands. The fact that the binding experiments
were performed using different protocols, and in the case of
5-HT34R and 5-HT2cR using cell lines with different receptor
expression levels, provided detailed and unbiased insight into
the binding characteristics of the compounds.

The respective binding affinities displayed by the five
compounds at 5-HT9aR and 5-HTocR in different binding
assays were largely comparable (Fig. 2; Tables 1 and 2). For
example, the K; values for 25CN-NBOH at 5-HT,R using
[®H]ketanserin, [*H]LSD, and [*H]Cimbi-36 assays were
1.1, 0.81, and 1.7 nM, respectively, and the K; values at
5-HTocR using [*Hlmesulergine, [*H]LSD, and [*H]Cimbi-
36 assays were 89, 42, and 130 nM, respectively. Conse-
quently, the rank orders of the binding affinities of the five
compounds in the binding assays were also comparable:
DOI ~ 25CN-NBOH ~ 25CN-NBOMe > 25CN-NBMD >
25CN-NBF. 25CN-NBOH and 25CN-NBMD displayed K25/
K?A ratios of 37 and 33 in in the [PH]LSD assay and K2¢/K?4
ratio ranges of 52-81 and 65-263 in the [*H]ketanserin/
PHlmesulergine, [PHILSD, and [*H]Cimbi-36 assays, re-
spectively, and thus they were the most 5-HTy5R-selective
ligands of the four analogs. In comparison, DOI displayed a
2.6-fold higher binding affinity at 5-HTAR than at 5-HT>gR
in the [®H]LSD assay and 3.6- to 19-fold higher binding
affinities at 5-HT5R than 5-HT5cR in the [*H]ketanserin/
PHlmesulergine, [*H]LSD, and [*’H]Cimbi-36 assays (Fig. 2;
Tables 1 and 2).

Functional Properties of the Four Analogs and DOI at
Human 5'HT2AR, 5'HT23R and 5'HT20R

In our previous study, the functional properties of DOI and
the four analogs were characterized at human 5-HT95R and
5-HT5cR transiently expressed in tsA201 cells in a conven-
tional IP turnover assay measuring accumulation of [*H]IP;_5
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Fig. 2. Binding properties displayed by DOI, 25CN-NBOH, and 25CN-NBMD at human 5-HT; receptors in radioligand competition binding assays. (A)
Concentration-inhibition curves for DOI, 25CN-NBOH, and 25CN-NBMD at 5-HT24R and 5-HT5cR in [*Hlketanserin and [*H]mesulergine binding
assays, respectively. Tracer concentrations of 1.3 nM [*H]ketanserin and 3.3 nM [PH]mesulergine were used in the 5-HT24R and 5-HTcR binding
experiments, respectively. (B) Concentration-inhibition curves for DOI, 25CN-NBOH, and 25CN-NBMD at 5-HT35R, 5-HT3gR, and 5-HT,cR in the
[®H]LSD binding assay. [PH]LSD concentrations of 0.8, 1.2, and 3.0 nM were used in the 5-HT25R, 5-HT5gR, and 5-HTycR binding experiments,
respectively. (C) Concentration-inhibition curves for DOI, 25CN-NBOH, and 25CN-NBMD at 5-HT4R and 5-HTscR in the [*H]Cimbi-36 binding
assay. [°H]Cimbi-36 concentrations of 0.1 and 0.2 nM were used in the 5-HT54R and 5-HTscR binding experiments, respectively.
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(Hansen et al., 2014). In the present study, functional properties and accumulation of IP; upon activation of the receptors was
of the compounds were determined at the two receptors stably measured based on homogenous time-resolved Forster reso-
expressed in HEK293 cells in the Forster resonance energy nance energy transfer between terbium cryptate—labeled anti-IP;
transfer—based IP One HTRF assay. In this assay, the formation antibody and d2-labeled IP; (Ngrskov-Lauritsen et al., 2014),

TABLE 1

Binding affinities displayed by DOI, 25CN-NBOH, 25CN-NBOMe, 25CN-NBF, and 25CN-NBMD at
human 5-HT24R and 5-HTycR in competition binding assays using the antagonists [*H]ketanserin and
[*Hlmesulergine as radioligands

The binding assays were performed as described in Materials and Methods. The K; values are given in nM with the pK; =
S.E.M. values in brackets and the number of experiments (n) for each binding affinity given in superscript.

K, [pK; = SEM]

5-HT,sR ([*Hlketanserin) 5-HT,cR ([*Hlmesulergine)
DOI 27 [7.57 = 0.01] ® 110 [6.98 + 0.05] @
25CN-NBOH (compound 1) 1.1 [8.96 + 0.03] ® 89 [7.05 * 0.01] ®
25CN-NBOMe (compound 2) 3.9 [8.42 = 0.09] ® 180 [6.74 = 0.02] ©
25CN-NBF (compound 3) 96 [7.02 * 0.04] © 2500 [5.61 + 0.03] @
25CN-NBMD (compound 4) 1.9 [8.73 + 0.03] ©® 500 [6.30 * 0.03] ©
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TABLE 2

Binding affinities displayed by DOI, 25CN-NBOH, 25CN-NBOMe, 25CN-NBF, and 25CN-NBMD at human 5-HT35R, 5-HT2gR, and 5- HTycR in
competition binding assays using the partial agonist [PHJLSD and the partial/full agonist [*H]Cimbi-36 as radioligands

The binding assays were performed as described in Materials and Methods. The K; values are given in nM with the pK; = S.E.M. values in brackets and the number of

experiments (n) for each binding affinity given in superscript.

