1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Epilepsy Res. Author manuscript; available in PMC 2022 September 01.

-, HHS Public Access
«

Published in final edited form as:
Epilepsy Res. 2021 September ; 175: 106677. doi:10.1016/j.eplepsyres.2021.106677.

Evaluation of Lorcaserin as an Anticonvulsant in Juvenile Fmrl
Knockout Mice

Tanishka S. Saraf?, Daniel E. FelsingP, Jessica L. Armstrong?, Raymond G. Booth?,
Clinton E. Canal®¥

aMercer University, College of Pharmacy, Department of Pharmaceutical Sciences, 3001 Mercer
University Drive, Atlanta, GA 30341, USA

bNortheastern University, Center for Drug Discovery, College of Science, Department of
Pharmaceutical Sciences, School of Pharmacy, 116 Mugar Hall, 360 Huntington Avenue, Boston
MA 02115

Abstract

Recent preclinical and clinical studies suggest that lorcaserin, a preferential serotonin 2C receptor
(5-HT,cR) agonist that was approved for the treatment of obesity, possesses antiepileptic
properties. Here, we tested whether lorcaserin (1, 3, 5.6, 10 mg/kg) is prophylactic against
audiogenic seizures (AGSs) in juvenile Fmri knockout mice, a mouse model of fragile X
syndrome (FXS). MPEP (30 mg/kg), a non-competitive mGIuRS5 receptor antagonist, was used as
a positive control. As lorcaserin likely engages 5-HToaRS at therapeutic doses, we pretreated one
group of mice with the selective 5-HT,aR antagonist/inverse agonist, M100907 (0.03 mg/kg),
alone or before administering lorcaserin (5.6 mg/kg), to discern putative contributions of 5-
HToaRs to AGSs. We also assessed lorcaserin’s in vitro pharmacology at human (h) and mouse
(m) 5-HTocRs and 5-HToaRs and its in vivo interactions at m5-HTocRs and m5-HTo4Rs. MPEP
significantly decreased AGS prevalence (P=0.011) and lethality (P=0.038). Lorcaserin, 3 mg/kg,
attenuated AGS prevalence and lethality by 14% and 32%, respectively, however, results were not
statistically significant (P=0.5 and P=0.06); other doses and M100907 alone or with lorcaserin did
not significantly affect AGSs. Lorcaserin exhibited full efficacy agonist activity at h5-HT,cRs and
m5-HT,cRs, and near full efficacy agonist activity at h5-HT,ARs and m5-HT,Rs; selectivity for
activation of 5-HTocRs over 5-HT,4Rs was greater for human (38-fold) compared to mouse (13-
fold) receptors. Lorcaserin displayed relatively low affinities at antagonist-labeled 5-HT,cRs and
5-HT,aRs, regardless of species. Lorcaserin (3 and 5.6 mg/kg) increased the 5-HT,AR-dependent
head-twitch response (HTR) elicited by (z)-2,5-dimethoxy-4-iodoamphetamine (DOI) in mice
(P=0.03 and P=0.02). At 3 mg/kg, lorcaserin alone did not elicit an HTR. If mice were treated with
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the selective 5-HT,cR antagonist SB242084 (0.5 and 1 mg/kg) plus lorcaserin (3 mg/kg), a
significantly increased HTR was observed, relative to vehicle (P=0.01 and P=0.03), however, the
HTR was much lower than what was elicited by DOI or DOI plus lorcaserin. Lorcaserin, 3 mg/kg,
significantly reduced locomotor activity on its own, an effect reversed by SB242084, and
lorcaserin also dose-dependently reduced locomotor activity when administered prior to DOI
(Ps<0.002). These data suggest that lorcaserin engages 5-HT,cRs as well as 5-HT,aRs at doses as
low as 3 mg/kg in mice. The similar activity at m5-HT,cRs and m5-HT,aRs suggests careful
dosing of lorcaserin is necessary to selectively engage 5-HT,¢cRs in vivo. In conclusion, lorcaserin
was ineffective at preventing AGSs in Fmrl knockout mice. Lorcaserin may not be a suitable
pharmacotherapy for seizures in FXS.
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1. Introduction

Serotonin (5-hydroxytryptamine, 5-HT) elicits intracellular signaling through at least 14
genetically-encoded 5-HT receptors (5-HTRs) expressed in unique patterns and densities in
the brain, spinal cord, and peripheral tissues. Distinct proteins of the peripheral and central
5-HT systems have been targeted successfully to treat numerous disorders such as migraine,
depression, anxiety, psychosis, obesity, constipation, and emesis (Barnes et al., 2021), and
drug discovery targeting 5-HTRs remains vibrant. For example, scientists are currently
testing small molecule 5-HT,R agonists for the treatment of substance use disorders,
treatment-resistant depression, asthma, and epilepsy, and results are promising (Davis et al.,
2020; Flanagan et al., 2019; Griffin et al., 2017; Nichols et al., 2017; Nutt et al., 2020;
Palacios et al., 2017; Patel et al., 2018).

Lorcaserin was the first FDA approved, selective 5-HT,R-Gaq agonist, and exhibits
preferential activity at 5-HT,cRs over the other 5-HT5R subtypes, 5-HT,aRs and 5-HTogRs
(Higgins et al., 2020; Thomsen et al., 2008). It was approved to treat obesity, and was
marketed under the brand name Belvig® and Belvig XR® for almost 8 years, until recently,
when it was withdrawn due to potential cancer risk; the mechanism(s) for this adverse event
are unclear (Di Giovanni and De Deurwaerdeére, 2020) but might involve alterations in the
activity of the intracellular Gaq heterotrimeric complex that are known to be associated with
some cancers (Annala et al., 2019). Lorcaserin’s anorectic effects are thought to be due to
activation of 5-HTocRs in the arcuate nucleus of the hypothalamus and in the nucleus of the
solitary tract (D’Agostino et al., 2018), however, after steady-state clinical dosing of 10 mg
twice daily in monkeys, brain concentrations reach ~1.7uM (see FDA briefing document
NDA22529), which is above lorcaserin’s Ki—radiolabeled with the agonist [12°1]2,5-
dimethoxy-4-iodoamphetamine (DOIl)—and ECsq values at 5-HT,a and 5-HT,gRs
(Thomsen et al., 2008). These data imply that lorcaserin activates each of the 5-HToR
subtypes at therapeutic doses. Early reports showed that lorcaserin is a full agonist at human
(h) 5-HTycRs and h5-HT,gRs but a partial agonist at h5-HT,aRs (Thomsen et al., 2008).
Interestingly, despite its h5-HToaR agonist activity—which is understood to be the essential
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pharmacological mechanism of action of serotonergic psychedelics (Preller et al., 2017)—at
the canonical h5-HTaAR-Gag signaling pathway, lorcaserin does not produce LSD-like
psychedelic effects at therapeutic doses. Even at supratherapeutic doses, lorcaserin’s
psychoactive effects are less prominent than the sleep aid, zolpidem, and the psychedelic
anesthetic and antidepressant, ketamine (Shram et al., 2011), suggesting lorcaserin has
unique pharmacology relative to serotonergic psychedelics, such as DOI, despite their
structural similarity.

The observation that 5-HT,cR knockout mice are susceptible to seizures elicited by auditory
stimuli, i.e., audiogenic seizures (AGSs), (Brennan et al., 1997) inspired studies evaluating
5-HT,cR agonists as antiepileptics. Preclinical studies with rats demonstrated lorcaserin has
efficacy to attenuate genetic absence seizures and temporal lobe epilepsy, which is the most
frequent type of intractable epilepsy (Orban et al., 2014; Venzi et al., 2016). Lorcaserin also
reduces the frequency of electrographic seizure events in scnZlab mutant zebrafish larvae, a
model of Dravet syndrome (DS) (Griffin et al., 2017). A recent, small clinical trial and a
retrospective study of Belvig® supported the preclinical observations, showing that Belvig®
reduced seizure frequency in children with DS, Lennox-Gastaut syndrome and other
treatment-resistant focal and generalized epilepsies (Griffin et al., 2017; Tolete et al., 2018).
Conversely, another recent study evaluating several 5-HT,¢cR agonists in numerous,
induced-seizure models in wild-type rats and mice showed that lorcaserin was ineffective in
preventing or attenuating seizures, but the authors surmised that 5-HT,cR-elicited
antiepileptic effects may be confined to genetic disorders that include an epilepsy phenotype
(Silenieks et al., 2019). Indeed, few studies have systematically assessed lorcaserin’s
efficacy in genetic mouse models of neurodevelopmental disorders—apart from DS—that
present with a seizure phenotype.

