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The novel non-hallucinogenic compound DM506 
(3-methyl-1,2,3,4,5,6-hexahydroazepino[4,5-b]indole) induces sedative- 
and anxiolytic-like activity in mice by a mechanism involving 5-HT2A 
receptor activation 
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A B S T R A C T   

The anxiolytic and sedative-like effects of 3-methyl-1,2,3,4,5,6-hexahydroazepino[4,5-b]indole (DM506), a non- 
hallucinogenic compound derived from ibogamine, were studied in mice. The behavioral effects were examined 
using Elevated O-maze and novelty suppressed feeding (NSFT) tests, open field test, and loss of righting reflex 
(LORR) test. The results showed that 15 mg/kg DM506 induced acute and long-lasting anxiolytic-like activity in 
naive and stressed/anxious mice, respectively. Repeated administration of 5 mg/kg DM506 did not cause cu
mulative anxiolytic activity or any side effects. Higher doses of DM506 (40 mg/kg) induced sedative-like activity, 
which was inhibited by a selective 5-HT2A receptor antagonist, volinanserin. Electroencephalography results 
showed that 15 mg/kg DM506 fumarate increased the transition from a highly alert state (fast γ wavelength) to a 
more synchronized deep-sleeping activity (δ wavelength), which is reflected in the sedative/anxiolytic activity in 
mice but without the head-twitch response observed in hallucinogens. The functional, radioligand binding, and 
molecular docking results showed that DM506 binds to the agonist sites of human 5-HT2A (Ki = 24 nM) and 5- 
HT2B (Ki = 16 nM) receptors and activates them with a potency (EC50) of 9 nM and 3 nM, respectively. DM506 
was relatively less potent and behaved as a partial agonist (efficacy <80%) for both receptor subtypes compared 
to the full agonist DOI (2,5-dimethoxy-4-iodoamphetamine). Our study showed for the first time that the non- 
hallucinogenic compound DM506 induces anxiolytic- and sedative-like activities in naïve and stressed/anxious 
mice in a dose-, time-, and volinanserin-sensitive manner, likely through mechanisms involving 5-HT2A receptor 
activation.   

* Corresponding author. Department of Physiology and Biochemistry, CHU de Rouen, France. UNIROUEN, Inserm U1239, Neuroendocrine, Endocrine and 
Germinal Differentiation and Communication (NorDiC), Rouen Normandie University, 76000, Mont-Saint-Aignan, France. 

E-mail address: abdeslam.chagraoui@univ-rouen.fr (A. Chagraoui).  

Contents lists available at ScienceDirect 

European Journal of Pharmacology 

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

https://doi.org/10.1016/j.ejphar.2024.176329 
Received 30 October 2023; Received in revised form 9 January 2024; Accepted 10 January 2024   

mailto:abdeslam.chagraoui@univ-rouen.fr
www.sciencedirect.com/science/journal/00142999
https://www.elsevier.com/locate/ejphar
https://doi.org/10.1016/j.ejphar.2024.176329
https://doi.org/10.1016/j.ejphar.2024.176329
https://doi.org/10.1016/j.ejphar.2024.176329
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejphar.2024.176329&domain=pdf


European Journal of Pharmacology 966 (2024) 176329

2

1. Introduction 

Preclinical research on mood disorders is actively producing medi
cations for mood disorders that could circumvent the main issues with 

selective serotonin reuptake inhibitors. These issues include treatment 
resistance in a substantial number of patients, delayed onset of efficacy, 
and specific side effects. (Bose et al., 2012; Hicks et al., 2015; Vahi
d-Ansari et al., 2019). Clinical data suggest that drugs such as psyche
delics may overcome the resistance to current antidepressant/anxiolytic 
medications and provide a short onset of action (Cameron et al., 2023; 
Carhart-Harris et al., 2021; Dos Santos et al., 2021; Holze et al., 2020, 
2023; Pedzich et al., 2022). Although these compounds may be 
considered for novel therapeutic uses, they require specific conditions, 
owing to their ability to induce acute hallucinogenic effects and anxiety. 
Therefore, the development of psychoplastogens for safer therapeutic 
treatment of various neuropsychiatric conditions is needed. 

Classic psychedelics exhibit a complex pharmacological profile that 
converges towards serotonergic receptors, particularly 5-HT2A re
ceptors. Various classic psychedelics, including mescaline, psilocybin, 
N,N-dimethyltryptamine, lysergic acid diethylamide (LSD), TCB-2 [(4- 
bromo-3,6-dimethoxybenzocyclobuten-1-yl)methylamine], and DOI 
[(±)-2,5-dimethoxy-4-iodoamphetamine], bind 5-HT2A receptors and/ 
or modify their function. The 5-HT2A receptor is highly expressed in the 
brain, particularly in the cortex (Weber and Andrade, 2010). Visual 
hallucinations caused by serotonergic hallucinogens, such as psilocybin 
and LSD, are primarily mediated through 5-HT2A receptors (Nichols, 
2004; Vollenweider and Kometer, 2010). However, other 5-HT2A re
ceptor agonists such as lisuride do not induce psychedelic effects in 
humans (Liu et al., 2022) and do not promote head twitching responses 
in mice, a simple behavioural model to address the hallucinogenic 
properties of drugs in humans (Halberstadt, 2015). The mechanisms 
behind the non-psychedelic properties of some 5-HT2A receptor ago
nists could lie in their biased agonism profile (Cao et al., 2022b; Die
z-Alarcia et al., 2021; Gonzalez-Maeso et al., 2007; Muguruza et al., 

2014; Muneta-Arrate et al., 2020) and/or their action on other targets. 
Novel compounds derived from iboga alkaloids (ibogalogs), such as 

tabernanthalog (TBG), induce antiaddictive, antidepressant, and 
anxiolytic-like activities (Cameron et al., 2021; Heinsbroek et al., 2023; 
Lu et al., 2021). DM506 (Fig. 1) is a recently synthesized derivative of 
ibogamine (Cameron et al., 2021; Tae et al., 2023), a member of the 
iboga family comprising alkaloids that exhibit the above-mentioned 
properties (Arias et al., 2020b, 2023a, 2023b; Luz and Mash, 2021; 
Rodriguez et al., 2020). It has a complex pharmacological profile, 
including cholinergic actions, but its ability to trigger 5-HT2A 
receptor-dependent responses has not been explored notably in anxio
lytic responses. 

In this study, we investigated the anxiolytic- and sedative-like ac
tivities of DM506 (3-methyl-1,2,3,4,5,6-hexahydroazepino[4,5-b] 
indole) in mice. The anxiolytic-like activity of DM506 was determined in 
naïve and stressed/anxious mice using the elevated O-maze and novelty- 
suppressed feeding tests (NSFT), whereas its sedative activity was 
determined using the open field and loss of righting reflex (LORR) tests 
(Arias et al., 2023b). The head-twitch response test was used to assess 
whether DM506 has hallucinogenic properties (Fox et al., 2010). The 
involvement of 5-HT2A and/or 5-HT2B receptors in the anxiolytic-like 
activity of DM506 was investigated using volinanserin, a selective 
5-HT2A receptor antagonist (Casey et al., 2022; Jaster et al., 2022). In 
addition, the binding affinity, functional activity, and molecular docking 
of DM506 at both 5-HT2A and 5-HT2B receptors was determined, and 
electroencephalographic (EEG) activity was assessed in freely moving 
mice. 

