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Abstract

The antidepressant-like activity of (+)-catharanthine and (-)-18-methoxycoronaridine [(-)-18-MC] was
studied in male and female mice using forced swim (FST) and tail suspension tests (TST). The underlying
molecular mechanism was assessed by electrophysiological, radioligand, and functional experiments. The
FST results showed that acute administration (40 mg/kg) of (+)-catharanthine or (-)-18-MC induces
similar antidepressant-like activity in male and female mice at 1 h and 24 h, whereas the TST results
showed a lower effect for (-)-18-MC at 24 h. Repeated treatment at lower dose (20 mg/kg) augmented the
efficacy of both congeners. The FST results showed that (-)-18-MC reduces immobility and increases
swimming times without changing climbing behavior, whereas (+)-catharanthine reduces immobility
time, increases swimming times more markedly, and increases climbing behavior. To investigate the
contribution of the serotonin and norepinephrine transporters in the antidepressant effects of (+)-
catharanthine and (-)-18-MC, we conducted in vitro radioligand and functional studies. Results obtained
demonstrated that (+)-catharanthine inhibits norepinephrine transporter with higher potency/affinity than
that for (-)-18-MC, whereas both congeners inhibit serotonin transporter with similar potency/affinity.
Moreover, whereas no congener activated/inhibited/potentiated the function of serotonin receptor 3A or
serotonin receptor 3AB, both increased serotonin receptor 3A receptor desensitization. Depletion of
serotonin decreased the antidepressant-like activity of both congeners, whereas norepinephrine depletion
only decreased (+)-catharanthine’s activity. Our study shows that coronaridine congeners induce
antidepressant-like activity in a dose- and time-dependent, and sex-independent, manner. The
antidepressant-like property of both compounds involves serotonin transporter inhibition, without directly
activating/inhibiting serotonin receptors 3, while (+)-catharanthine also mobilizes norepinephrinergic

neurotransmission.



Introduction

Plant alkaloids such as (-)-ibogaine [and its main metabolite noribogaine (12-hydroxyibogamine)]
and (+)-catharanthine, and the synthetic derivative 18-methoxycoronaridine (18-MC) are coronaridine
congeners with very interesting behavioral profile, including anti-addictive (Carnicella et al., 2010; Glick
etal., 1999; Glick et al., 1991; Luz,Mash, 2021; Maisonneuve,Glick, 2003), sedative (Arias et al., 2020a),
and antinociceptive (Arias et al., 2020b) activities.

Previous studies showed that coronaridine congeners induce antidepressant-like activity in rats,
with a concomitant increase in the brain-derived neurotrophic factor in different brain areas (Rodriguez et
al., 2020). However, the primary target(s) and exact molecular mechanism(s) involved in this activity have
not been resolved yet. A plausible hypothesis is that the antidepressant-like activity of coronaridine
congeners might be mediated by habenular a34 nicotinic acetylcholine receptors, the proposed target for
their anti-addictive activity (Arias et al., 2017; Arias et al., 2015; Glick et al., 2011; Maisonneuve,Glick,
2003). However, radioligand binding studies showed that coronaridine congeners also bind to a variety of
receptors and monoamine transporters with relatively high affinity (Glick,Maisonneuve, 1999; Jacobs et
al., 2007). Among them, it is of note the interaction with monoamine transporters and serotonin 3 subtype
receptors, whose inhibition might convey antidepressant-like activity (Amidfar,Kim, 2018).

In this regard, we want to compare the antidepressant-like activity between (-)-18-MC and (+)-
catharanthine (Fig. 1) in male and female mice, after acute and repeated treatments, using both forced
swim (FST) (Cryan et al., 2002) and tail suspension (TST) tests (Cryan et al., 2005a). To determine the
underlying mechanisms, additional electrophysiological, radioligand, and functional experiments were
undergone. More specifically, the activity of (+)-catharanthine and (-)-18-MC was determined at human
serotonin receptors 3A and serotonin receptors 3AB, and human monoamine transporters, including

serotonin (5-HT, serotonin transporter), dopamine (dopamine transporter), and norepinephrine (NE,



norepinephrine transporter) transporters. To assess the role of serotonergic and/or norepinephrinergic
neurotransmission in the observed antidepressant-like activity, p-chlorophenylalanine (pCPA)
(Zomkowski et al., 2004) and N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) (Mineur et al.,
2018) were used to deplete 5-HT and NE levels, respectively.

The main conclusion of this work is that (+)-catharanthine and (-)-18-MC induce antidepressant-
like activity in mice in a dose- and time-dependent, but sex-independent, manner. Their mechanism
involved differential inhibition of serotonin transporter and norepinephrine transporter, with both congeners
activating serotonergic transmission while norepinephrinergic pathways were affected by (+)-catharanthine

only.
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Figure 1: Molecular structures of (—)-18-methoxycoronaridine [(—)-18-MC], (+)-catharanthine [(+)-3,4-

didehydrocoronaridine] and (-)-ibogaine (12-methoxyibogamine).