Intriguingly, the onset of AGS susceptibility in 5-HT,cR knockout mice coincides with the
development of social deficits (Sejourne et al., 2015), and social deficits and epilepsy are
often diagnosed in fragile X syndrome (FXS)—a neurodevelopmental disorder, caused by
mutation and inactivation of the FMRI gene, that is the leading monogenic cause of autism
spectrum disorder (ASD) and is characterized by intellectual disabilities, anxiety, attention
deficit hyperactivity disorder, and other neuropsychiatric symptoms (see https://
www.fraxa.org/). Approximately 25% of children with FXS experience seizures, some of
which are intractable to anticonvulsant treatment and progress into adulthood (Bailey et al.,
2008; Berry-Kravis, 2002; Berry-Kravis et al., 2010; Heard et al., 2014; Incorpora et al.,
2003; Musumeci et al., 1999); the seizure risk increases by three times in individuals with
comorbid ASD (Kaufmann et al., 2017). Seizure prevalence in clinical studies of FXS
ranges from 4-45%, and seizures include focal, generalized tonic-clonic seizure (TCS),
benign focal (Rolandic epilepsy), febrile seizures, and status-epilepticus, in rare cases
(Berry-Kravis, 2002; Berry-Kravis et al., 2010; Cowley et al., 2016; Gauthey et al., 2010;
Hagerman and Stafstrom, 2009; Heard et al., 2014; Incorpora et al., 2003; Musumeci et al.,
1999). Status epilepticus early in development can contribute to long-term autistic-like
behaviors in FmrI knockout mice (Hodges et al., 2019). Thus, seizures and ASD appear to
be interrelated and may share similar biological mechanisms. Existing anticonvulsants,
however, cause adverse events such as cognitive impairment, aggression and hyperactivity
during treatment or upon withdrawal, which can worsen FXS symptoms (ljff and
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Aldenkamp, 2013; Loring and Meador, 2004). Therefore, treating seizures early in
development with medications that have few adverse side effects may improve clinical
outcomes for individuals with FXS. Like 5-HT,cR knockout mice, the F£mr1 knockout
mouse model of FXS also is susceptible to AGSs (Armstrong et al., 2020; Musumeci et al.,
2007), and this is arguably the most robust and reproducible phenotype in the FXS mouse
model (Hagerman et al., 2017).

These observations led us to test the hypothesis that treating juvenile Fmr1 knockout mice
with lorcaserin would attenuate or prevent AGSs. To validate lorcaserin’s interaction with 5-
HT2Rs in mice, we assessed its effects on the mouse 5-HT,R-dependent head-twitch
response (HTR), an in vivo proxy for central 5-HT,aR activation; the HTR in mice is also
modulated by 5-HT,cRs (Canal et al., 2013a; Canal and Morgan, 2012; Fantegrossi et al.,
2010). We also assessed lorcaserin’s effects on locomotor activity, which is sensitive to 5-
HT,aR and to 5-HT,¢R activation, in adult, male, wild-type C57BL/6J mice: 5-HT,aR
activation enhances locomotion, conversely, 5-HT»cR activation decreases locomotion
(Halberstadt et al., 2009). C57BL/6J mice were chosen for these experiments, as they exhibit
a robust HTR relative to sighted FVB mice (wild-type of our Fmr1 knockout mice), allowing
observations of subtle, but significant effects of drugs on the HTR (Canal and Morgan, 2012;
Canal et al., 2010; Chen et al., 2019; Halberstadt et al., 2020). We also report, for the first
time to our knowledge, lorcaserin’s affinity at antagonist-labeled human (h) and C57BL/6J
mouse (M) 5-HT,cRs and 5-HT,aRs, in addition to reporting its function at them.

Methods

2.1. Subjects

All experimental protocols involving FVB.129P2-Pde6b* Tyrc<h Fmr1m1C9ny (Fmrl
knockout, stock #004624, Jackson Laboratory) and FVB.129P2-Pde66" Tyr<fIAnt)
(sighted FVB or wild-type, stock #004828, Jackson Laboratory) were approved by the
Mercer University Institutional Animal Care and Use Committee, and all experimental
protocols involving C57BL/6J (Stock #000664, Jackson Laboratory) mice were approved by
Northeastern University’s Institutional Animal Care and Use Committee. All experimental
procedures were performed in accordance with the Guide for the Care and Use of
Laboratory Animals, 81 edition. Adult (Postnatal day 60 (P60) — P100), male C57BL/6J
mice—used for in vivo 5-HT,R assessments—were procured from the Jackson Laboratory,
housed in groups of four, and were acclimated to the vivarium for at least one week prior to
testing. All AGS tests were performed using juvenile (P23 — P25), male and female, FVB
wild-type or Fmr1 knockout mice bred and raised in the vivarium at Mercer University
College of Pharmacy. Breeding pairs and trios of Fmr1 knockout and wild-type mice were
procured from the Jackson Laboratory to develop a colony. Mice were bred, housed and
genotyped as previously described (Armstrong et al., 2020). Briefly, 1-2 homozygous Fmr1
knockout females (P60-P240) were paired with an adult, hemizygous Fmr1 knockout male
for breeding Fmr1 knockout mice, and 1-2 wild-type females (P60-P240) were paired with
an adult, wild-type male for breeding wild-type mice. Homozygous mice on the FVB
background were chosen due to their increased susceptibility to seizures over other strains
(Yan et al., 2005).
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The breeding scheme was employed to avoid the possibility of cannibalization and unequal
nurturing of littermates with mixed genotypes by the dam, i.e., to preclude poor nurturing of
Fmr1 knockout pups by heterozygote dams (Goel et al., 2018). This breeding scheme also
maintains phenotypes in Fmr1 knockout mice (Wen et al., 2019). The pups were raised by
either a single parent (dam) or 2 parents (both dam and sire or dam and another adult
female). Pups were weaned at P21+1, at which time an ~0.5 cm tail snip or ear punch tissue
sample was collected for quality control, genotyping. All mice were group housed (N = 2-4)
in home cages (polycarbonate cages (15 cm x 25 cm x 13 cm) with open-air, stainless steel
wire lids and nesting sheets (Bio-Serv)) and maintained on a 12h/12h light/dark cycle at a
temperature of 70-75°F and relative humidity of ~50%, with food and water available ad
libitum. Cage mates were matched for sex and genotype and identified by ear punch. All
tests were conducted during the light cycle (7:00-19:00).

2.2. Compounds

All compounds were dissolved in Milli-Q water (MilliporeSigma), which served as the
vehicle control, unless noted. Lorcaserin hydrochloride was purchased from ChemScene and
Adooq Biosciences. 5-HT hydrochloride was procured from Alfa Aesar. (£)-DOI
hydrochloride (DOI) was purchased from MilliPore Sigma. M100907 hydrochloride was
generously provided by Professor Kevin Murnane, who originally obtained the compound
from Dr. Kenner Rice. M100907 was first dissolved in 40% DMSO/60% Milli-Q water to
prepare a 1 mg/ml stock and then serially diluted with Milli-Q water to obtain the tested
concentration. Ketanserin tartrate was purchased from MP Biomedical. SB242084,
mesulergine hydrochloride, and mianserin hydrochloride were purchased from Tocris
Biosciences. SB242084 was dissolved in Milli-Q water with 5% DMSO. MPEP (2-
methyl-6-(phenylethynyl)pyridine) hydrochloride was purchased from MedChemEXxpress.
[3H]Mesulergine, [3H]Ketanserin, [3H]5-CT, and [®H]myo-inositol were purchased from
PerkinElmer. All compounds were =98% pure according to the manufacturers. Vehicle and
all compounds for in vivo studies were administered systemically—intraperitoneally (i.p.) to
Fmr1 knockout and wild-type mice and subcutaneously (s.c.) to C57BL/6J mice—at a
volume of 10 ml/kg. All doses were selected based on previous studies showing their in vivo
efficacy (Canal et al., 2013a; Canal et al., 2015; Canal and Morgan, 2012; Fantegrossi et al.,
2010; Serafine et al., 2015; Yan et al., 2005).