K; [pK; + SEM.)]

[PHILSD [*H]Cimbi-36
5-HT35R 5-HTepR 5-HTecR 5-HT2AR 5-HT2cR
DOI 81[8.11+0.101® 21[7.72 +0.13]® 29 [7.55 + 0.02] ® 1.3[8.88 + 0.11] @ 25 [7.61 = 0.10] @
25CN-NBOH (compound 1)  0.81 [9.09 + 0.02] ® 30 [7.52 = 0.00] ®  42[7.39 + 0.11] ® 1.7 [8.77 = 0.09] ¥ 130 [6.89 = 0.06] ©
25CN-NBOMe (compound 2) 1.8 [8.78 = 0.11] ®  47[7.34 = 0.071® 40 [7.42 = 0.10] ® 2.1 [8.67 = 0.07] ¥ 8[7.11 = 0.07] ©
25CN-NBF (compound 3) 31[7.51 = 0.07] ©® 380 [6.42 + 0.02] ® 850 [6.07 + 0.04] ® 130 [6.90 = 0.13] ¥ 1,500 [5.81 = 0.06] ¥
25CN-NBMD (compound 4) 2.0[8.70 = 0.021 ®  65[7.21 + 0.14] ® 130 [6.88 = 0.09] ® 6.9 [8.16 = 0.04] ® 630 [6.20 = 0.04] ©®

and in a previous study 5-HT and the reference 5-HT3R agonists
PNU 22394, CP 809101, and MK-212 exhibited functional
properties at the 5-HT3oR- and 5-HT>cR-HEK293 cell lines in
this assay that were in good agreement with the literature
(Jensen et al., 2013).

The rank orders of agonist potencies and the 5-HT25R/5-
HT,cR selectivity ratios exhibited by DOI and the four analogs
in this assay were in excellent agreement with those observed
for the agonists in the [°H]IP,_; assay (Fig. 3A; Table 3). In
fact, even the absolute ECsq values displayed by the com-
pounds at the receptors were strikingly similar between the two
assays (Table 3). Analogous to their profiles in the [PH]IP; 5
assay, 25CN-NBOH (compound 1) and 25CN-NBOMe (com-
pound 2) were only slightly more potent 5-HT>4R agonists (~2-
fold) than DOI in the IP-One assay, and thus it was primarily
the 7.6- and 5-fold higher EC5q values exhibited by compounds
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1 and 2 compared with DOI at 5-HTcR that gave rise to their
higher 5-HT94R/5-HT5cR selectivity ratios (Fig. 3A; Table 3).
25CN-NBF (compound 3) and 25CN-NBMD (compound 4) were
substantially weaker agonists at the two receptors, and thus the
rank order of agonist potencies displayed by the compounds at
5-HT>AR was the same as the order of their binding affinities at
the receptor: DOI ~ 25CN-NBOH ~ 25CN-NBOMe > 25CN-
NBMD > 25CN-NBF. However, 25CN-NBF and 25CN-NBMD
displayed comparable potencies at 5-HT3cR, and thus 25CN-
NBMD exhibited roughly the same degree of selectivity for
5-HT25R over 5-HT3cR as 25CN-NBOH (Fig. 3A; Table 3). DOI
and the four analogs were all partial agonists at 5-HT.sR,
exhibiting maximal responses of 61%—87% of that elicited by
5-HT. DOI, 25CN-NBOH, and 25CN-NBOMe were full agonists
at 5-HT9cR, whereas 25CN-NBF and 25CN-NBMD were
partial agonists. Thus, the intrinsic activities of the five
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Fig. 3. Agonist properties displayed by 5-HT, DOI, 25CN-NBOH, 25CN-NBOMe, 25CN-NBF, and 25CN-NBMD at human 5-HT9Rs in two functional
assays. (A) Concentration-response curves of the six agonists at stable 5-HT95R- and 5-HTycR-HEK293 cell lines in the IP-One assay. (B) Concentration-
response curves of the six agonists at 5-HT5sR-, 5-HT55R-, and 5-HTycR-INI Flp-In293 cell lines in Ca®* assay 1.