2. Materials and methods 

2.1. Materials 

[3H]LSD (82.8 Ci/mmol) was obtained from PerkinElmer (Schwer
zenbach, Switzerland). DOI (2,5-dimethoxy-4-iodoamphetamine) was 
obtained from Lipomed AG (Arlesheim, Switzerland). 5-HT hydrochlo
ride (serotonin) was purchased from Merck (Buchs, Switzerland). Voli
nanserin (also known as MDL100907 or M100907) [(R)-(+)-α-(2,3- 
dimethoxyphenyl)-1-[2-(4-fluorophenyl)ethyl]-4-pipidinemethanol] 
was purchased from AdooQ BioScience (CA, USA). TCB-2 [(4-bromo- 
3,6-dimethoxybenzocyclobuten-1-yl)methylamine hydrobromide] and 
DOI [(±)-2,5-dimethoxy-4-iodoamphetamine hydrochloride] were pur
chased from Biotechne-Tocris (Rennes, France). Dimethyl sulfoxide 
(DMSO) was purchased from Sigma-Aldrich (Saint Quentin Fallavier, 
France). Isoflurane was supplied by Covetrus, North America (Dublin, 
Ohio, USA). DM506 (base and fumarate salts) was synthesized as pre
viously described (Tae et al., 2023). Salts, solvents, and reagents were 
obtained from commercial suppliers. 

Abbreviations 

5-HT 5-hydroxytryptamine (serotonin) 
DM506 (ibogaminalog) 3-methyl-1,2,3,4,5,6-hexahydroazepino 

[4,5-b]indole 
TBG (tabernanthalog) 8-methoxy-3-methyl-1,2,3,4,5,6- 

hexahydroazepino[4,5-b]indole fumarate 
DOI 2,5-dimethoxy-4-iodoamphetamine 
TCB-2 (4-bromo-3,6-dimethoxybenzocyclobuten-1-yl) 

methylamine 
volinanserin (MDL 100907) (R)-(+)-α-(2,3-dimethoxyphenyl)-1- 

[2-(4-fluorophenyl)ethyl]-4-pipidinemethanol 
LSD lysergic acid diethylamide 
NSFT novelty-suppressed feeding test 
LORR loss of righting reflex 
RT room temperature 
EEG electroencephalography 
FFT fast Fourier transform 
P1/P2 phase 1 and 2 
IC50 ligand concentration that produces 50% binding 

inhibition 
EC50 ligand concentration that produces 50% response 
Ki inhibitory constant 
IP1 inositol monophosphate 1 
MD molecular dynamics 
RMSD root mean square deviation  

Fig. 1. Molecular structure of DM506 (3-methyl-1,2,3,4,5,6-hexahydroazepino 
[4,5-b]indole) in stick representation. Considering a pKa value of − 1.82 for 
DM506 (calculated using the Biovia Discovery Studio software (Dassault 
Systèmes Co., MA, USA), the azepino N-methyl group is 100% protonated at 
physiological pH. 
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2.2. Behavioral experiments 

2.2.1. Animals 
All experimental procedures were performed in accordance with the 

National Institute of Health Guide for the Care and Use of Laboratory 
Animals, approved by the Regional Ethics Committee for Animal 
Experimentation, and carried out in accordance with the European 
Communities Council Directive (86/609/EEC + 2010/63/UE) and the 
Institutional Animal Care Committee (animal experimentation ethics 
committee n◦054, 2023, France). 

Adult male (30–35 g) Swiss albino CD1 (Electroencephalography 
recording) and C57BL/6J (for behavioral tests) mice were purchased 
from Janvier Labs (Le Genest Saint Isle, France) and Jackson Laboratory 
(Sacramento, CA, USA), respectively. The animals were housed in 
groups with free access to standard diet and water. The animals were 
kept in a ventilated room at a temperature of 22 ± 1 ◦C under a 12 light/ 
12-h dark cycle. 

2.2.2. Open field test 
To determine whether DM506 induced locomotor activity, open- 

field experiments were performed, as previously described (Arias 
et al., 2023b). Mice (n = 10/condition) were habituated to the experi
mental room 24 h before the experiments. The following day, each 
mouse was injected (i.p.) with a single dose (15 or 40 mg/kg) of DM506 
(base) [dissolved in vehicle: DMSO (1%) and NaCl (0.9%)], and loco
motor activity was assessed 15 min after the last injection. 

The animals were placed in a 20 × 20 × 30 cm compartment, in a 
dimly illuminated and quiet room. Mice locomotor activity was auto
matically monitored using a computerized actimeter (Versamax; 
AccuScan Instruments, Inc., OH, USA). Horizontal movements deter
mined by the number of crossed beams were recorded every 10 min for a 
total duration of 60 min. 

2.2.3. Elevated O-maze test 
The anxiolytic-like activity of DM506 was evaluated in naïve mice 

using the elevated O-maze test, as previously described (Arias et al., 
2023b). Mice (n = 10/condition) were habituated to the experimental 
room 24 h prior to the experiments. The following day, mice were 
injected (i.p.) with a single dose (5 or 15 mg/kg) of DM506 (base) 
[dissolved in vehicle: DMSO (1%), NaCl (0.9%)], or vehicle. The 
anxiolytic-like activity of the compound was determined after 1 and 24 h 
(acute effect), and after 48, 72, and 96 h (long-lasting effect). The 
involvement of the 5-HT2A receptor was assessed by administering 0.05 
mg/kg volinanserin (s.c.), an antagonist with high selectivity for the 
5-HT2A receptor (Casey et al., 2022; Jaster et al., 2022), 15 min before 
DM506. To assess whether the efficacy of the compound increased after 
repeated treatment, mice were injected with 5 mg/kg DM506 (i.p.) for 
10 consecutive days, and the elevated O-maze test was performed on day 
5 and day 10, respectively, 15 min after the last injection. 

The elevated O-maze session began by gently placing the mouse, 
with its nose facing one of the closed arms of the maze, allowing it to 
explore freely. The sessions were recorded for 5 min using an automated 
image analysis system (Ethovision XT v13.0; Noldus Information Tech
nologies, Wageningen, Netherlands) placed at the top of the maze. The 
position of the mouse in each area (open or closed arms) was determined 
by the center of gravity of its image (recorded by a camera placed 
approximately 2 m at about 2 m above the maze). The relative degree of 
fear or anxiety can be assessed by comparing the time spent in the closed 
arms with the time spent in the open arms, and the number of entries 
into the closed arms. The maze was cleaned with a 20% ethanol solution 
and dried with a cloth between sessions. 

2.2.4. Novelty-suppressed feeding test 
To assess the anxiolytic-like activity of DM506 in mice under 

stressful/anxiogenic conditions, the novelty-suppressed feeding test 
(NSFT) was performed as previously described (Arias et al., 2020a, 

2023b). Mice (n = 10/condition) were deprived of food for 24 h. The 
following day, the animals were injected (i.p.) with 15 mg/kg DM506 
(base) or vehicle. To determine whether 5-HT2A receptors are involved 
in the effects of DM506, mice were injected (s.c.) with 0.05 mg/kg 
volinanserin 15 min before DM506. One and 24 h after the last injection, 
the following parameters were measured (see Fig. 4A), as previously 
described (Arias et al., 2023a): latency to approach the center of the 
field, latency to eat, food consumption during the first 10 min after 
NSFT, and in-cage latency to eat. 