2. Material and Methods

2.1. Material

[*H]CFT [2B-carbomethoxy-3p-(4-fluorophenyl)-tropane] (82.6 Ci/mmol), [3H]nisoxetine (79.2
Ci/mmol), [*H]citalopram (80 Ci/mmol), [*H]dopamine (100 Ci/mmol), [BH]JMPP* (1-methyl-4-

phenylpyridinium) (50 Ci/mmol), and [*H]5-HT (100 Ci/mmol) were purchased from Perkin Elmer New



England Nuclear (Waltham, Massachusetts, USA). Vanorexine, desipramine, paroxetine, para-
chlorophenylalanine (pCPA), N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4), dimethyl
sulfoxide (DMSQO), Tween 80, serotonin hydrochloride, and (+)-catharanthine (free base) were purchased
from Sigma-Aldrich (St. Louis, MO, USA; and Saint Quentin Fallavier, France). Dulbecco’s modified
Eagle medium (DMEM), GlutaMAX®, NEM (non-essential amino acids), penicillin, and streptomycin
were obtained from ThermoFisher (Waltham, Massachusetts, USA). (-)-18-Methoxycoronaridine
hydrochloride [(-)-18-MC] was purchased from Obiter Research, LLC (Champaign, IL, USA). (+)-
Catharanthine (free base) was also obtained from Henan Tianfu Chemical Co. (Zhengzhou, China).
Human serotonin receptor 3A (Genebank number: BC004453) and serotonin receptor 3B (Genebank
number: NM_020274) subunit cDNAs were obtained from OriGene (Rockville, MD, USA). Salts,
solvents, and reagents were purchased from commercial suppliers and used as received.
2.2. Behavioral Experiments
2.2.1. Animals
All experimental procedures in mice were carried out in accordance with the National Institute of Health
Guide for Care and Use of Laboratory Animals, approved by the Regional Ethical Committee for Animal
Experimentation and performed according to the European Communities Council Directive (86/609/EEC
+ 2010/63/UE), and by the Institutional Animal Care Committee from each institution.

Adult male and female Swiss albino CD1 mice (30-35 g), purchased from Janvier Labs (Le Genest
Saint Isle, France), were used in the behavioral studies. Animals were housed in Makrolon cages (L: 37
cm, W: 21 cm, H: 14 cm), with free access to a standard semisynthetic laboratory diet (SERLAB,
Montataire, France). All animals were kept in a ventilated room, at a temperature of 22 + 1 °C, under a

12-h light/12-h dark cycle (light between 7:00 a.m. and 7:00 p.m.).



Female Xenopus laevis frogs were obtained from the Korean Xenopus Resource Center for
Research (KXRCR000001, Chuncheon, Gangwondo, Korea). Oocytes were harvested (Lee et al., 2022)
following the policy of the Laboratory Animal Ethics Committee and regulations related to animal testing

(CNU IACUC-YB-2016-07).

2.2.2. Forced swim test
The forced swim test (FST) has become one of the most commonly used behavioral tests for investigating
the antidepressant-like activity of drugs in rodents (Cryan,Markou, 2002). The parameters considered
during the FST include three prevailing behaviors: (a) swimming: upon water immersion, rodents adopt
an initial intense escaping behavior such as swimming and climbing. The rodent initially swims with
horizontal movements across the entire swimming container after which they stop struggling and exhibit
more passive behavior; (b) immobility: the rodent floats in the water without no struggling and moves
only as much as necessary to keep its head above water. This behavior is thought to reflect either the
inability to maintain an escape behavior after the stress episode (behavioral despair) or the installation of
a passive behavior that prevents the animal from reaching an active state of adapting to stress
(Cryan,Markou, 2002); and (c) climbing: the rodent delivers vigorous paw strikes to the side of the
cylinder while raising the paws over the water's surface (Lino-de-Oliveira et al., 2005). A score of 1 was
assigned for each climbing movement accomplished. Climbing behavior is believed to reflect more
precisely the antidepressant-like effect of a drug than swimming behavior (Perona et al., 2008).

Male and female mice (n = 10/group) were habituated to the experimental room 24 h before the
experiments. On the day of the experiment, mice were treated (i.p.) with 40 mg/kg (+)-catharanthine or (-
)-18-MC (dissolved in 1% DMSO, 1% Tween 80, 0.9% NaCl), or vehicle. The FST was performed 1 h

and 24 h after drug treatment. In addition, mice (n = 10/group) were injected (i.p.) 20 mg/kg (+)-



catharanthine or (-)-18-MC, or vehicle, for 14 consecutive days. The FST was performed 1 h after the last
injection on day 7 (D7) and day 14 (Da4), respectively. The doses have been chosen based on previous
studies showing antidepressant-like activity of (-)-ibogaine and noribogaine (Rodriguez,Urbanavicius,
2020), and a lack of sedative activity of (+)-catharanthine. Note that animals receiving (+)-catharanthine
(Arias,Do Rego, 2020a) or (-)-18-MC, at doses of 20 or 40 mg/kg, showed locomotor activity, assessed 1
hour after their administration, similar to that observed in untreated animals, thus ruling out a possible
impact of the locomotor effects of these compounds at the different doses used in the behavioral tests
conducted in this study.