T20Z ‘GZaunc uo sfeudnor | 34SY e Bio'sfeulno iedse ed[ woly papeojumoq


http://jpet.aspetjournals.org/

25CN-NBOH is a Selective and Brain-Penetrant 5-HT,, Receptor Agonist

TABLE 3

447

Agonist properties displayed by 5-HT, DOI and compounds 1-4 at human 5-HT2aR and 5-HT5cR expressed in mammalian cell

lines in the [PH]IP;.5 and IP-One assays

The functional assays were performed as described in Materials and Methods. The ECjyq values are given in nM with the pEC5o = S.E.M. values in
brackets and the R,y = S.E.M. values given as the percentage of the maximal response induced by 5-HT. The number of experiments (n) for each

set of potency and efficacy data are given in superscript.

[PHIIP,.5 Assay®

IP-One Assay

5-HT24R

5-HTycR

5-HT2aR

5-HTycR

ECs¢ [EC50 = S.EM.]

EC5¢ [EC50 = S.E.M.]

EC50 [EC50 = S.E.M.]

ECso [EC50 = S.EM.]

Rinax * SEM. Rinax * SEM. ax * SEM. Rinax * S.EM.
5-HT 9.5 [8.02 = 0.04] 4.4 [8.36 + 0.09] 300 [6.52 =+ 0.06] 190 [6.72 = 0.07]
100 100 100 @V 100 ®

DOI 2.9 [8.54 = 0.02] 28 [7.56 + 0.07] 6.3 [8.20 * 0.03] 46 [7.34 * 0.08]
93 + 5 100 + 2 87 + 3@ 119 8@

25I-NBOMe 0.72 [9.14 = 0.14] 18 [7.74 = 0.16] n.t. n.t.
90 + 3 96 * 2

Cimbi-36 2.0 [8.69 = 0.28] 11[7.94 + 0.13]  0.12 [10.04 + 0.19] 12 [7.94 + 0.08]
80 + 4 110 £ 5 81 +4@ 109 = 3@

25CN-NBOH (compound 1) 2.1 [8.68 + 0.05] 170 [6.76 * 0.13] 2.4 [8.62 = 0.14] 350 [6.45 + 0.06]
86 = 12 86 * 11 77 +5@W 114 + 3@

25CN-NBOMe (compound 2) 3.5 [8.46 = 0.10] 130 [6.87 = 0.10] 3.7 [8.43 = 0.03] 230 [6.63 = 0.08]
86 + 2 91 + 3 85 +4® 101 + 8 ®

25CN-NBF (compound 3) 81 [7.09 * 0.06] 1,400 [5.85 * 0.05] 130 [6.90 = 0.15] 3,600 [5.44 + 0.12]
70 + 4 79 * 6 61+4® 83 +7®

25CN-NBMD (compound 4) 19 [7.72 = 0.12] 1,500 [5.81 * 0.09] 30 [7.53 =+ 0.11] 3,500 [5.46 + 0.14]
84 + 4 72 + 3 70 = 3@ 57 +9®

n.t., not tested.

%The data for the [*H]IP,_; assay have been published previously, the data for 5-HT and DOI are given in Hansen et al. (2015) and the data for

the other compounds are given in Hansen et al. (2014).

compounds in the IP-One assay were also in concordance
with those determined for the agonists in the IP turnover
assay (Table 3).

Next, the functional properties of the four analogs, DOI, and
a couple of other reference 5-HT3R agonists were character-
ized at human 5-HT5sR, 5-HT9gR, and 5-HT9cR in two
fluorescence-based Ca?" imaging assays (Ca®" assays I and
II). Analogous to the IP assays, the functional readout in these
assays is a reflection of Gag-mediated receptor signaling (mea-
sured further downstream in the signaling cascade). However, in
contrast to the IP assays the functional responses in the Ca®*
assay are recorded in real time and not as endpoint measure-
ments. Moreover, although the two Ca®* assay protocols used in
this study were essentially identical, the assays were performed
using different 5-HT2pR-, 5-HT9gR-, and 5-HTocR-expressing
cell lines and in different laboratories, and thus the two data
sets for the compounds from these assays serve to probe the
importance of these differences for the functional properties
displayed by the agonists. In previous studies we have found
the functional properties exhibited by the three 5-HT9Rs in
both combinations of cell lines and assays to be in good
agreement with the literature data for the receptors (Jensen
et al., 2013; Cheng et al., 2016).

The rank orders of agonist potencies displayed by DOI and
the four analogs at 5-HT25R and 5-HTscR were the same in
the two Ca®" assays, and these were also the same as in the
two IP assays: DOI ~ 25CN-NBOH ~ 25CN-NBOMe > 25CN-
NBMD > 25CN-NBF for 5-HT2pR and DOI ~ 25CN-NBOH
~ 25CN-NBOMe > 25CN-NBMD ~ 25CN-NBF for 5-HTycR
(Fig. 3B; Table 4). Importantly, analogous to their functional
profiles in the IP assays, 25CN-NBOH and 25CN-NBMD were
substantially more selective for 5-HT5R over 5-HTocR than DOI
in both Ca®" assays (Figs. 3 and 4B; Tables 3 and 4). Moreover,
the rank order of agonist potencies displayed by DOI and the four