The apparatus consisted of a highly illuminated open field (40 cm ×
60 cm). A small pellet of the usual food was placed on a platform con
sisting of a Petri dish with a white circle cut from Whatman paper using 
the side walls of the Petri dish as a base to stabilize the position in the 
bedding (see Fig. 3A). On the day of testing, each mouse was gently and 
randomly placed in a corner of the arena, and the timer was started 
immediately. The animals first approached the food pellet, sniffed it 
without biting it, and then grasped it with their front paws and bit it. The 
latency to approach the center and/or eat food was recorded for 5 min. 

2.2.5. Loss of righting reflex (LORR) test 
To determine the sedative/hypnotic effects of DM506, LORR tests 

were performed, as previously described (Arias et al., 2023b). Mice (n =
10/condition) were acclimated to the experimental room for 24 h before 
the experiments. The following day, mice were injected (i.p.) with 15 
mg/kg or 40 mg/kg DM506 (base) or vehicle. To determine the 
involvement of the 5-HT2A receptor in the sedative activity of 40 mg/kg 
DM506, volinanserin (0.05 mg/kg; s.c.) was injected 15 min before 
DM506. 

Thirty minutes after drug injection, when the mice became motion
less, they were individually placed on their backs in a dorsal recumbent 
position in a V-shaped plexiglass until they were able to back up right 
themselves within 10 min. The experimenter observed the mice until 
they turned all four paws over and stood upright. Immobility time was 
defined as the time from placement in the supine position until the an
imals regained their righting reflex. 

2.2.6. Head-twitch response test 
After 15 min of acclimatization in a Plexiglas container, mice (n =

10/condition) were administered DM506 (10, 15, 25, or 40 mg/kg; i.p.) 
or vehicle, and the head-twitch response was compared to that induced 
by TCB-2 (1 mg/kg, i.p.) and DOI (1 mg/kg, i.p.) (dissolved in water), 
two agents that induce a head-twitch response (Halberstadt, 2015). Five 
minutes after drug administration, head-twitch responses were recorded 
once every 5 min at five 1 min intervals for 30 min on mice located 
inside bedding-lined transparent plastic cages. The cumulative values of 
the five 1 min intervals were summed (Fox et al., 2010). 

2.2.7. Electroencephalography recording 
Electroencephalography (EEG) electrodes were implanted in each 

mouse under isoflurane anesthesia (4% induction, and maintained at 
0.5–1%, in 2 L/min oxygen). Two EEG channels were recorded bilat
erally from the frontal cortex, with placement in the caudal parietal area 
to provide a baseline. After a minimum of seven days of postoperative 
recovery, mouse EEG activity was recorded at a sampling rate of 1000 
Hz using the Pinnacle 8400 series system (Pinnacle Technology, Inc., 
Lawrence, Kansas, USA) during the dark phase of the cycle. The mice 
were acclimatized to the recording chamber and pinnacle preamplifier 
for 1 h. EEG recordings were obtained from eight mice prior to DM506 
administration to provide baseline reference data as controls. During 
baseline recordings, sleep was suppressed or interrupted by the intro
duction of novel objects when the animals showed behavioral and EEG 
indications of sleep. After 1 h of baseline recording, the mice were 
administered (i.p.) 15 mg/kg DM506 fumarate (corresponding to 11.6 
mg/kg DM506 base), and EEG was recorded for another hour. The re
sults were quantified using SleepSign (KISSEI COMTEC, Nagano, Japan) 
and Python (https://www.python.org/). Fast Fourier transform (FFT) 
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was used to parse the data into spectral frequency divisions according to 
the following limits (Hines et al., 2018, 2022): δ (0.4–4.0 Hz), found in 
slow wave or non-rapid eye movement (NREM) sleep, θ (4.0–8.0 Hz), 
observed during rapid eye movement (REM) sleep, α (8.0–13.0 Hz), 
observed during relaxed, awake, calm, or meditative states, β 
(13.0–30.0), associated with active, alert, and focused states, and γ 
(30.0–100 Hz), associated with higher order brain functions such as 
cognition, perception, and emotion. Phase 1 (P1) (3.5–4.5 Hz) and Phase 
2 (P2) (2.5–3.2 Hz) waveforms were examined as previously described 
(Contreras et al., 2021). 

2.3. 5-HT2A and 5-HT2B receptor binding affinity assessment 

To assess whether DM506 binds to human 5-HT2A and 5-HT2B re
ceptors, radioligand competition binding experiments were performed 
as previously described (Luethi et al., 2018) with minor modifications. 
The results for DM506 were compared with those for DOI, a preferential 
agonist of 5-HT2 receptors (Pedzich et al., 2022). 

Briefly, cell membrane preparations from HEK293 cells expressing 
the 5-HT2A or 5-HT2B human receptors were incubated with [3H] LSD (1 
nM) in the presence of a wide range of concentrations (1 fM-10 μM) of 
DM506 or DOI in assay buffer (50 mM Tris-HCl, pH 7.4, containing 10 
mM MgCl2, 1 mM EGTA) for 1 h at 37 ◦C. Binding incubations were 
terminated by rapid filtration through Unifilter-96 plates (PerkinElmer, 
Schwerzenbach, Switzerland) that were pre-soaked in 0.5% poly
ethyleneimine. After the addition of Microsint-20 (PerkinElmer) and 
incubation for 24 h, radioactivity was counted using a TopCount 
microplate Scintillation Counter (Packard Instrument Company, Mer
iden, Connecticut, USA). Specific radioligand binding was defined as the 
difference between total binding (binding buffer alone) and non-specific 
binding obtained in the presence of 100 μM 5-HT. 

The concentration-response data were curve-fitted by non-linear 
least squares analysis using the Prism software (GraphPad 9.0 Soft
ware Inc., La Jolla, CA, USA). The observed IC50 values were trans
formed into inhibition constant (Ki) values using the Cheng–Prusoff 
relationship (Cheng and Prusoff, 1973):  

Ki = IC50 / {1 + ([[3H]LSD]/Kd
LSD)}                                                  (1) 

where [[3H]LSD] is the initial concentration of [3H]LSD, and Kd
LSD is the 

dissociation constant for [3H]LSD at the human 5-HT2A and 5-HT2B re
ceptors (2 nM) (Luethi et al., 2018). 

2.4. 5-HT2A and 5-HT2B receptor activation assessment 

The activity of DM506 on human 5-HT2A and 5-HT2B receptors was 
compared to that for DOI (Pedzich et al., 2022). Activation of each 5-HT2 
receptor subtype was assessed by measuring the accumulation of inositol 
monophosphate 1 (IP1) using the Cisbio IP-One Gq Kit (Cisbio Bioassays 
SAS, Codolet Cedex, France), according to the manufacturer’s protocol. 
NIH/3T3 cells transiently transfected with 5-HT2B subunits or stably 
transfected with 5-HT2A subunits were used. NIH/3T3 cells expressing 
the respective receptor subtype were seeded at a density of 2500 
(5-HT2A) or 4000 (5-HT2B) cells per well in 384 well plates in Opti-MEM 
medium (Gibco, ThermoFisher, Life Technologies Europe B.V., Zug, 
Switzerland). Each test compound was added to the plates and incu
bated for 90 min at 37 ◦C, followed by incubation with Anti-IP1-Cryptate 
and IP1-d2 for 60 min at room temperature. Stimulated IP-1 formation 
was determined using homogeneous time-resolved fluorescence (HTRF) 
measurements. 