2.3. Audiogenic Seizures

AGS testing in Fmr1 knockout and wild-type mice was conducted as previously described
(Armstrong et al., 2020). Convulsive behaviors elicited by auditory stimuli are documented
as AGSs, and reflect seizure activity measured by electroencephalography (Garcia-Cairasco,
2002; lida et al., 1998). Experimentally-naive, juvenile mice were acclimated to a procedure
room with dimmed lighting, relative to the vivarium, in their home cages for = 30 minutes
prior to injections. Mice were weighed and then vehicle, lorcaserin (1, 3, 5.6, or 10 mg/kg;
solutions from 431 pM (0.1 mg/mL) to 4.31 mM (1 mg/mL) were made, and assuming a
mouse weight of 25 g and 15 mL of total body fluid (RMI Pharmacokinetics), then in vivo
concentrations were ~7.18 to 71.8 uM), or MPEP (30 mg/kg or an in vivo concentration of
~218.3 uM), a non-competitive mGIuR5 antagonist used as a positive control antiepileptic
(YYan et al., 2005), was administered to Fmr1 knockout mice; wild-type mice were treated
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with vehicle only. To assess a potential contribution of 5-HT,R activation to the effects of
lorcaserin, a separate group of mice was pretreated with the selective, high-potency 5-
HT,aR antagonist/inverse agonist, M100907 (0.03 mg/kg; or an in vivo concentration of
~0.122 pM) (Canal et al., 2013a), alone or 10 minutes prior to treatment with lorcaserin (5.6
mg/kg). After injection(s), mice were placed back in their cages, and then were tested 30
minutes later. Pretreatment periods for all compounds were based on prior studies in rodents
(Fantegrossi et al., 2010; Gleason and Shannon, 1997; Serafine et al., 2016; Silenieks et al.,
2019; Yan et al., 2005).

Mice were placed in a clear, polycarbonate box (46 cm x 20 cm x 20 cm) covered with a
plastic screen and allowed to acclimate for <8 minutes before being exposed to an alarm
(RadioShack Kit #49-1010, doorstop alarm) for five minutes, held by hand ~20 cm away
from the mice. A sound-level meter/data logger (REED Model SD-4023) with a frequency
range of 31.5-8000 Hz and a decibel range of 30-130 dB was placed ~20 cm from the alarm
to ensure that the sound pressure levels were approximately the same during each
experiment. The sound meter was pre-programmed to frequency weighting A (human ear
listening), time weighting of 200 ms and sampling rate of 1 s. Tests were video-recorded
using a high-definition camcorder (Vixia HF R800, Canon). A maximum of 8 mice (4 per
box) were tested simultaneously in the AGS assay. The average (£ standard deviation (SD))
baseline sound pressure in the testing room was 52 + 4 dB, and the average alarm sound
pressure was 109 = 2 dB (N=29 trials).

Behavioral responses, including “normal responses,” wild running and jumping (WRJ),
TCS, and lethality caused by respiratory arrest, were documented during the test. Seizure
prevalence was defined as the presence of TCS. “Normal responses” included sniffing,
walking, rearing, sitting, urinating, defecating, grooming, socializing, squinting of eyes,
episodes of initial hyperlocomotion, running without jumping, and jumping without running.
In general, an AGS followed a sequence that began with a startle response upon first
sounding the alarm, followed by freezing and squinting of eyes, one or multiple WRJ
phase(s), brief opisthotonos with an open mouth, a clonic phase with the mouse lying on one
side (left or right) of its body with head, neck, trunk and limbs ventro-flexed (muscle jerking
and twitching with rigidity), a brief (~5 s) tonic seizure phase with full extension of
extremities (muscle stiffening) and respiratory arrest (lida et al., 1998; Ross and Coleman,
2000). Mice that recovered from the TCS phase typically exhibited Straub tail, tremors and a
full body vibrating shudder that transitioned to normal behaviors or freezing until the end of
alarm exposure. Latency to and duration of each response for each mouse were documented
by visual observation of video recordings.

2.4. Cell Growth and Transfection of Plasmids Encoding 5-HTRs

Plasmids encoding h5-HT24 and h5-HT ¢ RS were obtained from the cDNA Resource
Center. Plasmids encoding m5-HT, and m5-HT,c.ynyRS were obtained from Origene.
Fetal Bovine Serum (FBS) and dialyzed FBS (dFBS) were obtained from Atlanta Biological,
Corning Life Sciences, and Gibco. Dulbecco’s modified Eagle’s medium (DMEM) and
Inositol-free DMEM were purchased from Corning Life Sciences, and UltraMEM was
purchased from Lonza. Human embryonic kidney cells (HEK293, ATCC CRL-1573) were
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used for all binding and functional assays. Cells were grown in an incubator at 37°C, 5%
CO», and 95% humidity in 10 cm dishes with DMEM medium containing 10% FBS and 1%
penicillin-streptomycin. Cells were transfected at ~80% confluency, with 15 pg of h5-HTa,
h5-HT,c, m5-HToa or m5-HTocR ¢cDNA and 30 pL TurboFect transfection reagent
(ThermoFisher Scientific) in 2 mL UltraMEM and 8 mL DMEM with 10% dFBS.

Mouse receptor plasmids used for in vitro receptor pharmacology experiments encode for
C57BL/6J mouse 5-HT,aRs (Genome Reference Consortium Mouse Build 39) and
unidentified “house mouse” (typically associated with the C57BL/6J mouse strain) 5-
HTocRs (MGC_Program_Team, 2002). To maintain consistency with in vitro pharmacology
experiments, we used C57BL/6J mice for in vivo pharmacology experiments

Radioligand Competition Binding Assays

Approximately 48 hours after transfection, cells were collected and homogenized in ice-cold
50 mM Tris, 10 mM MgCl,-6H,0, and 0.1 mM EDTA, pH 7.4 (assay buffer). Homogenate
was spun at 45009 for 10 minutes at 4°C using a Sorvall Legend X1R tabletop centrifuge
(ThermoFisher Scientific) three successive times, discarding the supernatant after each time,
and then the pellet was used immediately for testing or stored at —80°C for later testing.
Competition binding assays with lorcaserin and control ligands were performed in 96 well
plates, using ~2 nM [3H]Ketanserin to radiolabel 5-HT,aR, and ~2 nM [3H]Mesulergine to
radiolabel 5-HT,cR orthosteric binding sites. Non-specific binding was determined in the
presence of 10 uM mianserin for all 5-HT,Rs. Plates containing test ligands, radioligand,
and cell membranes in assay buffer were covered and incubated on a shaker for 90 minutes
at room temperature. Plate contents were rapidly filtered through Whatman GF/B filter mats
using a 96-well cell harvester (Brandel), which were then washed, by filtration, three to five
times with ~200 mL of ice-cold 50 mM Tris-HCI to remove unbound radioligand. Filter
mats containing bound radioligand were dried, saturated with scintillation cocktail
(ScintiVerse Cocktail, Fisher Scientific), and then counted for [2H]-induced scintillations
using a PerkinElmer Tri-Carb 2190TR liquid scintillation counter.