analogs at a 5-HTygR-expressing cell line in Ca®" assay I (DOI
~ 25CN-NBOMe > 25CN-NBOH > 25CN-NBMD > 25CN-NBF)
was also in fairly good agreement with their binding affini-
ties in the [*H]LSD binding assay. The ECj5, values exhibited
by the five agonists at this receptor were very similar to those
at 5-HT5cR in this assay, and thus 25CN-NBOH and 25CN-
NBMD were also substantially more selective for 5-HT55R
over 5-HT9gR than DOI (Table 4). Finally, the intrinsic activities
displayed by DOI and the four analogs at the two receptors in the
two Ca®" assays were also very comparable to those obtained in
the IP assays. All four analogs were partial agonists at 5-HTopR
(Rmax values of 54%—87%) and 5-HT9ogR (R,.x values of 24%—
79%), whereas 25CN-NBOH and 25CN-NBOMe were full
agonists (R,,.x values of 93%—100%) and 25CN-NBF and 25CN-
NBMD were partial agonists (R, values of 28%—-84%) at
5-HT5cR (Table 4).

5-HT,AR Selectivities of DOI and the Four Analogs in the
Binding and Functional Assays

In Fig. 4, the degrees of 5-HT5R-over-5-HT2gR and 5-HTo5R-
over-5-HT5cR selectivities exhibited by DOI and the four analogs
against the binding affinity in the radioligand binding assays and
the relative activity [Alog(R,a/ECs0)l in the functional assays
are given. In terms of binding affinity, all four analogs generally
displayed substantially higher 5-HTosR-over-5-HTocR selectiv-
ity compared with DOI, the rank order of selectivity being
25CN-NBMD > 25CN-NBOH > 25CN-NBOMe > 25CN-NBF
(Fig. 4A; Table 1). Analogously, all four analogs showed higher
5-HTysR-over-5-HT9gR selectivity compared with DOI in the
[PHILSD assay, with the rank order of 25CN-NBOH ~ 25CN-
NBMD > 25CN-NBOMe > 25CN-NBF (Fig. 4B).

Since all four analogs and DOI exhibited agonist activity at
all three 5-HT3R subtypes, comparing the functional activity
at each of these receptors can be used to estimate their
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TABLE 4

Agonist properties displayed by 5-HT, DOI, 25]-NBOMe, Cimbi-36, and compounds 1-4 at human 5-HT35R, 5-HT2gR, and 5-HT9cR expressed in
mammalian cell lines in fluorescence-based Ca?* assays I and II

The two Ca?* assays were performed as described in Materials and Methods. The EC5, values are given in nM with the pECso = S.E.M. values in brackets and the Ry + S.E.

M. values given as the percentage of the maximal response induced by 5-HT. The number of experiments (n) for each set of potency and efficacy data are given in superscript.

5-HT2aR

Ca?* Assay I

5-HT2sR

5-HTocR

Ca?* Assay II*

5-HT2aR

5-HT,cR

ECso [ECso = S.EM]

ECso [ECso = S.EM]

ECso [ECs0 = S.EM.]

ECso [ECs0 = S.E.M.]

ECso [ECs0 = S.EM.]

Riax + SEM.® Rinax * SEM.® Rinax * SEM.™ Rinax + SEM.™ Rinax * SEM.™
5-HT 0.61 [9.22 = 0.03] 0.72 [9.14 = 0.03] 0.30 [9.52 =+ 0.03] 1.0 [9.01 = 0.06] 1.3 [8.89 =+ 0.05]
100 (5) 100 (5) 100 (5) 100 (6) 100 (6)
DOI 0.85 [9.07 * 0.04] 2.0 [8.69 + 0.03] 3.3 [8.48 + 0.04] 0.15 [9.81 * 0.06] 6.6 [8.18 = 0.10]
91 +1@ 94 +1® 96+ 1@ 85+ 2@ 85+ 3@
25I-NBOMe 0.44 [9.35 * 0.05] 8.9 [8.05 + 0.06] 1.1 [8.95 + 0.03] n.t. nt.
86 +2® 80 +2® 96 +1®
Cimbi-36 2 1.6 [8.80 =+ 0.05] 7.3 [8.13 = 0.04] 0.98 [9.01 * 0.04] 0.95 [9.02 = 0.09] 0.90 [9.04 = 0.06]
88 +1® 79+1® 97 £ 2@ 83 +3® 99 + 7@
25CN-NBOH (compound 1) 1.2 [8.92 * 0.04] 59 [7.23 + 0.05] 23 [7.65 + 0.03] 0.41 [9.39 + 0.10] 52 [7.28 + 0.07]
7T +5® 60 = 2@ 99+ 1@ 80 4@ 93 +2®
25CN-NBOMe (compound 2) 1.2 [8.91 * 0.04] 12 [7.93 + 0.03] 9.3 [8.03 *+ 0.03] 0.40 [9.40 = 0.10] 36 [7.44 = 0.08]
87 +1® 79+1® 100+1® 81+5® 96 = 3©®
25CN-NBF (compound 3) 17 [7.78 + 0.03] 940 [6.03 + 0.14] 460 [6.34 = 0.06] 32 [7.50 + 0.02] 580 [6.24 + 0.05]
82+1® 24 +3® 84 +3® 54+ 5@ 50 + 5 ©
25CN-NBMD (compound 4) 5.6 [8.25 = 0.03] 220 [6.65 + 0.13] 480 [6.32 * 0.07] 5.8 [8.23 + 0.12] 570 [6.24 + 0.05]
83 +1® 31 2@ 71 +3® 56 = 6@ 28 + 4 ®

n.t., not tested.