2.5. Statistical analysis 

Data were analyzed using Prism 9.0 or SigmaPlot (SYSTAT, Inpixon, 
Palo Alto, CA, USA). The behavioral and EEG results were analyzed 
using two-way ANOVA followed by Tukey’s (behavior) and Bonferroni’s 

(EEG) post-hoc tests, respectively. The Student’s t-test was used to 
compare the normalized spectral frequency bands. Statistical signifi
cance was set at p < 0.05. 

2.6. Molecular docking and molecular dynamics studies of DM506 and 
DOI at the 5-HT2A and 5-HT2B receptor 

The agonist-bound h5-HT2A [PDB ID: 7WC4; 3.2 Å resolution (Cao 
et al., 2022a)] and h5-HT2B structures [PDB ID: 7SRQ; 2.7 Å resolution 
(Cao et al., 2022b)] were refined with the Rosetta cryo-EM relax 
framework (DiMaio et al., 2013). The 3D structures of DOI and DM506 
in the protonated state were used to generate conformers with the BCL 
(Mendenhall et al., 2021). Molecular docking calculations were run with 
RosettaLigand (Meiler and Baker, 2006) with the ligand.wts score 
function. A cubic grid (15 Å × 15 Å × 15 Å) sampling the area close to 
the Asp residue critical to agonist binding in the 5-HT2A (i.e., D155) and 
5-HT2B receptor (i.e., D135) was defined as the orthosteric docking site. 
The docking poses where the ligand was <6 Å from D155/D135 were 
kept and only the lowest-scoring poses that formed an interaction with 
the nitrogen of the ligand and D155 or D135 side chain oxygens were 
analyzed. 

The lowest-scoring docking poses were subjected to 120 ns MD 
simulations using the AMBER19 software suite (Case et al.). The PPM 
2.0 server (Lomize et al., 2012) was used to determine the membrane 
orientations of the proteins, and CHARMM-GUI (Wu et al., 2014) was 
used to add water, DOPC lipid molecules, and Cl− ions at a neutralizing 
concentration to the system. OPC3 water model (Izadi and Onufriev, 
2016), lipid17 lipid model, and ff19SB protein parameters (Tian et al., 
2020) were used for the parametrization of the solvated protein/lipid 
system. The DOI and DM506 molecules were parametrized with the 
GAFF2 force field (He et al., 2020) with AM1-BCC charges (Jakalian 
et al., 2002). 

The system was minimized in three steps applying restraints to all 
non-hydrogen atoms in the first step and protein backbone (Cα, C, O, N) 
atoms and lipid molecules in the second step (10 and 5 kcal/mol Å2), and 
with no restraints in the last step. The final structure from the third 
minimization step was gradually heated and equilibrated in four steps of 
5 ns each to a final temperature of 300K in an NVT with restraints on 
protein backbone Cα, C, O, N atoms, and lipid molecules. The heated 
system was equilibrated in an NPT ensemble in three 5 ns steps with 
restraints of 5, 2, and 1 kcal/mol Å2 on backbone Cα, C, O, N atoms and 
lipid molecules. Lastly, a 120 ns simulation was run in an NPT envi
ronment. All the trajectory analyses and root mean square deviation 
(RMSD) calculations were run with cpptraj module (Roe and Cheatham, 
2013) of AMBER. The RMSD values of the recentered protein were 
calculated for the 5-HT2A and 5-HT2B simulations with the different li
gands over 120 ns with a 0.1 ns step size in reference to the first frame of 
the NPT production simulation. For the ligand stability, the RMSD and 
variance values were calculated using non-hydrogen atoms of the ligand 
between 40 and 120 ns () using the ligand configuration at 40 ns as a 
reference. 

3. Results 

3.1. Effect of DM506 on mouse locomotor activity 

To assess whether DM506 (15 and 40 mg/kg; i.p.) induced locomotor 
effects in mice, locomotor activity was measured in the open field 1 h 
after the drug injection. We tested increasing doses of DM506 to elimi
nate any interference from locomotor activity in the behavioral tests 
used in this study. The lowest dose (15 mg/kg) did not induce any lo
comotor effect, while the higher dose (40 mg/kg) induced a significant 
decrease in locomotor activity. The effects of only the 15 mg/kg and 40 
mg/kg doses are presented. Two-way ANOVA and Tukey’s post-hoc 
analyses indicated a significant decrease in locomotor activity in mice 
after acute treatment with 40 mg/kg [F (2, 144) = 114.0; p < 0.0001], 
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but not with 15 mg/kg DM506 [F (2, 144) = 114.0; p = 0.2807], 
compared to vehicle-treated mice (Fig. 2). 

3.2. DM506 induces anxiolytic-like activity in naïve mice 

To determine whether DM506 induces anxiolytic-like activity in 
naïve mice, the effect of a single (15 mg/kg) or repeated (5 mg/kg) 
administration at doses with no locomotor effects was assessed using the 
elevated O-maze test (Fig. 3A). Two-way ANOVA analysis of the results 
showed that a single administration of 15 mg/kg DM506 significantly 
decreased the time spent in the closed arms (Fig. 3B) and significantly 
increased the time spent in the open arms (Fig. 3C) at 1 h, 24 h [F (5, 45) 
= 80.85; p < 0.0001], 48 h [F (5, 45) = 80.85; p = 0.0003], and 72 h [F 
(5, 45) = 80.85; p < 0.0043], but not 96 h [F (5, 45) = 80.85; p = 0.99] 
(for both behaviors), compared to vehicle-treated animals. Volinanserin 
had no effect on the time spent in open or closed arms compared to 
animals treated with vehicle [F (1, 72) = 42.98; p = 0,8762] (Fig. 3D). 
Pre-treatment with volinanserin reduced the marked effects of DM506 at 
1 h on the time spent in the open arm [F (1, 72) = 42.98; p = 0.0062] 
(Fig. 3D). Two-way ANOVA and Tukey’s test showed that the effects of 
DM506 were significantly different at the examined time points. 
Compared to the effect induced at 24 h, statistical differences were 
observed at 48 h, 72 h, and 96 h [F (5, 45) = 80.85; p < 0.0001], and 
compared to the effect at 48 h, statistical differences were observed at 
96 h [F (5, 45) = 80.85; p < 0.0003], but not 72 h [F (5, 45) = 80.85; p =
0.962], and a difference was observed between 72 h and 96 h [F (5, 45) 
= 80.85; p < 0.0034] (Fig. 3B and C). 

A lower dose of DM506 (5 mg/kg) did not induce anxiolytic-like 
activity after acute treatment, specifically after 1 h ([F (2, 54) =
1.429; p = 0.8134]) or 24 h [F (2, 54) = 1.429, p = 0.4611] (Fig. 3E), or 
after repeated treatment, more precisely after 5 days [F (3, 72) = 4.978; 
p > 0.99] or 10 days [F (3, 72) = 4.978; p = 0.67]) of treatment 
(Fig. 3F), compared to vehicle-treated animals. These results indicate 
that the anxiolytic-like activity of DM506 is dose- and time-dependent, 
and sensitive to volinanserin. 