2.6. 5-HT,cR- and 5-HT,pR-Mediated Phosphoinositide Hydrolysis

Growth medium was discarded 24-hr after transfection, and replaced with 14 mL of inositol-
free DMEM containing 5% dialyzed FBS. Cells were detached and collected in a sterile 16
mL centrifuge tube. [*H]myo-inositol (1 uCi/mL) was added to the tube, and contents were
vortexed thoroughly. Cells (300 pL per well) were seeded into 48-well CellBind plates
(Corning Life Sciences), and placed in a cell incubator overnight. On the day of the assay,
medium was carefully discarded to minimally disrupt the attached cells, and replaced with
450 pL of inositol-free DMEM. After a 1-hour incubation, 10 uM (final concentration)
pargyline, 10 mM (final concentration) LiCl, and test ligands (50 pL) were added to the
plate wells, and plates were placed again in the cell incubator for 45 minutes. Medium was
then discarded, and 400 pL of 50 mM formic acid was added to lyse the cells and terminate
reactions at room temperature. After 1 hour, 200 pL of 150 mM ammonium formate was
added to neutralize the solution, and plates were frozen at —80°C. The next day, the plates
were thawed and added to anion exchange columns (Bio-Rad Labratories, Hercules, CA) to
bind and isolate [3H]inositol phosphates (Canal et al., 2013b). One mL of isolated
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[3H]inositol phosphates was added to 10 mL of scintillation cocktail, vortexed vigorously,
then scintillations were counted using a PerkinElmer Tri-Carb 2190TR liquid scintillation
counter.

2.7. Lorcaserin 5-HT,cR and 5-HT,aR In Vivo Pharmacology: Effects of Lorcaserin and
SB242084 plus Lorcaserin on the HTR and on Locomotor Behavior

C57BL/6J mice were acclimated to a procedure room =60 minutes before administration of
test compounds, and then were injected s.c. with Milli-Q water containing 5% DMSO
(vehicle) or the selective, high potency 5-HT,cR antagonist, SB242084 (0.5, 1 mg/kg or an
in vivo concentration of ~2.11 to 4.22 UM, respectively) (Canal et al., 2013a). Milli-Q water
(vehicle) or lorcaserin (3.0 mg/kg) was injected s.c. 10 minutes later. After 10 minutes, mice
were placed in a clear open-field plexiglass chamber (43 x 43 cm; Med Associates, St
Albans, VT), and locomotor activity (distance traveled in cm) was video recorded and
calculated by Ethovision software (Noldus Information Technology). HTRs, defined as
rapid, discrete, jerks of the head—akin to myoclonus—were counted using a hand-held tally
counter by a trained observer who was blind to drug treatment.

2.8. Lorcaserin 5-HTocR and 5-HT2aR In Vivo Pharmacology: Effects of Lorcaserin on the
DOl-elicited HTR and on Locomotor Activity

C57BL/6J mice were acclimated to the testing room = 60 minutes before administration of
test compounds, and then were injected s.c. with Milli-Q water (vehicle) or lorcaserin (1, 3,
or 5.6 mg/kg) followed 10 minutes later by injection of the psychedelic 5-HT,R agonist,
DOI (1.0 mg/kg or an in vivo concentration of ~ 4.67 uM). Ten minutes later, mice were
placed into the open-field for a 10-minute observation session. HTRs were counted, using a
tally counter, by a trained observer who was blind to treatment. Simultaneously, locomotor
activity was video recorded and calculated by Ethovision software.

C57BL/6J mice were chosen for in vivo experiments evaluating 5-HT,R activity based on
our observations that C57BL/6J mice exhibit a robust HTR relative to sighted FVB mice
(wild-type of our Fmr1 knockout mice)(Canal et al., 2010a; Chen et al., 2019); the robust
HTR in C57BL/6J mice permits observations of subtle, but significant effects of drugs on
the HTR. Here we reproduced the findings of (Canal and Morgan, 2012; Canal et al., 2010;
Chen et al., 2019; Halberstadt et al., 2020) that show the relatively low number of HTRs
exhibited by wild-type, sighted FVB mice, 10 min after treatment with 1 mg/kg DOI (Figure
S1). Furthermore, we did not observe significant differences in the HTR between wild-type,
sighted FVVB mice and Fmr knockout mice on the same background (Figure S1), suggesting
no differences in in vivo 5-HT,R function caused by the loss of FMRP.

2.9. Statistical Analyses

Statistical tests were performed using GraphPad Prism (\Version 9). AGS—WRJ, TCS, and
lethality—frequencies were analyzed using Fisher’s exact test (two-sided, a=0.05). Fisher’s
exact test was also used to evaluate sex effects on AGSs. Compound effects on latency to
and duration of each response were analyzed by one-way ANOVA with Dunnett’s post-hoc
test comparing all Fmr1 knockout treatment groups with vehicle-treated Fmr1 knockout
mice. A one-way ANOVA with Tukey’s post-hoc test was used to make statistical
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comparisons of the HTR and locomotor data, except for effects of lorcaserin and lorcaserin
co-treatment with SB24084 on locomotor activity, wherein Tukey’s multiple comparisons
post-hoc test was used. All in vivo data were subjected to ROUT tests (Q=5%) to exclude
likely outliers.

Radioligand competition binding data were analyzed using the *“one site fit-K;” model
compared to the “two site fit-K;” model. Ky values were set to 1.57 nM for [3H]Ketanserin
at 5-HT,aRs and 2.00 nM for [3H]Mesulergine at 5-HT,cRs, based on (Canal et al., 2013b;
Liu et al., 2017; Olaghere da Silva et al., 2010; Roth, 2013). Results from 5-HT,R-mediated
phosphoinositide hydrolysis assays were analyzed using the “log(agonist) vs. response (three
parameters)” model to obtain ECgg and Eqax Values of individual compounds. Ky and K;
values report ligand affinities, or how tight a ligand binds to a target, but they are obtained
through different experimental methods; though Ky and K; values are similar, they can be
significantly different from one another. We refer readers unfamiliar with these concepts to
(Canal, 2018).

3. Results

3.1. Audiogenic Seizures

As shown in Figure 1, consistent with previous findings, vehicle-treated juvenile Fmri
knockout mice exhibited significantly higher seizure prevalence and lethality compared to
vehicle-treated juvenile wild-type mice (70% vs 10%, P<0.0001, and 60% vs. 5%,
P=0.0002, respectively), and the positive control, MPEP (30 mg/kg), significantly reduced
seizure prevalence (12%, P=0.011) and lethality (12%, P=0.038) in Fmr1 knockout mice to
wild-type levels (Yan et al., 2005).

The main observation from this set of experiments is that lorcaserin was ineffective at
preventing AGSs in Fmr1 knockout mice. However, relative to vehicle-treated Fmri
knockout mice, lorcaserin, at 3 mg/kg, showed a trend to decrease AGS-elicited lethality
(60% vs. 28%, respectively, P=0.0585). At 5.6 mg/Kkg, it showed a trend to increase AGS
prevalence (70% vs. 94%, respectively, P=0.093). At other doses, lorcaserin did not affect
lethality (67%, P=0.74 at 1 mg/kg and 78%, P=0.31 at 5.6 mg/kg and 10 mg/kg) or
prevalence (1 mg/kg =83%, P=0.45; 3 mg/kg =56%, P=0.5; 10 mg/kg =89%, P=0.24)
relative to vehicle (Figure 1). Similarly, treatment with M100907 (0.03 mg/kg) alone or with
lorcaserin, 5.6 mg/kg had no effect on seizure prevalence (100%, P=0.14 alone and 90%,
P=0.37 with lorcaserin) or lethality (88%, P=0.21 alone and 50%, P=0.71 with lorcaserin),
relative to vehicle. There was no statistically significant difference in seizure prevalence
between vehicle-treated male and female FmrI knockout mice (P=0.63), though there was a
trend of decreased lethality in female FmrZ knockout mice (P=0.17).

We also assessed whether lorcaserin affected other AGS parameters including response
latency and duration (Figure 2). Mean latency in seconds (+ SD) to the first episode of WRJ,
TCS, and lethality of vehicle-treated Fmr1 knockout mice was 36 (£11), 41 (8), and 54
(£7), respectively. A significant difference was observed between mean WRJ latencies (F (7,
82) = 71.91, P<0.0001, one-way ANOVA). Post-hoc test revealed that the latency to WRJ
following MPEP treatment (160 (+19)) was significantly longer than the latency in vehicle-
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treated Fmr1 knockout mice (P<0.0001), and this was similar to wild-type mice that
exhibited WRJ (144 (£93)). Lorcaserin did not affect WRJ latency. Mean TCS onset
latencies were also significantly different among treatment groups (F (6, 75) = 4.042,
P=0.0015, one-way ANOVA). Post-hoc test showed that lorcaserin 5.6 mg/kg increased TCS
onset latency to 58 (£21) compared to vehicle (41 (£8), P=0.0082) (Figure 2A). Latency to
lethality was similar among all treatment groups (F (6, 55) = 2.209, P=0.056, one-way
ANOVA).