9The data for Cimbi-36 in Ca?* assay II have been published previously (Herth et al., 2016).

functional 5-HT9sR selectivity. While potency ratios of full
agonists are independent of receptor density and efficiency
of coupling effects, the same is not true when comparing the
relative potency of partial agonists because changes in assay
sensitivity produce effects of different magnitude to full ver-
sus partial agonists (Kenakin et al., 2012). Using calculated
Alog(R,,./EC50) values and 5-HT as references to measure
5-HT24R selectivity, all four analogs exhibited substantial
5-HToaR-over-5-HTycR selectivity across functional assays
with the general rank order of 25CN-NBMD > 25CN-
NBOH > 25CN-NBOMe > 25CN-NBF (Fig. 4C). 25CN-NBOH
and 25CN-NBMD displayed significantly higher 5-HTo5R-
over-5-HT5cR selectivities than DOI in all of the functional
assays, with 25CN-NBMD exhibiting greater than 150-fold
5-HT3AR selectivity in all four assays interrogated (Fig. 4C).
The 5-HT3sR-over-5-HT2gR selectivities displayed by the four
analogs and DOI in Ca?" assay I were also examined using
Alog(R ,2x/EC50) values, and all four analogs displayed
considerably higher 5-HTo5R selectivities than DOI, the rank
order being 25CN-NBF > 25CN-NBMD > 25CN-NBOH > 25CN-
NBOMe (Fig. 4D).

Screening of 25CN-NBOH at Other Putative Molecular Targets

The possible existence of other targets for 25CN-NBOH than
the 5-HToRs was investigated in comprehensive screens of the
compound (at an assay concentration of 10 uM) at a plethora of
neurotransmitter receptors and transporters, ion channels, and
enzymes in radioligand binding assays and at a broad spectrum
of kinases and other enzymes in enzyme assays. The complete
data sets from these screens are given in Supplemental Table 1,
and the targets where 25CN-NBOH (10 uM) displayed signifi-
cant activity are summarized in Table 5. In addition to its
nanomolar binding affinities to the three 5-HToR subtypes,
25CN-NBOH also displayed appreciable binding affinity at
5-HTg (K; value of 310 nM), dopamine D4 (K; value 2.9 uM),

asp, agp, and agc adrenergic (K; values of 1.2-2.9 uM), H;
histamine (K; value of 2.1 uM), k opioid (K; value of 4.2 uM), and
sigma-1 and -2 (K; values of 120—280 nM) receptors. 25CN-NBOH
(10 uM) also inhibited radioligand binding to other targets by
approximately 50%, thus displaying estimated ICsq values of
10 uM at these targets (Supplemental Table 1). However, the
compound was inactive at the majority of targets included
in the radioligand binding screening. Finally, 25CN-
NBOH was also tested at a wide range of kinases and other
enzymes in enzymatic assays, displaying no significant
activity at any of these at an assay concentration of 10 uM
(Supplemental Table 1). In addition, we found that 25CN-
NBOH inhibited hERG with an IC5q value of 2.7 uM.

It is important to stress that lack of inhibition of radioligand
binding to a specific target in these assays not necessarily
reflects inactivity of the test compound at the target since the
compound potentially could bind to a site distinct from the site
targeted by the radioligand without affecting its binding.
However, the majority of targets assayed by radioligand
binding in the screening were class A GPCRs, and considering
that few allosteric ligands of these receptors have been reported
not to affect orthosteric radioligand binding (Keov et al., 2011) we
propose that these receptor binding data are likely to be highly
predictive of the functional activity of 256CN-NBOH at these
targets. Moreover, 25CN-NBOH would be expected to most
likely act through the orthosteric sites of the monoaminergic and
muscarinic acetylcholine receptors included in this screening,
and thus its ability to compete with orthosteric radioligands for
binding is a direct measurement of its activity at these receptors.