Each animal was placed in a cylindrical Plexiglas tank (45 cm height x 22 cm diameter) with enough
water (30 cm; marked on the tank to ensure that the water volume is constant throughout the experiment;
maintained at 25 °C) to preclude mice touching the bottom of the tank. After 6 min-test, animals were
initially dried with paper towels, placed in a temporary dry cage with fresh bedding until completely dried,
and finally returned to their original cage. The water was changed after each session to prevent any impact

on the succeeding mouse.

2.2.3. Tail suspension test

The tail suspension test (TST) is another behavioral test used to screen for agents with potential
antidepressant-like effects (Cryan,Mombereau, 2005a). The test consists of suspending the mouse by its
tail ensuring a position where it cannot escape or cling to nearby surfaces or engage in tail-climbing
behaviors. Different behaviors were analyzed by TST, including (a) immobility: once the mouse is
suspended, the absence of escaping behavior is defined as immobility, and the concomitant immobility
time measured: the shorter the immobile time, the higher the antidepressant-like activity of the drug; (b)

lateral swing: during early mobility episodes, the rodent swings in a pendulum-like motion to gain



momentum while trying to reach its tail. A score of 1 was assigned for each lateral swing accomplished;
(c) running movement: the rodent tries to escape by running-like movements with the front legs (Steru et
al., 1985) . A score of 1 was assigned to each running movement accomplished. The increase in running
movement is compensated by a decrease in lateral swing behavior. Running movement and climbing
(determined by FST) are connected behaviors that respond to the same escape mechanism (Lino-de-
Oliveira,De Lima, 2005); Steru,Chermat (1985); and (d) tail-climbing: the rodent tries to reach its tail by
climbing on the horizontal bar. Since this behavior is common to both untreated and treated animals and
difficult to quantify (Cryan et al., 2003), it was not further considered to assess antidepressant activity.
Since mice showing high tail-climbing predisposition may produce invalid data in the TST
(Mayorga,Lucki, 2001).

Male and female mice were habituated to the experimental room 24 h before the experiments. On
the day of the experiment, mice (n = 14/condition) were injected (i.p.) 40 mg/kg (+)-catharanthine or (-)-
18-MC (dissolved in 1% DMSO, 1% Tween 80, 0.9% NacCl), or vehicle. The TST was performed after 1
h and 24 h drug/vehicle injection. In addition, mice (n = 10/condition) were injected (i.p.) 20 mg/kg (+)-
catharanthine or (-)-18-MC, or vehicle, for 14 consecutive days. The TST was performed 1 h after the last
injection on D7 and Da4, respectively.

For the TST, each mouse was suspended by its tail with adhesive tape, in the middle of the tail
suspension box (50 height x 50 width x 14 cm depth) to impede any contact with the walls. A removable
aluminum tray, placed at the bottom of the compartment, was used to collect feces/urine from mice.

Precautions were made so mice do not observe other animals being tested.



2.3. Effect of pCPA on the antidepressant-like activity of (+)-catharanthine and (-)-18-MC

To assess the involvement of serotonergic neurotransmission in the antidepressant-like activity of (+)-
catharanthine and (-)-18-MC, male mice (n = 10/condition) were administered (i.p.) 150 mg/kg pCPA or
vehicle (saline solution), daily for three consecutive days. pCPA is a selective inhibitor of 5-HT
biosynthesis that induces 85-95% depletion of the endogenous 5-HT pool while not impacting the
respective content of NE and dopamine in this regimen (Eckeli et al., 2000; Zomkowski,Rosa, 2004). On
the fourth day, mice were treated with each congener (40 mg/kg; i.p.) separately and the FSTs performed

at 1 hand 24 h.

2.4. Effect of DSP-4 on the antidepressant-like activity of (+)-catharanthine and (-)-18-MC

To assess the involvement of norepinephrinergic neurotransmission in the antidepressant-like activity of
(+)-catharanthine and (-)-18-MC, male mice (n = 10/condition) were administered (i.p.) a single dose of
50 mg/kg DSP-4, or vehicle (saline solution). DSP-4 is a neurotoxin that selectively induces
norepinephrinergic denervation in the locus coeruleus and subsequent NE depletion (Mineur,Cahuzac,
2018). We chose to use this dose in accordance with previous studies showing tissue depletion of NE in
the brain (Ross,Stenfors, 2015). Three days after treatment with DSP-4, mice were injected each congener

(40 mg/kg; i.p.) separately, and the FSTs performed at 1 h and 24 h, respectively.

2.5. Effect of coronaridine congeners on monoamine transporters

2.5.1. Radioligand binding experiments

HEK 293 cells stably expressing the human transporters for dopamine (dopamine transporter/SLC6AS3),
norepinephrine (norepinephrine transporter/SLC6A2), and serotonin (serotonin transporter/SLC6A4),

were grown in Dulbecco’s Modified Eagle Media (DMEM) supplemented with 10% heat-inactivated fetal

10



calf serum (FBS), 0.6 mg/L penicillin, 0.1 g/L streptomycin and 0.1 g/L geneticin/G418 (to maintain
selective pressure). Confluent monolayers of cells were mechanically detached and lysed in hypotonic
buffer (20 mM Tris.HCI, pH 7.4, 2 mM EDTA, 2 mM MgCl;; EDTA was omitted for dopamine
transporter expressing cells). The cell suspension was frozen in liquid nitrogen, subjected to freeze-thaw
cycles and sonicated. The homogenate was finally centrifuged at 30,000 g for 30 min at 4 °C. The resulting
pellet was resuspended at a protein concentration of about 5 mg/ml, aliquoted, frozen in liquid nitrogen,
and stored at -80 °C.