3.3. DM506 induces anxiolytic-like activity in stressed/anxious mice 

To determine whether DM506 induced anxiolytic-like activity in 

stressed/anxious mice, the effect of a single dose (15 mg/kg, a dose with 
no locomotor effect) in the absence or presence of volinanserin (0.05 
mg/kg) was assessed using the NSFT (Fig. 4A). Two-way ANOVA anal
ysis of the results showed that DM506 significantly reduces the latency 
to approach the center of the field [F (3, 27) = 45.31; p < 0.0001] 
(Fig. 4B), and the latency to eat [F (3, 27) = 17.93; p < 0.0001] (Fig. 4C), 
with the same statistical values at 1 and 24 h compared to vehicle- 
treated animals. However, no significant changes were observed in in- 
cage latency to eat [F (3, 27) = 2.026; p = 0.907] (Fig. 4D), or the 
amount of food consumed during the first 10 min after the NSFT [F (3, 
27) = 2.97, p = 0.678] (Fig. 4E). Volinanserin had no effect on the la
tency to approach the center of the field [F (4, 36) = 34.33; p = 0,5630] 
(Fig. 4B), latency to eat [F (4, 36) = 16.78; p = 9970] (Fig. 4C), in-cage 
latency to eat [F (4, 36) = 2.312, p > 0,9999) (Fig. 4D), and food con
sumption [F (4, 36) = 2.647; p = 0,6301) (Fig. 4E). Pre-treatment with 
volinanserin reversed the effects of DM506 on the latency to approach 
the center of the field [F (4, 36) = 34.33; p < 0.0001] (Fig. 4B), and 
latency to eat [F (4, 36) = 16.78; p = 0.0007] (Fig. 4C), respectively, 
without changing the in-cage latency to eat [F (4, 36) = 2.312; p =
0.9967] (Fig. 4D), and food consumption [F (4, 36) = 2.647; p = 0.7803] 
(Fig. 4E). These results showed that DM506 induced anxiolytic-like ac
tivity in stressed mice in a volinanserin-sensitive manner with no 
notable reduction in food intake. 

3.4. Sedative activity of DM506 in naïve mice 

Since 40 mg/kg DM506 decreased locomotor activity (see Fig. 2), we 
tested the hypothesis that DM506 could induce sedative/hypnotic ef
fects in naïve mice. In this regard, the sedative-like effect of 15 and 40 
mg/kg DM506 was subsequently investigated in the absence and pres
ence of volinanserin (0.05 mg/kg; s.c.) using the LORR test (Fig. 5A). 
Two-way ANOVA analysis of the results showed that DM506 at 40 mg/ 
kg [F (4, 36) = 5.592; p = 0.0029], but not at 15 mg/kg [F (4, 36) =
5.592; p = 0.9823], significantly induces a loss of righting reflex 
compared to vehicle-treated animals (Fig. 5B). Pre-treatment with 
volinanserin reversed the effects of 40 mg/kg DM506 [F (4, 36) = 5.592; 
p = 0.0147] (Fig. 5B). 

3.5. Effect of DM506 on head-twitch response 

The head-twitch response is a repetitive, sudden rotation of the head 
observed in rodents following treatment with a range of 5-HT2A receptor 
agonists that induce hallucinogenic activity such as LSD, DOI, and TBC-2 
(Halberstadt, 2015). Drug-induced head-twitch serves as a practical 
mice model to determite a possible hallucinogenic activity in humans 
(Fantegrossi et al., 2010). In this study, we investigated whether DM506 
(10, 15, 25, and 40 mg/kg; i.p.) induces head twitches in mice. We 
compared the activity of DM506 with that induced by TBC-2 (1 mg/kg) 
and DOI (1 mg/kg) (Fig. 6), which are compounds that produce head 
twitching effects (Fox et al., 2010). Our results showed that both TBC-2 
and DOI induce head twitches in mice with statistically similar values [F 
(6, 63) = 999.5; p < 0.0001)], while DM506 has no significant effect at 
10 or 15 mg/kg [F (6, 63) = 999.5; p > 0.999)], 25 mg/kg [F (6, 63) =
999.5; p = 0.615)], and 40 mg/kg [F (6, 63) = 999.5; p = 0.315)], 
respectively. 

3.6. 3.6. DM506 elevates electroencephalogram delta (δ) power while 
suppressing gamma (γ) power 

To investigate the effects of DM506 on brain activity, we performed 
EEG recordings in mice. Representative traces suggest that administra
tion of 15 mg/kg DM506 fumarate caused an increase in the power of 
the low-frequency EEG spectra (Fig. 7A). Low-frequency EEG spectra 
represent slow and synchronized brain activity, with the FFT (fast 
Fourier transform) power of the EEG signal reflecting the relative size of 
the neuronal field, as well as the synchronicity of neuronal contributions 

Fig. 2. Effect of DM506 on locomotor activity and head-twitch response in 
mice. (A) Mice (n = 10/condition) were injected with DM506 (base) (15 or 40 
mg/kg; i.p.), or vehicle, and the locomotor activity was recorded every 10 min 
for 1 h in the open field. Statistical analyses showed a significant decrease in 
mouse locomotor activity after acute treatment with 40 mg/kg (⋄) (***p <
0.005; ****p < 0.0001), but not 15 mg/kg DM506 (£) (p = 0.7349), compared 
to vehicle-treated mice (¡). 
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Fig. 3. Anxiolytic-like activity of DM506 after single and repeated treatment of naïve mice using the O-maze test. Mice (n = 10/condition) were injected (i.p.) with a 
single dose (15 mg/kg) of DM506 (base), or vehicle, and the anxiolytic-like activity was determined at 1 h and 24 h (acute effect), and at 48 h, 72 h, and 96 h (long- 
lasting effect). To determine the role of the 5-HT2A receptor, volinanserin (Vol) (0.05 mg/kg; s.c.) was injected 15 min before DM506. (B,C) Statistical analysis of the 
results showed that a single dose of 15 mg/kg DM506 significantly decreased the time spent in closed arms (B) and significantly increased the time spent in open arms 
(C) at 1 h, 24 h (p < 0.0001), 48 h (p = 0.0003), and 72 h (p = 0.0043), but not at 96 h (p = 0.9999) (for both behaviors), compared to vehicle-treated animals. The 
effects of DM506 were significantly different at the time points studied. Compared to the effect induced at 24 h, statistical differences were observed at 48 h, 72 h, 
and 96 h (p < 0.0001), as well as the differences between 48 h (p < 0.0003) or 72 h (p < 0.003) and 96 h, respectively. (D) Volinanserin, when used alone, had no 
effect on the time spent in open or closed arms compared to animals treated with vehicle with the same statistical values [F (1, 72) = 42.98; p = 0,8762]. (D) Pre- 
treatment with volinanserin reversed the effects of DM506 at 1 h on time spent in closed and open arms, with the same statistical values [F (1, 72) = 42.98; p =
0.0062). (E,F) Another group of mice was treated with a lower dose (5 mg/kg) of DM506, or vehicle, for 10 consecutive days (repeated treatment), and the anxiolytic- 
like activity was determined on day 5 (Day5) and day 10 (Day10), respectively. Statistical analysis showed that DM506 does not induce significant changes in the time 
spent in the closed and open arms, respectively, after acute [i.e., 1 h or 24 h (p > 0.46)] (E) or repeated treatment [i.e., 5 or 10 days (p > 0.22)] (F), compared to 
vehicle-treated animals. **p < 0.01; ***p < 0.001; ****p < 0.0001. 