Solubility

The solubility of 25CN-NBOH at pH 7.4 was determined to be
405 ug/ml. However, we have been able to make stock solution for
in vivo investigation with concentrations up to 3 mg/ml in
physiologic saline (0.9% NaCl) by sonication and where up to
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Fig. 4. Subtype-selectivity profiles of DOI, 25CN-NBOH, 25CN-NBOMe, 25CN-NBF, and 25CN-NBMD at human 5-HT3Rs in the binding and functional
assays. (A) The KZ°/K?* ratios determined for the five agonists at 5-HT9sR and 5-HTscR in the [*Hlantagonist (5-HT2aR: [PH]ketanserin; 5-HTscR:
[*Hlmesulergine), [’H]LSD, and [*H]Cimbi-36 competition binding assays. (B) The K?B/K?A ratios determined for the five agonists at 5-HT25R and 5-HT9gR in the
[PHILSD competition binding assay. (C) The Alog(R,./ECso) values (relative to 5-HT) for the five agonists at 5-HTssR and 5-HTscR in the functional [PH]IP, s,
IP-One and Ca?* assays I and II. (D) The Alog(Ra/ECso) values (relative to 5-HT) for the five agonists at 5-HTosR and 5-HT9gR in the Ca®* assay L

5 mg/ml if 5% dimethylsulfoxide was added. Upon storage at 5°C
some precipitation was seen but sonication caused the compound
to redissolve. 25CN-NBOH is stable for at least several weeks
when stored and handled in this way as judged by liquid
chromatography/mass spectrometry analysis at various time points.

Toxicology Screening

In the high-content screening of 25CN-NBOH for acute cellular
toxicity, no effects were seen for 25CN-NBOH at any of the six
parameters tested (nuclei counts, nuclear area, plasma mem-
brane integrity, lysosomal activity, mitochondrial membrane
potential, and mitochondrial area) at concentrations up to
100 M, indicating a very benign cellular toxicological profile.

Pharmacokinetic Properties of 25CN-NBOH

To assess the blood-brain barrier permeability of 25CN-
NBOH, the compound was tested in the MDCK assay. In this assay,
25CN-NBOH displayed high bidirectional permeability (apical-
basal 29 + 1.1 cm/s x 1075 basal-apical 20 + 2.2 cm/s x 107),
and the resulting efflux ratio of 0.71 * 0.05 indicated lack of
involvement of P-glycoprotein-mediated transport. 25CN-NBOH
was found to be highly unstable in the presence of murine
microsomes, with a MCL;,,; of 260 I/kg/h.

To investigate the in vivo exposure of 25CN-NBOH in mice
and the correlation between the free unbound concentrations

of the drug in the brain and its in vivo efficiency, 25CN-NBOH
(3 mg/kg, s.c.) was administered to C57BL/6 mice mice, and
plasma and brain exposure of the drug was determined after 5, 15,
and 30 minutes. The design of the study in terms of the drug dose,
administration route, and mouse strain used in the experiments
was partly rooted in our wish to be able to approximate the drug
exposure in mice receiving this dose in the Halberstadt et al. (2016)
study. Thus, the time points for the analysis were chosen based on
the 5-minute period between administration and the start of testing
in that study. The good in vitro transport characteristics exhibited
by 25CN-NBOH in the MDCK assay was reflected in this study
since 25CN-NBOH was found to rapidly penetrate the blood-brain
barrier (Fig. 5). By combining the free fractions of the compound
determined in plasma (18% * 1.3%) and brain (4.0% = 0.2%), the
unbound concentrations of 25CN-NBOH were calculated and found
to be comparable in plasma and brain, suggesting an unrestricted
passage across the blood-brain barrier with rapid attainment of
equilibrium between the compartments. The unbound brain con-
centration of 25CN-NBOH reached approximately 200 nM only
15 minutes after administration of the 3 mg/kg dose and remained
at this level until 30 minutes after the administration (Fig. 5B).

Discussion

The overall conclusion from the elaborate in vitro pharma-
cological characterization of 25CN-NBOH at human 5-HTsRs
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TABLE 5

Pharmacological properties displayed by 256CN-NBOH (compound 1) at selected receptor targets in radioligand

binding assays

The data for the receptor are from broad profiling screens performed at Eurofins and PDSP. The data included in the table
are for receptors in these screens where 25CN-NBOH (10 ©M) exhibited significant inhibition, and where a K; or an IC5,
value thus could be estimated. The complete data sets for the screens are given in Supplemental Table 1. The inhibition
mediated by 25CN-NBOH (10 M) in competition binding assays to the receptors are given in percentages (positive and
negative values representing percentage of inhibition and percentage of potentiation relative to control, respectively) with
the estimated K; or ICs, values. The data are given as the mean values based on two independent determinations.

Target Assay/Radioligand Inhibition at 10 uM Ki/1C5¢
uM

5-HT5 (h), E [1251](+)DOI8* 98 <10
5-HTs4 (h), P [PH]Ketanserin @t >50 0.0032
5-HT3p (h), E [1257](+)DOI@&” 104 <10
5-HTsg (h), P [PH]LSD @& >50 0.075
5-HTy¢ (h), E [1251)(+)DOI&* 101 <10
5-HTsc (h), P [[*H]Mesulergine @t >50 0.056
5-HT¢ (h), P [PH]LSD®@&” >50 0.31
D, (h), P [*H]methyl-spiperone @t >50 2.9
ass (h), P [*H]Rauwolscine®t® >50 1.2
asp (h), P [PH]Rauwolscine'®>?) >50 2.0
asc (h), P [PH]Rauwolscine @t >50 2.9
H; (h), P [*H]pyrilamine®™® >50 2.1
Opioid « (h), P [*H]U69593 & >50 4.2
Sigma-1 (rat brain), P [*H]Pentazocine(+) >50 0.28
Sigma-2 (PC12, rat), P [PH]DTGe >50 0.12

ago, agonist; anta, antagonist; E, Eurofins; h, human; P, Psychoactive Drug Screening Program.