Binding assays were performed in a final volume of 0.1 mL, containing membranes (2 to 4 ug)
suspended in buffer (20 mM Tris.HCI, pH 7.4, 1 mM EDTA, 2 mM MgCl,, 120 mM NaCl, 3 mM KClI;
EDTA was replaced with 10 uM ZnCl; for assays with membranes harboring dopamine transporter,
logarithmically spaced concentrations (0.3-300 pM) of (-)-ibogaine, (+)-catharanthine, or 18-MC, and the
radioligand (i.e., 7 nM [*H]CFT, 3 nM [*H]nisoxetine, and 2 nM [*H]citalopram) for assessing binding to
the dopamine transporter, norepinephrine transporter, and the serotonin transporter, respectively. The
incubation was performed for 60 minutes followed by rapid filtration over GF/B filters, which had been
presoaked in 0.5% polyethyleneimine. Nonspecific binding, assessed in the presence of 10 uM vanorexine
(dopamine transporter), 10 pM desipramine (norepinephrine transporter), and 10 UM paroxetine

(serotonin transporter), was <10 % of total binding.

2.5.2. Inhibition of substrate uptake

HEK?293 cells stably expressing the human dopamine transporter, norepinephrine transporter or serotonin
transporter were seeded (~2x10* cells/well) into poly-D-lysine-coated 96-well plates. After 24 h, the
medium in each well was aspirated and the cells were washed once with Krebs-HEPES buffer (10 mM

HEPES.NaOH, pH 7.4, 120 mM NaCl, 3 mM KCI, 2 mM CaCl,, 2 mM MgCl,, and 2 mM glucose). Cells

11



were pre-incubated in a buffer containing logarithmically spaced concentrations (0.3—-300 uM) of each
coronaridine congener for 10 min. The uptake reaction was started by the addition of the respective
substrate [i.e., 0.1 uM [*H]dopamine (dopamine transporter), 0.1 pM [3H]5-HT (serotonin transporter), or
0.05 UM [*H]MPP" (norepinephrine transporter)]. After 1 min, the reaction was terminated by aspirating
the medium followed by a wash with ice-cold buffer. Cells were lysed with 1% SDS to release the
accumulated radioactive substrate. The released radioactivity was quantified by liquid scintillation
counting. Non-specific uptake, determined in the presence of 10 M vanorexine (dopamine transporter),
100 puM desipramine (norepinephrine transporter), or 10 uM paroxetine (serotonin transporter), was <5 %
of total uptake.

Radioligand binding and uptake inhibition data were subjected to a non-linear, least-squares curve
fitting to the equation for a monophasic inhibition to obtain ICso estimates. Since the substrates were used
at very low concentrations (i.e., <0.1*Kw), the 1Cso estimates approximate the K (i.e., binding affinity)

values.

2.6. Effect of coronaridine congeners on human serotonin receptor 3A and serotonin receptors 3AB
using two-electrode voltage-clamp

The cDNA of each human serotonin receptor 3A and serotonin receptor 3B subunit was linearized by
Xho I and Pme | at the end of the multi-cloning site, followed by transcription using the mMMESSAGE
MMACHINE T7 Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA), as described
previously (Lee,Seol, 2022). The mRNA products were dissolved in diethyl pyrocarbonate and stored at
-80°C until use. To express the respective homopentamer serotonin receptor 3A and heteropentamer 5
serotonin receptors 3B, 50 ng serotonin receptor 3A° MRNA or 25 ng serotonin receptor 3A mMRNA:25

ng serotonin receptor 3B mMRNA was injected per oocyte. After two days, the activity of each receptor

12



subtype was recorded using a two-electrode voltage clamp (Warner Instruments, Hamden, CT, USA),
subsequently digitalized (Digidata, Molecular Devices, Sunnyvale, CA, USA), and analyzed using the
pClamp 10 software (Axon Instruments, Union City, CA, USA). The voltage and current electrodes were
filled with 3 M KCI (0.3-0.7 MW) and analyzed at —70 mV holding potential. Oocytes were placed in the
chamber and exposed to an ND96 solution at a flow rate of 2 mL/min. Inward peak traces elicited by 100
MM 5-HT, in the absence and presence of each congener (drugs were dissolved in 0.1% DMSO), were
analyzed using Clampfit 9.0 (Molecular Devices, San Jose, CA, USA). The deactivation recovery time of
100 uM 5-HT was determined by measuring the time of the deactivation process from maximal (peak;
100%) to basal (0%) 5-HT -evoked currents (Solt et al., 2007). Dopamine transporter charge (i.e., current
amplitude area) was normalized to that for 5-HT alone as previously described (Papke,Porter Papke,

2002).