Fig. 4. Anxiolytic-like activity of DM506 in stressed/anxious mice using the novelty feed test (NSFT). After 24 h of food deprivation, mice (n = 10/condition) were 
injected (i.p.) with a single dose (15 mg/kg) of DM506 (base), or vehicle. The 5-HT2 antagonist volinanserin (0.05 mg/kg) was administered (s.c.) 15 min before 
DM506 (A) Scheme of the apparatus. Two-way ANOVA analysis of the results showed that DM506 significantly reduced the latency to approach the center of the field 
(p < 0.0001) (B) and latency to eat (p < 0.0001) (C), with same statistical values at 1 h and 24 h, compared to vehicle-treated animals. Volinanserin, when used 
alone, had no effect on the latency to approach the center of the field [F (4, 36) = 34.33; p = 0,5630] (Fig. 3B), on latency to eat [F (4, 36) = 16.78; p = 9970] on in- 
cage latency to eat [F (4, 36) = 2.312, p > 0,9999) and on food consumption [F (4, 36) = 2.647; p = 0,6301). Pre-treatment with volinanserin reversed the effects of 
DM506 on latency to approach the center of the field (p < 0.0001) (B) and latency to eat (p = 0.0006) (C). On the other hand, no significant changes were observed 
for in-cage latency to eat (p = 0.9075) (D) or the amount of food consumed during the first 10 min after the NSFT (p = 0.6785) (E) at 1 h and 24 h, compared to 
vehicle-treated animals. In addition, volinanserin had no effect on in-cage latency to eat (p = 0.7479) (D) and food consumption (p = 0.7136) (E), respectively. ***p 
< 0.001; ****p < 0.0001. 
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(Greene and Frank, 2010). The spectrogram supports the elevation of 
low-frequency power, as well as the suppression of power in the 
high-frequency range by DM506 (darker blue near the top of the spec
trogram; Fig. 7B). Quantitative comparison of raw δ power between 
baseline and DM506 showed a progressive increase in δ frequency range 
power over the 1-h recording period (Fig. 7C). Two-way ANOVA and 

Bonferroni’s post-hoc analyses revealed a significant interaction be
tween treatment and time (p < 0.001), and a significant effect of 
treatment (p = 0.014). 

Spectral analysis showed that the normalized δ power was signifi
cantly increased by DM506 compared to that at the baseline (Fig. 7D; 
Student’s t-test, p < 0.001). It is well established that the δ power in
creases during slow-wave NREM sleep states, reflecting synchronized 
oscillatory neocortical activity (Greene and Frank, 2010). In contrast, 
the normalized power in θ (Fig. 7E), α (Fig. 7F), and β (Fig. 7G) fre
quency ranges were not affected by DM506 compared to the baseline (p 
> 0.05). Theta is seen during REM sleep states as well as during 
conscious states of spatial navigation. Alpha frequency band activity is 
commonly observed during quiet wakes, whereas higher-frequency 
β-wavelength activity is observed during focused effort or concentra
tion. In contrast to δ, we found that the normalized γ power was 
significantly suppressed by DM506 compared to the baseline (Fig. 7H; 
Student’s t-test, p < 0.001). Gamma wavelength activity is associated 
with increased arousal and higher order brain functions, including 
cognition, perception, and emotion (Oathes et al., 2008). 

We also investigated the characteristics of waveforms induced by 
DM506. The results showed that DM506 produced both characteristic 
waveforms P1 (2–4.5 Hz) and P2 (1–2.5 Hz) (Fig. 7I and J). However, P1 
was much greater than P2, especially during the first 30 min [Student’s 
t-test, p = 0.029 (Fig. 6K); p = 0.005 (Fig. 6L)]. P1 is characterized by a 
lack of muscle activity, whereas P2 is associated with strong muscle 
contractions (Contreras et al., 2021). The higher incidence of P1 
waveforms may be related to the decreased locomotor activity observed 
at higher DM506 doses (Fig. 2). In general, EEG spectral frequency 
analysis suggested that DM506 produces a sedative/hypnotic-like state 
by increasing the synchronization and power in the δ wavelength, and 
the P1 waveform, with a concomitant shift away from power in the fast γ 
wavelength. 

Fig. 5. Sedative-hypnotic activity of DM506 on naïve mice. Mice (n = 10/condition) were injected (i.p.) with 15 or 40 mg/kg DM506 (base), or vehicle, and the 
immobility time was subsequently determined using the loss of righting reflex (LORR) test (A). Volinanserin (0.05 mg/kg; s.c.) was administered 15 min before 
DM506. Statistical analysis showed that DM506 at 40 mg/kg (p = 0.0029) but not at 15 mg/kg (p = 0.9823) significantly induces a loss of righting reflex (B), 
compared to vehicle-treated animals. Pre-treatment with volinanserin reversed the effects of DM506 at 40 mg/kg (p = 0.0147). *p < 0.05; **p < 0.001. Volinanserin, 
used alone, had no sedative effect (p > 0,9999). 

Fig. 6. Effect of DM506 on head-twitch response. Mice (n = 10/condition) 
were injected (i.p.) with DM506 (base) (10, 15, 25, or 40 mg/kg; i.p.), or 
vehicle, and the head-twitch response compared to that for the hallucinogenic 
agents TBC-2 (1 mg/kg; i.p.) and DOI (1 mg/kg; i.p.), respectively. Statistical 
analyses showed that both TBC-2 and DOI induced head-twitch responses in 
mice with statistically similar levels (****p < 0.0001), whereas DM506 had no 
significant (ns) effect at the different doses studied (p > 0.314). 
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3.7. Effect of DM506 on human 5-HT2A and 5-HT2B receptors compared 
with DOI 

To assess the pharmacological effects of DM506 on 5-HT2A and 5- 
HT2B receptors, the binding affinity (Fig. 8) and functional activity 
(Fig. 9) of this compound were evaluated and compared with those of 
the potent psychedelic compound DOI (Table 1). Radioligand competi
tion binding experiments using [3H]LSD as a probe for the orthosteric 
site showed that DM506 binds to the 5-HT2B receptor with a slightly 

lower inhibitory constant (Ki = 16.5 nM) than that for the 5-HT2A re
ceptor (24.1 nM), indicating a binding affinity that is approximately 4- 
and 12-fold weaker than that for DOI (3.6 and 2.0 nM, respectively) 
(Table 1). 

Since the binding affinity does not distinguish between agonist and 
antagonist activity, the functional properties of DM506 were compared 
to those of DOI in both receptor subtypes (Fig. 9). DM506 did not inhibit, 
but activated, the 5-HT2A receptor with lower potency (EC50 = 9 nM) 
than DOI (0.23 nM) (Table 1). Although DOI fully activated the 5-HT2A 

Fig. 7. Effect of DM506 on electroencephalogram (EEG) activity. (A) Representative EEG traces during the baseline and after administration of 15 mg/kg DM506 
fumarate. The red line indicates the time of injection (i.p.). (B) Representative spectrogram of EEG activity over time, showing the power (color spectra) by fre
quency. (C) Raw power in the δ frequency range, showing the progressive increase in power after DM506 treatment compared to the baseline (n = 8; mean ± SD). 
Statistical analysis showed significant interaction between treatment and time (p < 0.001) and significant effect of treatment (p < 0.05). (D) Comparison of 
normalized δ frequency domain power between DM506 and baseline (p < 0.001). (E–H) Comparison of normalized θ (E), α (F), β (G), and γ (H) frequency domain 
power between DM506 and baseline. Gamma frequency range power was significantly decreased by DM506 compared to the baseline (p < 0.001). (I) Representative 
traces of Phase 1 (P1) and Phase 2 (P2) waveforms following DM506 treatment. (J) Analysis of the number of P1 and P2 waveforms over time following DM506 
treatment. (K) Statistical analysis showed that DM506 significantly increases the number of P1 waveforms compared to P2 waveforms (p < 0.05). (L) P1 waveforms 
predominate especially during the first 30 min (p < 0.01). Graphs plot median with the first and third quartile, and whiskers show minimum and maximum (D-H, K, 
L), or mean ± SD (C, J). 
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receptor (Emax = 101 ± 1% compared to the full agonist 5-HT), it was 
partially activated by DM506 (Emax = 76 ± 16%). The activating po
tency of DM506 (2.9 nM) on the 5-HT2B receptor was also lower than 
that of DOI (0.62 nM), with DM506 only partially activating this re
ceptor subtype (69 ± 4%) compared to complete activation by DOI (130 
± 4%). It was concluded from these experiments that DM506 behaves as 

a potent partial agonist of both the 5-HT2A and 5-HT2B receptor 
subtypes. 