in the various binding and functional assays in this study is
that the compound is a highly selective 5-HT9sR agonist.
25CN-NBOH displayed high-picomolar/low-nanomolar bind-
ing affinities and functional potencies at 5-HT35R, and its
selectivity for 5-HT95R over the other 5-HT3R subtypes is
reflected in the KZ5/K?* and K?C/K?” ratios derived from the
binding assays and in the log[R,./ECsol values derived from
the functional data (Fig. 4). The different degrees of 5-HT25R-
over-5-HTycR selectivity exhibited by 25CN-NBOH in these
assays are not particularly surprising, since absolute binding
affinities and potencies of GPCR agonists in these assays are
known to be highly dependent on both experimental condi-
tions and receptor/G protein expression levels and stoichio-
metries in the cells (Brauner-Osborne et al., 1996). Along the
same lines, the extent to which the pronounced 5-HT9sR
selectivity exhibited by 25CN-NBOH at recombinant recep-
tors is translated into subtype selectivity in vivo remains to be
investigated, since environmental factors and expression
levels of 5-HT9Rs and their effector proteins in native tissue
are likely to be very different from those in the in vitro assays.
It should also be stressed that the functional properties of
25CN-NBOH at three 5-HT5Rs in the present study exclu-
sively were investigated in assays measuring Gaq-mediated
signaling, and it thus remains to be seen whether the drug
exhibits similar degrees of 5-HT5 AR selectivity when it comes
to the G protein-independent signaling mediated by the
5-HT9Rs (McCorvy and Roth, 2015; Maroteaux et al., 2017).
Thus, the strongest case for the 5-HT5R selectivity of 25CN-
NBOH presently is the consistently higher selectivity of it
compared with DOI in all binding and functional assays in this
study (Fig. 4).

The detailed pharmacological profiling of 25CN-NBOH and
the three other N-benzyl-2,5-dimethoxy-4-cyanophenylethylamine
analogs at the 5-HTyRs also offers interesting structure-
activity relationship observations. The importance of the
identity of the 2’-substituent for the functional properties of
the four analogs, both their overall binding affinity/agonist

potency across the three receptors and their 5-HToR-selectivity
profiles, is quite remarkable. The fact that the 2'-fluoro-
substituted analog (25CN-NBF) is the least potent of the four
analogs (Tables 1-4) suggests that the presence of an oxygen in
the 2’'-substituent is a key determinant of high-affinity 5-HTsR
binding. As for the three other analogs, it is interesting that
while the replacement of the 2’-hydroxy-substituent in 25CN-
NBOH with a methoxy group (25CN-NBOMe) is well tolerated,
introduction of the 2’,3'-methylenedioxy moiety is detrimental
for binding affinity and functional potency of the scaffold at all
three 5-HT5Rs. It seems that the increased bulkiness of the
substituent in 25CN-NBMD either poses a steric clash with
residues in the orthosteric binding site or that the incorporation
of the oxygen into a ring system impairs the ability of the atom
to form an interaction with the receptor. On the other hand, it
is noteworthy that 25CN-NBMD exhibits comparable, and in
some assays even superior, selectivity for 5-HTy4R over 5-HTogR
and 5-HT5cR compared with 25CN-NBOH. While 25CN-NBOH
clearly is more suited as a pharmacological tool because of its
higher potency, 25CN-NBMD could thus be an interesting lead
for future development of potent 5-HTosR-selective agonists, in
particular if its reduced binding affinity is rooted in a different
spatial orientation of the compound in the binding pocket than
25CN-NBOH.

To assess the global selectivity profile of 25CN-NBOH, the
compound (10 uM) was subjected to an elaborate screening at
a plethora of other putative targets in radioligand binding and
enzyme assays (Supplemental Table 1; Table 5). There was a
considerable overlap between targets assayed in the Eurofins
and the National Institute of Mental Health’s Psychoactive
Drug Screening Program screenings, and for these targets
only a few insignificant differences were observed between the
two data sets. The screening results were also in good agreement
with data reported for the compound (screened at a concentration
of 1 uM by the National Institute of Mental Health’s Psychoac-
tive Drug Screening Program) in a recent study, the only
substantial differences between the two data sets being the
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observed activity of 25CN-NBOH at Hy histamine (K; value of
674 nM) and Bs adrenergic (K; value of 720 nM) receptors
reported by Halberstadt et al. (2016), which contrast the
inactivity of the compound at these receptors in this study
(ICs0 > 10 uM). Regardless of which of these values are correct,
25CN-NBOH displayed =100-fold higher binding affinities to
5-HT94R than to all non-5-HTsR targets in the screening, and
thus the compound seems to be highly selective for 5-HT9Rs, and
in particular for 5-HT25R.