2.7. Statistical Analysis

Experimental data (mean £ SEM) were analyzed by using the Prism software (GraphPad 6.0 or 8.4.1.,
Software Inc., La Jolla, CA, USA). Two-way ANOVA analysis was used to compare drug type-, dose-,
and time treatments in the behavioral studies. Tukey's multiple comparison post-hoc test was used to
compare different sexes and acute vs repeated treatments. One-way ANOVA analysis was used to
compare the effect of 5-HT in the absence and presence of coronaridine congeners. Values of p < 0.05

were considered significantly different.

3. Results
3.1. (+)-Catharanthine and (-)-18-MC increase both swimming time and climbing behavior, and

decrease immobility time, in the FST after one, seven, or fourteen days of treatments

13



The antidepressant-like activity of (+)-catharanthine and (-)-18-MC was determined after acute (1 h and
24 h) and repeated (D7 and D14) treatments using FST. This test allowed us to assess different escape
behaviors, including swimming, immobility, and climbing (Fig. 2A) (see Methods section for more
details).

Two-way ANOVA and Tukey's post-hoc analyses showed that acute treatment with (+)-
catharanthine or (-)-18-MC significantly increased swimming time (Fig. 2B) and decreased immobility
time (Fig. 2C) after 1 h and 24 h post-injection with similar statistical values for both congeners [F (4, 90)
= 88.58; p < 0.0001], compared to vehicle-treated animals. The analyses showed no significant difference
between 1 h and 24 h for swimming [F (4, 90) = 0.1305; p = 0.9709] (Fig. 2B) and immobility [F (4, 90)
= 88.58; p = 0.3799] times (Fig. 2C), and between male and female mice [F (4, 90) = 0.1305; p = 0.97;
for both behaviors] (Table 1).

A lower dose (20 mg/kg) of (+)-catharanthine or (-)-18-MC was able to increase swimming time
(Fig. 2E) and decrease immobility time (Fig. 2F) at D7 or D14 ([F (5, 108) = 209.4; p < 0.0001]; for both),
compared to vehicle-treated animals (Table 1). No significant differences were reported between males
and females in the swimming [F (1, 108) = 0.00048; p = 0.982] (Fig. 2E) and immobility [F (1, 108) =
0.08797; p = 0.954] (Fig. 2F) behaviors, between acute and D7 [F (3, 72) = 371; p =0.9999] or D [F (3,

72) = 371; p = 0.608], and between D7 and Du4 [F (5, 108) = 209; p = 0.877] for each behavior.
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Figure 2. Antidepressant-like activity of (+)-catharanthine and (-)-18-MC after acute and repeated
treatments determined by FST. (A) FSTs allowed us to study different escape behaviors, including
swimming, immobility and climbing. (B-D) Acute treatment: male and female mice (n = 10/condition)
were injected (i.p.) 40 mg/kg (+)-catharanthine (C) or (-)-18-MC (M), or vehicle (V), and FSTs performed
after 1 h and 24 h, respectively. (E-G) Repeated treatment: male and female mice (n = 10/condition) were
injected (i.p.) 20 mg/kg (+)-catharanthine or (-)-18-MC, or vehicle, for 14 consecutive days, and FSTs
were performed 1 h after the last injection on day 7 (D7) and day 14 (D14), respectively. Two-way ANOVA
and post hoc Turkey’s analyses gave the following results: ns, not significant, *p<0.05, **p<0.01,

**%n<0,001, ****p<0.0001.
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The effect of (+)-catharanthine and (-)-18-MC on climbing behavior was also studied after acute
(40 mg/kg) (Fig. 2C) and repeated treatments (20 mg/kg) (Fig. 2G). Statistical analyses of the acute
treatment showed that (+)-catharanthine [F (2, 54) = 54.69; p < 0.0001], but not (-)-18-MC [F (5, 108) =
22.17; p = 0.9389], significantly increases climbing, compared to vehicle-treated animals, with no
statistical difference between males and females [F (1, 108) = 0.00048; p = 0.9825] (Fig. 2D) (Table 1).

Statistical analyses of the effect of (+)-catharanthine and (-)-18-MC on climbing behavior after
repeated treatment showed a significant effect for (+)-catharanthine at D7 [F (5, 108) = 22.17; p < 0.0001]
and D14 [F (5, 108) = 22.17; p = 0.0007] (20 mg/kg), but not for (-)-18-MC [F (5, 108) = 22.17; p = 0.9999;
at D7 and Du4], compared to vehicle-treated animals (Table 1). (+)-Catharanthine’s effects were similar
between males and females [F (1, 62) = 0.0686; p = 0.7937], between D7 and D14 [F (8, 162) = 28.94;
p0.999], and between acute and D7 [F (3, 72) = 387.5; p = 0.999] or D4 [F (3, 72) = 370.8; p = 0.6078]
treatments. In summary, (+)-catharanthine, but not (-)-18-MC, induces escape behavior, in a dose- and

time-dependent, but sex-independent, manner.