As shown in Figure 2B, the mean duration in seconds (+ SD) of WRJ and TCS for vehicle-
treated Fmrl knockout mice was 10 (£5) and 15 (&5), respectively. A main effect of
treatment was observed in mean WRJ durations (F (7, 84) = 4.886, P=0.0001, one-way
ANOVA), with most of the variance attributed to the lorcaserin 5.6 mg/kg alone (19 (£12),
P=0.0097) and in combination with M100907 (20 (+14), P=0.018) increasing WRJ durations
compared to vehicle (10 (£5)). Initial comparisons in TCS durations showed a statistically
significant difference between groups (F (6, 82) = 2.245, P=0.047, one-way ANOVA),
however, post-hoc test did not reveal any differences.

Some female, but no male Fmri knockout mice that received lorcaserin alone (=3 mg/kg)
displayed WRJ episodes after recovery from TCS. This response could be a prolonged motor
after-excitation, distinct from WRJ or a part of the seizure as described previously in
spontaneously epileptic rats (Asano et al., 1990). This peculiar behavior was not observed in
mice that received vehicle or M100907 alone. One Fmr knockout male that received 1
mg/kg lorcaserin displayed two full seizure sequences (separated by an extra WRJ/ motor
excitation phase) and died 15 s after the alarm was stopped. Lastly, purposeless oral
movements and “mild hiccups” were also observed in some animals that received lorcaserin.
This is consistent with previous in vivo studies with 5-HT,cR agonists (Beyeler et al., 2010;
Navailles et al., 2013; Silenieks et al., 2019).

Lorcaserin: In Vitro Pharmacology at Human and Mouse 5-HTycRs and 5-HTyaRs

In vitro affinities (Kj) and functional (ECsp) activities at h5-HTycRs, m5-HT,cRS, h5-
HT,aRs, and m5-HT,aRs are reported in Table 1 and shown in Figures 3 and 4. In vitro
affinity was assessed using antagonist radioligand competition binding assays. The rank
order of binding potencies at h5-HT,ARs was ketanserin>DOI>5-HT>lorcaserin, which was
the same as the rank order of binding potencies at m5-HT,aRs. Though, the agonists
exhibited lower affinity at m5-HT,aRs compared to h5-HT,aRs. The rank order of binding
potencies at h5-HT,cRs was mesulergine>5-HT=DOI>lorcaserin. The rank order of binding
potencies at m5-HT,cRs was mesulergine>DOI1>5-HT>lorcaserin, owing to a lower affinity
of 5-HT at m5-HT,cRs compared to h5-HT,cRs. The affinities of 5-HT and DOI at h5-
HT,aRs and m5-HToaRs and h5-HT,cRs and m5-HT,cRs that we observed here were
modestly lower than our previous observations (Canal et al., 2013a).

Intriguingly, lorcaserin exhibited relatively low affinities at all antagonist-labeled receptors,
including 5-HTycRs (i.e., >650 nM at 5-HTocRs and >1,500 nM at 5-HT,RSs), and the
lorcaserin data fit best to a one-site model, with /£2=0.96; for the two-site model, Prism was
able to find best-fit values, but was unable to calculate complete confidence intervals (Cl).
Consistent with classic agonist binding, the DOI and 5-HT data at h5-HT,aRs and m5-

Epilepsy Res. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saraf et al.

3.3.

Page 11

HT,aRs fit best to the two-site model (P’s=0.0005 and 0.0008, respectively, compared to the
one-site model).

For DOI at h5-HT,aRs, the pKj (95% CI) at the low-affinity site was 7.52 (7.74 to 7.10),
and the pK; (95% Cl) at the high-affinity site was 8.55 (9.17 to 8.11), with £2=0.98. For
DOl at m5-HT»aRs, the pK; (95% ClI) at the low-affinity site was 7.02 (7.32 to 6.30), and
the pK; (95% ClI) at the high-affinity site was 8.01 (8.70 to 7.64), with /£2=0.98. For 5-HT at
h5-HT RS, the pKj (95% CI) at the low-affinity site was 5.73 (6.32 to 4.81), and the pK;
(95% Cl) at the high-affinity site was 7.13 (7.47 to 6.91), with £2=0.97. For 5-HT at m5-
HToaRs, the pKj (95% CI) at the low-affinity site was 5.75 (6.14 to 5.13), and the pKj (95%
Cl) at the high-affinity site was 7.31 (7.94 to 6.81), with /£2=0.90.

5-HT binding data at h5-HT,cRs and m5-HT,¢Rs also fit best to the two-site model
(P’s=0.0015 and 0.0049, respectively). For 5-HT at h5-HT,cRs, the pK; (95% CI) at the
low-affinity site was 6.34 (6.87 to 5.40), and the pK; (95% CI) at the high-affinity site was
7.50 (8.22 to 7.17), with R2=0.95. For 5-HT at m5-HT,cRs, the pK; (95% CI) at the low-
affinity site was 6.15 (6.71 to 4.99), and the pKj (95% ClI) at the high-affinity site was 7.30
(8.33 to 6.90), with #2=0.96. DOI binding data at h5-HT,cRs and m5-HT,cRs fit best to a
one-site model, with £2=0.93 and 0.96, respectively. Ketanserin and mesulergine binding
data fit best to the one-site model, with /£2>0.98, as expected.

In vitro functional activity at 5-HT,aRs and 5-HT,cRs was assessed using phosphoinositide
hydrolysis assays. Lorcaserin, DOI, and 5-HT stimulated inositol phosphate production via
activation of 5-HT,aRs and 5-HT,cRs. As shown in Table 1 and Figure 4, lorcaserin, DOI,
and 5-HT had practically indistinguishable, low nanomolar potencies to activate h5-HT,cRs
and m5-HTycRs, and lorcaserin and DOI behaved as full agonists, relative to 5-HT. At 5-
HT,aRs, however, potencies differed. The rank order of functional potencies at h5-HT,aRs
was DOI>5-HT>lorcaserin (Table 1). Relative to 5-HT, DOI displayed full efficacy h5-
HT,aR agonist activity, whereas lorcaserin displayed high, partial agonist activity at h5-
HToARS (Emax=74.9%). Results at the m5-HT,aR were very similar to the h5-HT,aR. The
rank order of potencies was DOI>5-HT>lorcaserin. Relative to 5-HT, DOI displayed full
efficacy m5-HT,R agonist activity, whereas lorcaserin displayed high, partial agonist
activity at m5-HTaRS (Emax=84.6%).

Lorcaserin: In Vivo 5-HT,R Pharmacology

To evaluate lorcaserin’s 5-HT2R activity in C57BL/6J mice, we first tested its ability to elicit
the 5-HT,5R-dependent HTR—that can also be modulated by 5-HTocRs—on its own and
after co-administration with the selective 5-HT,cR antagonist, SB242084. There was a main
effect of treatment (F (3, 23) = 4.341; P=0.01). As shown in Figure 5A, relative to vehicle
treatment, lorcaserin 3 mg/kg, on its own, did not elicit an HTR (means = 2.6 and 4.1,
respectively). Co-administration of the selective 5-HT,cR antagonist, SB242084 (0.5 or 1
mg/kg), with lorcaserin (3 mg/kg), however, elicited an HTR significantly greater than
vehicle-treated mice (means = 7 and 6.3 compared to 2.6; P=0.01 and 0.03), suggesting 5-
HT,cR activation by lorcaserin has a modest suppressive effect on the HTR elicited by 5-
HT,aR activation, similar to what has been observed in rats (Serafine et al., 2015). These
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results provided initial in vivo evidence that lorcaserin, at 3 mg/kg, activates 5-HT,cRs and
5-HT,aRs in mice.