3.8. Molecular docking and molecular dynamics simulations for DM506 
and DOI at the 5-HT2A and 5-HT2B receptor models 

Our molecular docking results showed that both DM506 and DOI 
bind to the agonist site of each 5-HT2A (Fig. 10A) and 5-HT2B (Fig. 10B) 
receptor model, with the charged nitrogen group from each molecule 
forming an ionic interaction with the respective negative charges of 
D155/D135, and the remainder of the molecule interacting with various 
hydrophobic residues (Table 2). Some of the 5-HT2B residues interacting 
with DM506 (e.g., D135, M218, and A225) were also observed with LSD 
(Cao et al., 2022a). 

The RMSD values measured from the MD simulations (Fig. 10A and 
B) were relatively small and with variance below 0.4 Å (Table 2), sug
gesting stable docking of both DM506 and DOI to each model. The 
RMSD value for DM506 at the 5-HT2B receptor was lower than that for 
DOI (Table 2), suggesting that the DOI docking was relatively less stable, 
potentially due to its more flexible nature. The critical interactions with 
D155/D135 (Cao et al., 2022a) on the respective receptor were 
conserved over the simulations (Table 2). The most important difference 

Fig. 8. Radioligand competition binding experiments for DM506 and DOI at human 5-HT2A and 5-HT2B receptors. HEK293 cell membranes containing each separate 
receptor subtype were incubated (1 h) with 1 nM [3H]LSD and an ample range of DM506 (•) and DOI (▴) concentrations, respectively. Non-specific binding was 
determined at 100 μM 5-HT. Data are presented as mean ± SEM from three experiments, each performed in duplicate. The IC50 values, obtained by non-linear least 
squares fit, were used to calculate the Ki values [Eq. (1)], which are summarized in Table 1. 

Fig. 9. Effect of DM506 and DOI on human 5-HT2A and 5-HT2B receptors. NIH/3T3 cells expressing each receptor subtype were incubated (1 h) with a wide range of 
DM506 (•) or DOI (▴) concentrations. Activation of each receptor was assessed by IP1 formation using Homogeneous Time Resolved Fluorescence (HTRF) mea
surements. Receptor activation raw data were normalized with 0% representing the baseline signal and 100% representing the maximum 5-HT-stimulated signal at 
the respective receptor. Data are presented as mean ± SEM from at least three experiments, each performed in triplicate. The EC50 and Emax values are summarized 
in Table 1. 

Table 1 
Binding affinity (Ki), activation potency (EC50), and activation efficacy (Emax) of 
DM506 and DOI at human 5-HT2A and 5-HT2B receptors.  

Receptor 
Subtype 

Compound Ki (nM) [95% 
CI] 

EC50 (nM) [95% 
CI] 

Emax 

(%) 

5-HT2A DM506 24.1 
[10.3–52.6] 

9.0 [5.7–12.7] 76 ±
16 

DOI 2.0 [1.0–4.3] 0.23 [0.16–0.33] 101 ±
1 

5-HT2B DM506 16.5 [8.8–18.6] 2.9 [0.65–13.5] 69 ± 4 
DOI 3.6 [1.6–8.2] 0.62 [0.15–2.2] 130 ±

4 

Ki values were calculated using Eq. (1), whereas EC50 (potency) and Emax (effi
cacy) values were calculated using the HTRF values. Emax percentages were 
obtained considering 100% activation by 5-HT. 
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was the restructuring of 5-HT2A-TM5, whereby F243 and F340 formed a 
π-π stacking interaction (Fig. 10A). A similar interaction was already 
present in the 5-HT2B structure used for the docking calculations, which 
was retained over the 120 ns simulation. 

Although both compounds docked to the same agonist binding sites, 
subtle differences were observed between them. DM506 formed 
hydrogen bonding with both 5-HT2A-S159 (Fig. 10A) and 5-HT2B–S139 
(Fig. 10B), whereas these interactions were not observed for DOI 
(Table 2). The simulations of DOI were also different between the 5- 
HT2A and 5-HT2B models in terms of the placement of the alkyl ring 
bearing the primary amine group and the aromatic ring bearing the 
iodine atom. DOI was buried deeper into the 5-HT2B binding cavity 
where its methoxy methyl group interacted with the S139 side chain 
(Fig. 10B). In addition, the DOI iodine moiety pointed toward 5-HT2A- 
G238 (Fig. 10A). 

Ligand stability was measured as the RMSD (variance) values ob
tained between 40 and 120 ns of the MD simulation as explained in the 
Methods section. Smaller values indicate higher docking stability. 

Residues in bold indicate ionic interactions. Residues in italics indi
cate hydrogen bonding. 

4. Discussion 

The main objective of this study was to determine the anxiolytic- and 
sedative-like activities of DM506 in naïve and stressed/anxious mice 
after acute and repeated treatments. Additional EEG, functional, radi
oligand binding, and molecular docking studies were performed to 
determine the plausible molecular mechanisms underlying the observed 
behavioral activities. 

The results from the elevated O-maze test showed that a single dose 
(15 mg/kg) of DM506 (base) induces acute (1–24 h) and long-lasting 
(48–72 h) anxiolytic activity in naïve mice. The acute effect was sensi
tive to volinanserin and did not affect locomotor function in mice. 
Repeated administration of 5 mg/kg DM506 did not induce cumulative 
anxiolytic-like activity or side effects (e.g., tremorgenic or locomotor 
effects). The results of the NSFT showed that 15 mg/kg DM506 produces 
acute (1–24 h) anxiolytic-like activity in stressed/anxious mice in a 
volinanserin-sensitive manner, without altering feeding habits. The 
LORR study showed that DM506 could also induce sedative/hypnotic 
effects at higher doses (40 mg/kg). Volinanserin is an antagonist with 
high selectivity for 5-HT2A receptors (Ki = 0.5 nM) compared to that for 
other 5-HT2 and 5-HT1 receptors (Ki > 0.1 μM) (Casey et al., 2022). 
Given that DM506 induces sedative- and anxiolytic-like activities in a 
volinanserin-sensitive manner, it is likely that the 5-HT2A receptor 
subtype is involved in these behavioral effects. However, we cannot 
completely rule out the possibility that 5-HT2B or other receptor 

Fig. 10. Molecular docking and molecular dynamics of DM506 and DOI to the 
human 5-HT2A and 5-HT2B models. Closeup of the docking poses for DM506 
(fuchsia) and DOI (green) at the 5-HT2A (A) and 5-HT2B (B) model. Each ligand 
formed ionic interactions with D135/D155, whereas only DM506 formed 
hydrogen bonding with S159/S139 (highlighted in yellow). Additional details 
of the molecular interactions of both ligands were summarized in Table 2. The 
bottom panels show the RMSD plots (120 ns simulation) for DM506 (fuchsia) 
and DOI (green) at each 5-HT2A (A) and 5-HT2B (B) model. 