3.3. (+)-Catharanthine and (-)-18-MC reduce both immobility and lateral swing behaviors and
increase running behavior in the TST after acute and repeated treatments

The antidepressant-like activity of (+)-catharanthine and (-)-18-MC was also studied in male and female
mice after acute (1 h and 24 h), and prolonged (D7 and D14) treatments by TST. This test was used to
support the initial results obtained by FSTs, and to evaluate distinct escape behaviors, including
immobility, lateral swing, and running behaviors (Fig. 3A) (see Methods section for more details). The
results of the running behavior in TST usually parallel the results of climbing behavior in FST with the
same escape mechanism (Lino-de-Oliveira,De Lima, 2005; Steru,Chermat, 1985), and both parameters

can be used to assess drug-induced antidepressant-like mechanisms.
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Two-way ANOVA and Tukey's post-hoc analyses of the acute results showed that 40 mg/kg (+)-
catharanthine significantly reduces immobility time in both male and female mice at 1 h and 24 post-
injection compared to vehicle-treated animals ([F (4, 90) = 84.06; p < 0.0001]), whereas 40 mg/kg (-)-18-
MC showed significant effect at 24 h [F (4, 90) = 84.06; p < 0.0001] but not at 1 h [F (4,90) = 84.06; p =
0.576] (Fig. 3B). There was a significant difference between 1 h and 24 h for (-)-18-MC [F (4,90) = 84.06;
p < 0.0001], but not (+)-catharanthine [F (4, 90) = 84.06; p = 0.999], and no difference between male and
female mice for both congeners [F (1, 90) = 0.0237; p = 0.813].

Statistical analyses of the acute results also showed that 40 mg/kg (+)-catharanthine significantly
reduces lateral swing scores [F (2, 54) = 48.04; p < 0.0001] (Fig. 3C) and significantly increases running
scores [F (2, 54) = 469.9; p < 0.0001] (Fig. 3D), compared to vehicle-treated animals, whereas (-)-18-MC
affected neither running [F(2,54) = 469.9; p = 0.971] nor lateral swing [F(2,54) = 1.297; p = 0.999]
behaviors (Table 1). (+)-Catharanthine’s effects were similar between males and females on lateral swing
scores [F (1, 54) = 0.308; p = 0.945] (Fig. 3C) and running scores [F (1, 54) = 0.1006; p = 0.999].

Treated animals alternated between swinging and running movements for longer periods compared
to vehicle-treated animals. Vehicle-treated animals adopted a shorter swinging behavior remaining
motionless afterward, whereas treated animals energetically moved their front legs to try to escape at
expense of swinging movements, which explains the decrease in swing score.

Repeated treatment using a dose of 20 mg/kg of either (+)-catharanthine or (-)-18-MC showed a
similar trend as that reported in the acute treatment using a dose of 40 mg/kg (Fig. 3E). Two-way ANOVA
and Tukey's post-hoc analyses showed a significant decrease in immobility time for (+)-catharanthine [F
(5, 108) = 103.4; p < 0.0001] and (-)-18-MC [F (5, 108) = 103.4; p < 0.0001] with same statistical values
for D7 and D14. No significant difference between males and females at both D7 and D14 was reported for

(+)-catharanthine [F (1, 108) = 0.04364; p = 0.999] and (-)-18-MC [F (1, 108) = 0.04364; p = 0.999].
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However, behavioral differences were observed between (+)-catharanthine and (-)-18-MC (20 mg/kg) at
D7 and D14. Indeed, two-way ANOVA analyses showed no significant decrease in lateral swing score for
(+)-catharanthine and (-)-18-MC [F (5, 108) = 4.686; p = 0.14; for both D7 and D14] (Fig. 3F) compared
to vehicle-treated animals (Table 1), and a significant increase in running score for (+)-catharanthine [F
(5, 108) = 468.3; p < 0.0001], but not (-)-18-MC [F (5, 108) = 468.3; p = 0.999] (Fig. 3G), with same
statistical values at D7 and D14. No significant difference was reported between males and females for the
effect of (+)-catharanthine [F (1,108) = 1.555; p = 0.999] and (-)-18-MC [F (1,108) = 1.555; p = 0.999]
on lateral swing score (Fig. 3F), and for the effect of (+)-catharanthine [F (1, 108) = 0.08819; p = 0.999]

on running score (Fig. 3G), for both D7and Da4.
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Figure 3. Antidepressant-like activity of (+)-catharanthine and (-)-18-MC after acute and repeated
treatments determined by TST. (A) TSTs allowed us to study three behaviors, including immobility, lateral
swing and running. (B-D) Acute treatment: male (M) and female (F) mice (n = 14/condition) were injected
(i.p.) 40 mg/kg (+)-catharanthine (C) or (-)-18-MC (M), or vehicle (V), and TSTs performed after 1 h and
24 h, respectively. Effect of (+)-catharanthine and (-)-18-MC on swimming time (B), lateral swing (C),
and running behavior (D). (E-G) Repeated treatment: mice (n = 14/condition) were injected (i.p.) 20 mg/kg
(+)-catharanthine or (-)-18-MC for 14 consecutive days, and the TSTs performed 1 h after the last injection
on day 7 (D7) and day 14 (D14), respectively. Effect of (+)-catharanthine and (-)-18-MC on swimming
time (E), lateral swing (F), and running behavior (G). Two-way ANOV A and post hoc Turkey’s analyses

gave the following results: ns, not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