To further investigate interactions with 5-HT,aRS in vivo, lorcaserin was co-administered
with the psychedelic, modestly preferential 5-HT,R agonist, DOI, to evaluate lorcaserin’s
effects on the 5-HT,aR-dependent DOI-elicited HTR. There was a main effect of treatment
(F (3, 38) = 4.109; P=0.01). Surprisingly, as shown in Figure 5B, lorcaserin, when co-
administered with DOI (1 mg/kg), did not suppress HTRs, an effect that has been observed
with other 5-HT»cR agonists (Canal et al., 2013a; Fantegrossi et al., 2010); rather, lorcaserin
dose-dependently increased the HTR. Lorcaserin (3 and 5.6 mg/kg) plus DOI significantly
increased HTRs relative to DOI alone (means = 44.1 and 44.9 compared to 37.6; P=0.03 and
0.02), suggesting lorcaserin at these doses potentiates 5-HT,aR activity in mice.

Activation of 5-HT,cRs reduces locomotion, whereas activation of 5-HT,aRs increases
locomotion in C57BL/6J mice (Canal et al., 2013a; Halberstadt et al., 2009). Therefore, to
further probe interactions with 5-HT,cRs and 5-HToaRs in vivo, lorcaserin was evaluated
for its effects on locomotor activity on its own, when co-administered with SB242084, and
when co-administered with DOI. There was a main effect of treatment in the vehicle vs.
lorcaserin (3 mg/kg) vs. lorcaserin (3 mg/kg) plus SB242084 experiment (F (3, 23) = 46.95;
P<0.0001). As shown in Figure 5C, lorcaserin, 3 mg/kg, significantly reduced locomotor
activity relative to vehicle (P<0.0001), an effect overturned by SB242084, 0.5 mg/kg and 1
mg/kg. In addition, the 0.5 mg/kg dose of SB242084 combined with lorcaserin 3 mg/kg,
significantly enhanced locomotor activity, relative to the vehicle group (P=0.0003) and the
SB242084 1 mg/kg group (P=0.0004). There was also a main effect of treatment in the DOI
(1 mg/kg) vs. lorcaserin (1, 3, 5.6 mg/kg) plus DOI experiment (F (3, 38) = 26.06;
P<0.0001). When co-administered with DOI, as shown in Figure 5D, lorcaserin, at each dose
tested, 1, 3, and 5.6 mg/kg, significantly decreased locomotor activity relative to the DOI
only group (P’s<0.0008). Collectively, these data provide evidence that lorcaserin, at doses
of 1 mg/kg or higher, stimulates 5-HT,cRs and, at doses of 3 mg/kg or higher, stimulates 5-
HT,aRSs in vivo in mice.

4. Discussion

This is the first study to evaluate the anticonvulsant potential of lorcaserin in juvenile male
and female Fmr1 knockout mice, a model of FXS and ASD, and the first to assess
lorcaserin’s pharmacology at m5-HT,cRs and m5-HT,aRs both in vitro and in vivo, in
order to support conclusions about lorcaserin’s target engagement in mice. First, the
mGIuR5 non-competitive antagonist, MPEP, used as a positive control, prevented AGSs in
juvenile, Fmr1 knockout mice, which replicates previous reports (Yan et al., 2005)—an
effect also observed in another mouse model with an AGS phenotype (Kazim et al., 2017)—
validating our AGS assay. Lorcaserin, at none of the four doses tested (1-10 mg/kg), was
effective at preventing AGSs, however, lorcaserin at one dose, 3 mg/kg, decreased AGS-
induced lethality by ~32%, which was nearly statistically significant. Lorcaserin, at the 5.6
mg/kg dose, increased the latency to TCS, while concomitantly increasing the duration of
WRJ, though, these effects were not observed at any other dose. Although it did not increase
latency to TCS, lorcaserin 5.6 mg/kg plus M100907 increased WRJ duration, relative to
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vehicle. Increased duration of WRJ may suggest either a more severe AGS response or
resistance to TCS (Garcia-Cairasco, 2002; Ross and Coleman, 2000). In a temporal lobe
epilepsy model in rats, lorcaserin, 3 mg/kg, decreased seizure duration without affecting
onset, but in rats with absence seizures and in scnilLab mutant zebrafish larvae, it increased
seizure duration despite reducing the number of seizures (Griffin et al., 2017; Orban et al.,
2014; Venzi et al., 2016). These inconsistencies do not support strong conclusions regarding
our current observations that lorcaserin, at 5.6 mg/kg, increased latency to TCS and duration
of WRJ.

Lorcaserin’s general lack of anticonvulsant efficacy in juvenile Fmr1 knockout mice is in
line with a recent report that tested its effects on induced seizures in wild-type mice and rats
(Silenieks et al., 2019). Silenieks et al. showed that lorcaserin does not protect against
maximal electroshock seizure, electrical convulsive seizures, or pentylenetetrazol-induced
seizures. Our results with lorcaserin, however, are distinct from reports that show lorcaserin
possesses anticonvulsant effects in rat genetic absence seizures, at 3 and 10 mg/kg, in a
scnilab mutant zebrafish model of DS, and in a clinical study of children with DS
presenting with generalized TCSs (maximum 10 mg twice a day or ~0.3mg/kg/day) (Griffin
et al., 2017; Sourbron et al., 2016; Venzi et al., 2016).

The reasons for the discrepancies in findings with lorcaserin may be due to
pharmacodynamic and pharmacokinetic factors across species (Panczyk et al., 2015), or to
different mechanisms underlying seizures in different diseases, e.g. DS—caused by non-
functioning voltage-gated sodium Na(V)1.1 channels that leads to impaired GABAergic
function, which can be regulated by 5-HT,¢cRs (Griffin et al., 2017; Tiraboschi et al., 2020)
—versus FXS—caused by loss of the FMRP protein that also impairs GABAergic function
(Sabanov et al., 2017), but which may not be regulated by 5-HT,cRs.

Regarding pharmacodynamics, relative to 5-HT,aRS, lorcaserin has only modest selectivity
as a 5-HT,cR agonist, and thus, modest differences in dosing as well as species-dependent
differences in 5-HT,Rs could impact behavioral results. Indeed, 5-HT,aRS, across various
species, have been reported to modulate epileptiform activity, but whether activation or
inactivation improves outcomes is unclear (Halberstadt, 2017; Hatini and Commons, 2020;
Mishra and Goel, 2019; Ray et al., 2019; Sourbron et al., 2016). We replicated the original
report that lorcaserin has selectivity for activating h5-HT,cRs, relative to h5-HT,aRs, 38-
fold in our observations compared to 18-fold (Thomsen et al., 2008), and lorcaserin was a
full agonist at h5-HT,cRs and a nearly full agonist at h5-HT,aRs. Like its activity at h5-
HT,cRs and h5-HT,aRs, lorcaserin was a full agonist at m5-HTocRs and nearly a full
agonist at m5-HT,aRs. Although lorcaserin also showed selectivity for activating m5-
HTocRs, relative to m5-HT,RS, germane to our study, its m5-HT,cR/m5-HTo4R
selectivity was 13-fold. In other words, lorcaserin’s 5-HTocR/5-HToaR selectivity was
about 3-fold less at mouse compared to human receptors, due to lower potency to activate
m5-HT,cRs compared to h5-HT,cRs. These results are similar to those obtained with rat 5-
HT,cRs and 5-HToaRS, where lorcaserin has about 4-fold rat 5-HTocR/5-HToaR selectivity
(Thomsen et al., 2008). Notably, there is at least one key amino acid in h5-HT,aRs, which
contributes to binding and function of certain ligands, that is different in rat 5-HT,aRs and
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m5-HT,aRs (Canal et al., 2013b). Together, these results show that lorcaserin, relative to h5-
HTocRs, is a less selective rat 5-HTocR and m5-HTo¢R agonist.