Table 2 
Molecular docking and molecular dynamics of DM506 and DOI at the human 5- 
HT2A and 5-HT2B receptor models.  

Compound 5-HT2A receptor model 5-HT2B receptor model 

RMSD 
(variance) 
(Å) 

Interacting 
Residues 

RMSD 
(variance) 
(Å) 

Interacting 
Residues 

DM506 0.31 (0.07) I152, D155, 
V156, S159, 
T160, L229, 
S242, W336, 
F339, F340, 
V366 

0.24 (0.06) L132, D135, 
V136, S139, 
T140, L209, 
M218, A225, 
W337, F340, 
V366, Y370 

DOI 0.39 (0.08) I152, D155, 
V156, S159, 
I210, S242, 
W336, F339, 
F340, V366, 
Y370 

0.37 (0.07) D135, V136, 
S139, T140, 
L209, M218, 
A225, W337, 
F340, F341, 
N344, V366, 
Y370  
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subtypes are also involved in the observed effects. 
Previous studies have shown that TBG fumarate, derived from tab

ernanthine (Cameron et al., 2021), induces acute (24 h) anxiolytic-like 
activity and cognitive flexibility in mice under unpredictable mild 
stress conditions (Lu et al., 2021). These behavioral effects coincide with 
dendritic spine regrowth and excitability of inhibitory interneurons 
(Cameron et al., 2021; Lu et al., 2021), supporting the notion that the 
anxiolytic and procognitive activity of TBG is mediated by morpholog
ical and functional changes in those neurons. Our results showed that 
DM506 induces long-lasting anxiolytic-like activity (>24 h), supporting 
new therapeutic perspectives for ibogalog compounds as 
non-benzodiazepine sedatives. 

To further investigate the pharmacological activity of DM506, its 
binding affinity, functional activity, and docking properties at each 5- 
HT2A and 5-HT2B receptor were evaluated and compared with those for 
DOI (Pedzich et al., 2022). Radioligand competition binding experi
ments showed that DM506 binds to 5-HT2B (24 nM) and 5-HT2A (16 nM) 
receptors with 4-fold and 12-fold lower affinities, respectively, than 
DOI. The functional results showed that DM506 activates both 5-HT2A 
and 5-HT2B receptors with potency (9.0 and 2.0 nM, respectively) and 
efficacy (76 and 69%, respectively) lower than those of the full agonist 
DOI (Pedzich et al., 2022). The molecular docking and molecular dy
namics results showed that DM506 binds to the agonist site of both 
5-HT2A and 5-HT2B receptors in a stable manner and similar fashion to 
that determined for DOI. Both ligands formed ionic interactions with the 
critical D155/D135 residues at each receptor (Cao et al., 2022a), 
whereas only DM506 formed hydrogen bonding with S159/S139. These 
functional and structural results indicate that DM506 is a potent partial 
agonist of both 5-HT2A and 5-HT2B receptors. 

Our EEG study provides further information supporting the role of 
the 5-HT2A receptor subtype in the anxiolytic/sedative-like activity of 
DM506. Previous EEG results have shown that the selective activation of 
the 5-HT2A receptor by 25I–NBOH produces a two-waveform complex, 
P1 (3.5–4.5 Hz) and P2 (2.5–3.2 Hz), with a higher incidence of the 
former (Contreras et al., 2021). P1 is considered to be a hallmark of 
behavioral arrest [i.e., temporary cessation of movement of the 
whole body (Klemm, 2001);], whereas P2 is associated with the 
head-twitch response observed with hallucinogenic compounds (Con
treras et al., 2021). The finding that DM506 had a comparatively lower 
incidence of P2 waveforms is consistent with the present and previous 
(Cameron et al., 2021) studies showing that ibogalogs activate 5-HT2A 
receptors without head-twitch responses. EEG spectral frequency anal
ysis showed that DM506 increased the transition from a highly alert 
state (i.e., fast γ wavelength) to a more synchronized deep sleep activity 
(i.e., δ wavelength), without affecting the α, θ, and β bands. In contrast, 
hallucinogenic agents such as LSD and psilocybin decreased the low α 
and θ bands (Pallavicini et al., 2019) indicating an important difference 
with DM506 and perhaps other non-hallucinogenic compounds. 

A highly alert or hyperarousal state is a primary symptom observed 
in patients with post-traumatic stress disorder (PTSD), which is the basis 
for recurrent, long-lasting stress/anxiety effects (Sherin and Nemeroff, 
2011). On the other hand, slow-wave sleep is essential for the homeo
static connections between the autonomic nervous and endocrine sys
tems (Besedovsky et al., 2022; Leger et al., 2018). Therefore, our results 
support further studies to determine the potential use of DM506 for the 
treatment of PTSD and insomnia. 

Numerous studies have been conducted on 5-HT2A receptor agonists 
that induce head-twitch responses in rodents, which is considered as a 
proxy of hallucinogenic activity (Moreno et al., 2011). The role of the 
5-HT2A receptor in this behavioral activity has been based on the 
blocking action of selective 5-HT2A receptor antagonists, and the lack of 
response in 5-HT2A receptor knockout mice (Gonzalez-Maeso et al., 
2007). Nevertheless, some compounds activate the 5-HT2A receptor with 
no head twitch response or show persistent head twitch response, even 
in the presence of a selective blocker (Gonzalez-Maeso et al., 2007). 
Although DM506 behaved as a potent 5-HT2A agonist, it did not induce 

head-twitch responses in mice at the doses studied. Thus, DM506, TBG, 
and IBG (Cameron et al., 2021) can be considered new members of the 
5-HT2A receptor agonist subfamily presumably devoid of hallucinogenic 
properties in humans. A simple explanation for this lack of head twitch 
response is based on the reduction of the head-twitch response by 
5-HT2C receptor agonists (Fantegrossi et al., 2010; Serafine et al., 2015). 
However, the non-hallucinogenic compounds TBG/IBG are potent 
5-HT2C receptor antagonists (Cameron et al., 2021). There is new 
experimental evidence indicating that the hallucinogenic vs 
non-hallucinogenic property is mediated by distinct intracellular path
ways (Cumming et al., 2021; Lopez-Gimenez and Gonzalez-Maeso, 
2018). Although the activation of the 5-HT2A receptor stimulates the 
Gαq-induced phospholipase C pathway, hallucinogens may also stimu
late the phospholipase A2 and Gi/o-dependent pathways (Kurra
sch-Orbaugh et al., 2003; Moya et al., 2007). It is plausible that the 
absence of head-twitch response by DM506 and TBG/IBG (Cameron 
et al., 2021) is based on the lack of selective Gi/o-dependent activation. 

In conclusion, our study represents a pioneering exploration of the 
anxiolytic and sedative potential of DM506 in mouse models. This study 
provides evidence that DM506 produces both acute and long-lasting 
anxiolytic- and sedative-like effects, primarily through a mechanism 
that enhances the induction of a sleep state without hallucinogenic ef
fects, likely mediated by 5-HT2A receptor activation. 
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