The pharmacokinetic characteristics displayed by 25CN-
NBOH combined with the levels of brain exposure of the drug
following systemic administration in mice suggest that the
compound is well suited as a pharmacological tool in in vivo
studies of 5-HT25Rs. 25CN-NBOH was found to rapidly cross the
cellular barrier and not to be a substrate for P-glycoprotein-
mediated efflux in MDCK-MDR1 monolayers, a well-established
in vitro model of the blood-brain barrier (Feng et al., 2008).
Based on its high murine intrinsic clearance (MCL;,;) we
expected 25CN-NBOH to be cleared extremely fast in vivo,
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even with s.c. dosing; however, our in vivo exposure study
showed that 25CN-NBOH (3 mg/kg, s.c.) rapidly reached the
CNS yielding a high-nanomolar concentration of the un-
bound drug that was fairly stable over time, at least until
30 minutes after administration (Fig. 5B).

While the rapid exposure of the high levels of free 25CN-
NBOH in the brain following systemic administration dem-
onstrates the feasibility of using the agonist for in vivo studies,
it also raises the question of what the optimal dose range for
25CN-NBOH in such studies would be. 25CN-NBOH has been
applied in two recent in vivo studies, where Halberstadt et al.
(2016) used doses ranging from 0.3 to 6 mg/kg s.c. in C57BL/6J
mice and Fantegrossi et al. (2015) used doses ranging from 0.1
to 30 mg/kg i.p. in NIH Swiss mice. However, since neither of
the two studies determined the brain exposure levels of the
drug arising from these doses, the levels of 5-HT3 R activation
underlying its behavioral effects were not addressed (Fantegrossi
et al., 2015; Halberstadt et al., 2016). Our exposure study was
partly designed to approximate the experimental conditions used
by Halberstadt et al. (2016), but more importantly we wanted
overall insight into the correlation between 25CN-NBOH dosing
and the resulting brain exposure of the free drug. 25CN-NBOH
(3 mg/kg, s.c.) produced rapidly increasing concentrations of free
drug in mice brains, peaking at ~200 nM after 15 minutes and
remaining at this level for some time (Fig. 5B). It should be
noted that the determined levels of free 25CN-NBOH are
global concentrations, and thus it is possible that the drug
could be differentially distributed throughout the brain.
Moreover, caution should be taken when extrapolating from
these exposure data to the levels of 5-HTR activation mediated
by 25CN-NBOH in vivo since the ECsq values exhibited by
25CN-NBOH at the recombinant human 5-HT,Rs are not
necessarily representative of its potencies at the native murine
5-HT5Rs. Nevertheless, while keeping these reservations in
mind, a 25CN-NBOH concentration of 200 nM would be expected
to activate 5-HT35Rs completely, but it could also mediate
significant activation of the two other 5-HT3R subtypes (Tables
3 and 4). Analogously, although the use of a different admin-
istration route and a different mouse strain in the Fantegrossi
et al. (2015) study complicates interpretations even further, it is
reasonable to speculate that 25CN-NBOH concomitantly with
its 5-HT2AR stimulation could mediate significant activation of
5-HT2gR and 5-HT5cR at some point in the 0.1-30 mg/kg (i.p.)
dose range used in this study. Thus, even though the separation
between 5-HT5 R- and 5-HT9gR/5-HTycR-effective concentra-
tions clearly is bigger for 25CN-NBOH than for DOI, the dosing
of 25CN-NBOH in in vivo studies focused on delineating
5-HT,R functions could still be a balance between obtaining
sufficient 5-HT35R activation while keeping concomitant
activation of the other 5-HT5Rs to a minimum.

As mentioned in the Introduction, there is an increasing
interest in psychedelics and 5-HT95sR agonists as putative
therapeutics, not only when it comes to numerous psychiatric
disorders but also for the treatment of addiction and alcohol-
ism, cluster head aches, and various inflammatory disorders
(Sewell et al., 2006; Yu et al., 2008; Nau et al., 2013, 2015;
Hendricks et al., 2014; Johnson et al., 2014; Bogenschutz
et al., 2015; Nichols, 2016). Although there is little doubt that
5-HT94R is the main mediator of these in vivo effects, the
agonist properties exhibited by these drugs at 5-HTygR,
5-HTycR, and other 5-HT receptors on the other hand suggest
that additional receptors could be activated to some degree
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within the 5-HTsR-effective concentration range and thus
potentially contribute to the observed effects. While these
putative contributions in previous studies have been assessed
by coapplication of 5-HTosR agonists with various subtype-
selective antagonists of other 5-HT receptor subtypes, a truly
5-HT9aR-specific agonist would be an interesting pharmaco-
logical tool for studies of native 5-HT2R signaling. Although
25CN-NBOH admittedly cannot be considered a completely
5-HTAR-specific agonist, we propose that its superior 5-HTy5R
selectivity compared with DOI, its high brain uptake, and its
benign acute cellular toxicological profile make it a valuable
tool for explorations of the physiologic functions of and the
therapeutic potential in these receptors.
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