To evaluate lorcaserin’s 5-HToAR and 5-HTo¢R activity in mice, we tested its effects on the
5-HT,aR-dependent HTR that can be modulated by 5-HT,cRs (Canal and Morgan, 2012;
Canal et al., 2010; de la Fuente Revenga et al., 2020; Fantegrossi et al., 2010; Halberstadt
and Geyer, 2013), and its effects on locomotor activity, sensitive to 5-HToaR and 5-HT,cR
activation (Canal et al., 2013a; Halberstadt et al., 2009). Lorcaserin, 3 mg/kg, caused
hypolocomotion, but did not elicit an HTR. Co-treatment with SB242084, 0.5 mg/kg,
however, reversed lorcaserin-induced hypolocomotion and unveiled an HTR, suggesting
lorcaserin engages 5-HT,aRs and 5-HT,cRs at 3 mg/kg. This treatment, however, did not
result in lorcaserin eliciting nearly as many HTRs as DOI, a highly selective psychedelic 5-
HT4R agonist. Specifically, DOI elicited 5-fold more HTRs than SB242084 plus lorcaserin,
suggesting that lorcaserin, 3 mg/kg, engages either additional targets that suppress the HTR,
does not occupy enough 5-HToaRS to cause a robust HTR like DOI (1 mg/kg), or that it
stabilizes 5-HToaRs in a conformation(s) that stimulates 5-HToaR signaling that hinders the
HTR (Gonzalez-Maeso et al., 2007). In support of the first possibility, 5-HT AR activation
suppresses the HTR in mice (Brandt et al., 2018; Canal et al., 2015), and lorcaserin induces
forepaw treading in rats at ~3 mg/kg, an effect blocked by the 5-HT; AR antagonist,
WAY-100635 (Serafine et al., 2015). These data suggest lorcaserin activates rodent 5-
HT1aRs at 3 mg/kg or higher, which could explain its minimal efficacy to elicit the HTR,
even when 5-HT,¢Rs are blocked. In support of lorcaserin 3 mg/kg not occupying a
sufficient number of 5-HT,Rs to elicit a robust HTR, lorcaserin has ~200-fold lower
potency to activate m5-HToaRs relative to DOI. Thus, tests of much higher concentrations
of lorcaserin are needed to evaluate this possibility.

In support of lorcaserin stabilizing unique 5-HT,aR conformations, in h5-HT,aR and m5-
HT,AR competition binding assays with [2H]ketanserin, the lorcaserin concentration-
response curve did not fit to a two-site model, whereas the DOI concentration-response
curve did. These data suggest lorcaserin, relative to DOI, binds uniquely to 5-HT,aRs and
may elicit unique 5-HT,aR signaling that does not lead to an HTR. Also, lorcaserin appears
to be devoid of LSD-like psychedelic effects in humans, even at supratherapeutic doses that
likely engage 5-HT,aRs (Shram et al., 2011). Interestingly, contrary to effects observed in
rats with the structurally similar psychedelic 5-HT,R agonist, 2,5-dimethoxy-4-
methylamphetamine (DOM) (Serafine et al., 2015), we observed that lorcaserin, up to 5.6
mg/kg, did not suppress the 5-HToAR-dependent, DOI-elicited HTR in mice. Rather,
lorcaserin potentiated the HTR, while independently causing hypolocomotion, a 5-HT,cR-
sensitive response (Halberstadt et al., 2009).

It is challenging to reconcile these data with the effects of lorcaserin plus SB242084 on the
HTR, i.e., we might expect that lorcaserin would dose-dependently decrease the DOI-
elicited HTR if lorcaserin’s in vivo effects are predominantly mediated by activation of 5-
HT,cRs and 5-HT1 pRs—activation of either of these receptors can attenuate the DOI-
elicited HTR in mice (Canal et al., 2013a; Canal et al., 2015; Fantegrossi et al., 2010). A
recent paper, however, showed that a new 5-HT,aR agonist, with 5-HT,cR antagonist
properties does not elicit the HTR in mice (Cameron et al., 2020), and 5-HT,cR agonists or
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antagonists can suppress the HTR in mice, suggesting there may also be unique 5-HT,cR
conformations that can be stabilized by 5-HT,R agonists in vivo (Canal et al., 2013a; Canal
et al., 2010). It is known that various receptors can modulate the HTR (Canal and Morgan,
2012), so uncharacterized targets of lorcaserin could also be contributing to our
observations. We did take note that there appeared to be differences in the qualitative
appearance of the HTR in mice treated with DOI and lorcaserin; this combination caused a
“subtler” or “less intense” HTR, and we observed more head jolts forward and less side-to-
side twitches (data not quantified). Future studies unraveling qualitative differences in the
HTR (de la Fuente Revenga et al., 2020) may unveil unique contributions of receptors or
neural circuits that could have validity for elucidating finely detailed serotonergic receptor
mechanisms that produce antiepileptic effects. Collectively, our observations, at the
minimum, suggest that lorcaserin, at 3 mg/kg and above, activates 5-HT,cRs and 5-HToARS
in mice.

Because of lorcaserin’s activity at 5-HT,aRs, we tested whether blockade of 5-HT,aRs with
M100907 would reveal anticonvulsant effects of lorcaserin mediated by its 5-HTocR and/or
5-HT1 AR agonist activity—like 5-HT,cR activation, 5-HT1 AR activation can attenuate
seizures (Armstrong et al., 2020; Lopez-Meraz et al., 2005). Co-treatment with M100907
and lorcaserin, 5.6 mg/kg, however, did not reduce AGS frequency, AGS-induced lethality,
onset or duration of AGSs, relative to vehicle-treated mice. Treatment with M100907, alone,
also did not impact AGSs, rather, it showed a tendency to exacerbate AGSs. These data
suggest that blockade of 5-HT,aRs does not impact AGSs in juvenile FmrI knockout mice.

Lorcaserin is also a full agonist at h5-HT,gRs (Thomsen et al., 2008), but we did not
determine lorcaserin’s pharmacology at m5-HTogRs, owing to their very low expression in
the mouse and human brain (Bonhaus et al., 1995), and to there being no well-established in
vivo behavior strongly regulated by brain m5-HT,gRs. However, there are reports that
deletion of m5-HT,gRs can produce neuropsychiatric-like phenotypes in mice (Pitychoutis
et al., 2015), and activation of 5-HT,gRs appears to have antiepileptic effects in a zebrafish
model of DS (Griffin et al., 2019). Chronic 5-HT,gR activation is linked to the development
of valvular heart disease (Roth, 2007), so activation of 5-HT,gRs is a “no-go” for nearly all
drug development programs.

Given that lorcaserin was generally ineffective as an anticonvulsant in our Fmr1 knockout
model, these data suggest that, like its effects on the HTR, lorcaserin either has off-target
activity that blunts anticonvulsant potential, or that 5-HT,Rs (and 5-HT1ARS) distinctly
regulate mechanisms that can prevent seizures in models of DS, for example, but not in
models of FXS. AGSs in Fmirl knockout mice are considered generalized convulsive
(motor) seizures. Previous rodent studies showed that lorcaserin attenuates focal seizures
(Orban et al., 2014) and generalized but non-convulsive (non-motor) absence seizures (Venzi
et al., 2016). The onset and manifestation involved in focal and absence seizures,
respectively, are different from those in AGSs. Similarly, DS is characterized by spontaneous
combined generalized and focal seizures (Falco-Walter et al., 2018) while seizures in
juvenile Fmr1 knockout mice are, generally, provoked by sound.
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Other possibilities that could explain our results include altered expression and/or function
of lorcaserin’s target receptors in Fmri knockout mice. The inferior colliculus is an auditory
system necessary for AGSs in Fmr1 knockout mice (Gonzalez et al., 2019), and a rat study
showed that cochlear ablation-induced deafness increases 5-HT,cR gene expression in the
inferior colliculus more than two-fold (Holt et al., 2005). These effects contrast with the
auditory hypersensitivity observed in 5-HT,cR knockout mice (Brennan et al., 1997),
suggesting juvenile Fmr1 knockout mice might have reduced expression and/or function of
5-HT,cRs in the inferior colliculus. We are currently investigating expression and function
of various 5-HTRs in our Fmr1 knockout mice. We recently reported that a novel compound,
FPT, which has potent and efficacious 5-HT; AR agonist activity and 5-HT7R antagonist/low
efficacy, partial agonist activity, along with modestly potent and efficacious 5-HTocR
agonist activity, completely prevents AGSs in juvenile £mrI knockout mice (Armstrong et
al., 2020). More experiments need to be conducted to elucidate the impact of various 5-
HTRs on various types of seizures.