3.3. Role of serotonergic neurotransmission in the antidepressant-like activity of (+)-catharanthine
and (-)-18-MC

To assess the role of serotonergic neurotransmission in the antidepressant-like activity of (+)-
catharanthine and (-)-18-MC, male mice were pretreated with pCPA to inhibit the endogenous synthesis
of 5-HT (Eckeli,Dach, 2000; Zomkowski,Rosa, 2004). Two-way ANOVA analyses showed that pCPA
did not alter swimming time per se compared to vehicle-treated animals [F (4, 90) = 17.57; p = 0.0284].
However, pCPA pretreatment significantly reduced the increase in swimming time induced by (-)-
catharanthine or (-)-18-MC at 1 h [F (4, 90) = 17.57; p < 0.0001] and 24 h [F (4, 90) = 17.57; p = 0.0022]
(Fig. 4A), and significantly increased the decrease in immobility time with same statistical values at both
times [F (4, 90) = 17.57; p < 0.0001] (Fig. 4B), compared to pCPA-untreated animals. The effect of (+)-
catharanthine and (-)-18-MC on climbing behavior was also studied after pretreatment with pCPA (Fig.

4C). Two-way ANOVA analyses showed that pCPA significantly decreased (+)-catharanthine’s effect [F
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(4, 90) = 265.4; p < 0.0001], without changing the previously observed lack of effect by (-)-18-MC [F (4,
90) = 265.4; p = 0.884], compared to pCPA-untreated animals. These results show that the activity of both

congeners was sensitive to pretreatment with pCPA.
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Figure 4: Effect of pCPA on the acute antidepressant-like activity of (+)-catharanthine and (-)-18-MC.
Mice (n = 10/condition) were administered (i.p.) 150 mg/kg pCPA or vehicle, daily for three consecutive
days. On the fourth day, animals were injected (i.p.) 40 mg/kg (+)-catharanthine (C) or (-)-18-MC (M), or
vehicle (V), and FSTs performed at 1 h and 24 h, respectively. (A-C) pCPA did not modify per se the
swimming time compared to vehicle-treated animals. However, pCPA pretreatment significantly reduced
the increase in swimming time (A) and increased the decrease in immobility time (B) induced by (-)-
catharanthine or (-)-18-MC at 1 h and 24 h, and reduced climbing behavior elicited by (+)-catharanthine
without changing the lack of climbing behavior by (-)-18-MC (C), compared to pCPA-untreated animals.
Two-way ANOVA and post hoc Turkey’s analyses gave the following results: ns, not significant, *p<0.05,

**p<0.01, ***p<0.001, ****p<0.0001.

3.4. Role of norepinephrinergic neurotransmission in the antidepressant-like activity of (+)-

catharanthine and (-)-18-MC
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To assess the role of norepinephrinergic neurotransmission in the antidepressant-like activity of (+)-
catharanthine and (-)-18-MC, male mice were pretreated with DSP-4 to deplete the endogenous content
of NE (Mineur,Cahuzac, 2018). Two-way ANOVA analyses showed that DSP-4 did not modify per se
the swimming time compared to vehicle-treated animals [F (1, 90) = 144; p = 0.097] (Fig. 5A). However,
DSP-4 pretreatment significantly reduced the increase in swimming time induced by (-)-catharanthine
with same statistical values at 1 h and 24 h [F (1, 90) = 144; p < 0.0001], without affecting (-)-18-MC’s
activity at 1 h [F (1, 90) = 144; p = 0.805] and 24 h [F (1, 90) = 144; p = 0.394], respectively, compared
to DSP-4-untreated animals. In addition, DSP-4 pretreatment significantly increased the decrease in
immobility time [F (4, 90) = 27.43; p < 0.0001] (Fig. 5B) and significantly reduced climbing behavior [F
(4, 90) =119.5; p < 0.0001] (Fig. 5C) elicited by (+)-catharanthine with same statistical values at 1 h and
24 h, compared to DSP-4-untreated animals. However, DSP-4 affected neither the decrease in immobility
time [F (4, 90) = 25.30; p = 0.760)], nor the lack of climbing behavior previously showed for (-)-18-MC
at 1 hand 24 h [F (4, 90) = 119.5; p = 0.999] (Figs. 5A-C). These results show that only the activity of

(+)-catharanthine is sensitive to DSP-4 pretreatment.
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Figure 5: Effect of DSP-4 on the acute antidepressant-like activity of (+)-catharanthine and (-)-18-MC.

Mice (n = 10/condition) were administered a single dose of 50 mg/kg DSP-4 (i.p.) or vehicle. Three days
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after treatment with DSP-4, animals were injected (i.p.) 40 mg/kg (+)-catharanthine (C) or (-)-18-MC (M),

or vehicle (V), and FSTs performed at 1 h and 24 h, respectively. (A-C) DSP-4 did not modify per se the

swimming time compared to vehicle-treated animals. However, DSP-4 pretreatment significantly reduced

the increase in swimming time (A), increased the decrease in immobility time (B), and reduced climbing

behavior (C) induced by (-)-catharanthine with the same statistical values at 1 h and 24 h, without affecting

(-)-18-MC’s activity, compared to DSP-4-untreated animals. Two-way ANOVA and post hoc Turkey’s

analyses gave the following results: ns, not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Table 1. Summary of behavioral activities mediated by coronaridine congeners after acute and repeated

treatments using both FST and TST.