In conclusion, lorcaserin, across a wide dose range, was ineffective at preventing AGSs in
juvenile £Fmr1 knockout mice. This may due to differences in underlying mechanisms of
AGSs in Fmr1 knockout mice compared to seizures present in other preclinical, genetic
models and in DS, where lorcaserin has shown antiepileptic effects. We also showed that
lorcaserin binds uniquely to 5-HT,aRs, compared to other 5-HT,aR agonists, including 5-
HT and DOI, and is a less selective agonist at m5-HT,cRs compared to h5-HTocRs.
Lorcaserin appears to activate 5-HTocRs and 5-HTo4Rs in mice at doses as low as 3 mg/kg,
so careful dose selection is necessary to conclude that effects of lorcaserin in mice are
mediated by 5-HTocRs. Activation of 5-HT,cRs and/or 5-HToaRS by lorcaserin may not be
therapeutic for seizures in FXS.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Lorcaserin did not prevent audiogenic seizures in juvenile Fmrl knockout
mice.

. Lorcaserin’s 5-HTc/5-HTa selectivity was reduced in mouse compared to
human.

. Lorcaserin, at 3 mg/kg or lower, engages off-targets including 5-HTp in
mice.

. Lorcaserin bound distinctly to antagonist-labeled 5-HT,a, compared to 5-HT
and DOI.
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Figure 1.

Effects of lorcaserin (L) on AGSs in juvenile, Fmr1 knockout mice. Wild running and
jumping (WRJ), tonic-clonic seizures (TCS), and lethality were significantly higher in Fmr1
knockout mice that received vehicle (V) as compared to vehicle-treated wild-type (WT)
mice. The positive control, MPEP 30 mg/kg (MPEP), significantly reduced TCS prevalence
and lethality in FmrI knockout mice to WT levels. Lorcaserin 3 mg/kg (L3) tended to reduce
lethality caused by AGSs, though, effects did not reach statistical significance. M, M100907
0.03 mg/kg. N, number of mice tested per group.
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Figure 2.
Latencies to wild running and jumping (WRJ), tonic-clonic seizures (TCS), and lethality (A)

and duration of WRJ and TCS (B) across treatment groups. All treatments were
administered to juvenile FmrI knockout mice; data from vehicle-treated wild-type mice
(WT) are shown for comparison. In Fmr1 knockout mice, MPEP 30 mg/kg (MPEP)
increased WRJ onset latency relative to vehicle (V). Lorcaserin 5.6 mg/kg (L5.6) increased
TCS onset latency compared to V. Latency to lethality was not affected by any treatment.
L5.6 also increased WRJ duration relative to V. Co-treatment with M100907 (0.03 mg/kg)
and L5.6 (M+L5.6) increased WRJ duration relative to V. TCS duration was not affected by
any treatment. Too few mice in the MPEP group displayed TCS and lethality to perform
statistical analyses; similarly, too few WT mice displayed AGSs. Lines through data points
represent means and SDs.
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In vitro, radioligand competition binding of lorcaserin, DOI, 5-HT, and ketanserin or
mesulergine at human (h) and mouse (m) 5-HT,aRs (A and B) and 5-HTocRs (C and D).
Data are concentration—response curves showing means and SEMs, compiled from at least
three independent experiments, wherein each concentration was tested at least in duplicate.
The 1 mM data points were interpolated, so curves reached asymptote (no specific binding).
At 5-HT,Rs, DOI and 5-HT data best fit to a “two-site, fit K;” model, which is shown,
whereas lorcaserin and ketanserin data best fit to a “one-site, fit Kj model,” which is shown.
At 5-HTocRs, 5-HT data best fit to a “two-site, fit K;” model, which is shown, whereas
lorcaserin, DOI and mesulergine data best fit to a “one-site, fit K; model,” which is shown.
NC is an abbreviation for “no compound,” and the associated data points represent total,

specific binding.
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Figure 4.
In vitro, functional activity of lorcaserin, DOI, and 5-HT at human (h) and mouse (m) 5-

HToaRs (A and B) and 5-HT,¢cRs (C and D). All compounds were tested in parallel
measuring inositol phosphate production. Data are concentration—response curves showing
means and SEMs from a minimum of three, independent experiments. Eleven concentrations
of lorcaserin, in half log-increments, were tested in triplicates, and six concentrations of 5-
HT and DOI (controls), in log increments, were tested in duplicates. NC is an abbreviation
for “no compound,” and the associated data points represent basal receptor activity.
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Effects of lorcaserin on the 5-HT,aR-dependent HTR (A and B) and on locomotion (C and
D), sensitive to 5-HTo¢R activation in C57BL/6J mice. Lines through data points represent
means and SDs. A) Lorcaserin at 3 mg/kg (V/L3) did not elicit more HTRs than vehicle-
treated (V/V) C57BL/6J mice, however, when co-administered with 0.5 mg/kg of the
selective 5-HTo¢R antagonist, SB242084 (S0.5), mice exhibited significantly more HTRs
than vehicle-treated mice. B) Though the effect was small, lorcaserin dose-dependently
increased HTRs elicited by the psychedelic 5-HT> agonist, DOI. Note that co-treatment with
SB242084 and lorcaserin (S0.5/L.3, S1/L3) caused much fewer HTRs than DOI (V/D1) or
DOl plus lorcaserin (L1/D1, L3/D1, L5.6/D1). C) Lorcaserin (3 mg/kg) caused
hypolocomation, an effect reversed by co-treatment with SB242084 (S0.5/L3, S1/L3). D)
When co-administered with DOI, lorcaserin dose-dependently decreased locomotor activity.
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Table 1.

Affinities, obtained from a “one-site — fit K;” model of antagonist radioligand competition binding data, and
ECsq values, obtained from phosphoinositide hydrolysis data, at h and m5-HT, and 5-HT,cRs expressed in
HEK?293 cells. [2H]Ketanserin was used to label 5-HT,4Rs; [BH]Mesulergine was used to label 5-HT,cRs.
Note, for those compounds with affinities that fit better to a “two-sites — fit K;” model*, the Kj’s at the “low
affinity” and “high affinity” receptor populations are reported in the Results section. In most cases, the R?
values from both the “one-site — fit K" and “two-sites — fit K;” models were >0.95. Kj and ECsg values are
means, and pK; and pECsg values are means (95% confidence intervals). NT is an abbreviation for “not
tested.”

h5-HTya m5-HTa h5-HT N1 m5-HT,c.yny
Compound  Kj;(nM)pK; ECso Ki(nM)pK; ECsp Ki(nM)pK;  ECsp K;i(nNM)pK; ECsp
(95% CI) ("M)PECs,  (95% Cl) ("WM)PECs,  (95%CI)  ("M)PECs,  (95% Cl) ("M)PECsp
(95% CI) (95% Cl) (95% Cl) (95% Cl)
Lorcaserin 1536 5.85 124  6.91 4464 5.35 212 6.68 661 6.18 3.3 848 741 6.13 16 7.80
(5.89 (7.05 (5.43 (6.82 (6.23 (8.70 (6.21 (8.04
to to to to to to to to
5.74) 6.77) 5.28) 6.53) 6.13) 8.26) 6.05) 7.56)
DOl 14* 7.85 15 8.84 33* 7.48 1.0 9.00 96 7.02 41 839 65 7.19 8 8.10
(7.93 (9.00 (7.54 (9.44 (.11 8.76 (7.28 8.41
to to to to to to to to
7.78) 8.67) 7.42) 8.57) 6.93) 8.04) 7.10) 7.80)
5-HT 146* 6.83 23 7.64 348* 6.46 34 7.47 86* 7.06 46 834 148* 6.83 16 7.79
(6.95 (7.82 (6.62 (7.58 (717 (8.54 (6.94 (8.00
to to to to to to to to
6.72) 7.45) 6.31) 7.36) 6.96) 8.14) 6.72) 7.57)
Ketanserin 2.8 8.55 NT NT 2.7 8.57 NT NT NT NT NT NT NT NT NT NT
(861 8.63
to to
8.50) 8.50)
Mesulergine  NT NT NT NT NT NT NT NT 3.8 842 NT NT 34 8.47 NT NT
©.47 (8.52
to to
8.36) 8.41)
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