Test Behavior Treatment (+)-Catharanthine (-)-18-MC

FST Swimming Acute Increase 2 Increase 2
Swimming Acute (+pCPA) Reduce ° Reduce °
Swimming Acute (+DSP-4) Reduce ° No effect
Swimming Repeated Increase ? Increase ®
Immobility Acute Reduce® Reduce?
Immobility Acute (+pCPA) Increase ° Increase ®
Immobility Acute (+DSP-4) Increase ° No effect
Immobility Repeated Reduce ? Reduce?
Climbing Acute Increase 2 No effect?
Climbing Acute (+pCPA) Reduce® No effect®
Climbing Acute (+DSP-4) Reduce® No effect®
Climbing Repeated Increase ? No effect?

TST Immobility Acute Reduce? Reduce?
Immobility Repeated Reduce? Reduce?
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Lateral swing Acute Reduce? No effect?

Lateral swing Repeated Reduce ? No effect?
Running Acute Increase ® No effect?
Running Repeated Increase ® No effect?

& Two-way ANOVA analyses showed significant effects for each congener compared to vehicle-treated
animals.
b Two-way ANOVA analyses showed significant effects for pCPA or DSP-4 pretreatment on congener-

treated mice compared to the respective pCPA (or DSP-4)-untreated animals.

3.5. Interaction of (+)-catharanthine, (-)-18-MC, and (-)-ibogaine with monoamine transporters
The chemical structure of (+)-catharanthine and (-)-18-MC is related to that of (-)-ibogaine (Fig. 1). Since
(-)-ibogaine binds to the inward facing conformation of monoamine transporters (Bulling et al., 2012;
Jacobs,Zhang, 2007), it is classified as an atypical inhibitor (Bhat et al., 2019). The indole ring and the
tropane-based ring system, which are both present in (+)-catharanthine and (-)-18-MC, are crucial
determinants for binding to serotonin transporter and dopamine transporter (Bhat et al., 2021).
Accordingly, we examined the ability of (+)-catharanthine and (-)-18-MC to displace high-affinity
radiolabeled inhibitors and to block substrate uptake in human dopamine transporter, norepinephrine
transporter, and serotonin transporter, respectively.

The radioligand binding assays allowed us to calculate the binding affinity for each studied
coronaridine congener at dopamine transporter (Fig. 6A), norepinephrine transporter (Fig. 6B), and
serotonin transporter (Fig. 6C), respectively. (+)-catharanthine and (-)-18-MC have lower affinity than (-

)-ibogaine for all three monoamine transporters as follows (from higher to lower affinity): (-)-ibogaine >
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(+)-catharanthine > (-)-18-MC (Table 3). It is also clear that there was a substantial difference (i.e., ~10-
fold) between the affinity of (+)-catharanthine and (-)-18-MC for dopamine transporter and
norepinephrine transporter, whereas the difference was less pronounced for serotonin transporter (i.e.,
~1.5-fold) (Table 2). The affinity of (-)-18-MC for serotonin transporter was higher than that for dopamine

transporter (16-fold) and norepinephrine transporter (19-fold) (Table 2).
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Figure 6: Effect of coronaridine congeners on radioligand binding to human dopamine (dopamine
transporter) (A), norepinephrine (norepinephrine transporter) (B), and serotonin (serotonin transporter)
(C) transporters. Membranes (2-4 ug/assay), prepared from HEK293 cells stably expressing dopamine
transporter, norepinephrine transporter, or serotonin transporter, were incubated with 7 nM [*H]CFT (A),
3 nM [3H]nisoxetine (B), or 2 nM [*H]citalopram (C), and different concentrations (i.e., 0.3-300 pM) of
(-)-ibogaine (@), (+)-catharanthine ('V), or (-)-18-MC (m). Nonspecific binding, assessed in the presence
of 10 uM vanorexine (dopamine transporter), 10 uM desipramine (norepinephrine transporter), or 10 uM
paroxetine (serotonin transporter), was <10 % of total binding. The specific binding was normalized to
100% (mean = S.D; n = three independent experiments) and subjected to non-linear, least-squares curve
fitting to the equation for a monophasic inhibition. The obtained ICso (i.e., binding affinity) values are

summarized in Table 2.
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We also independently verified that both (+)-catharanthine and (-)-18-MC were able to block
substrate uptake in monoamine transporters with lower potency (i.e., higher ICso values) compared to that
for (-)-ibogaine (Table 3). When compared to (+)-catharanthine, (-)-18-MC has a substantially lower
potency at dopamine transporter (Fig. 7A) and norepinephrine transporter (Fig. 7B), and displays similar

potency at the serotonin transporter (Fig. 7C) (Table 2).
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Figure 7. Effect of coronaridine congeners on substrate uptake at human dopamine transporter (A),
norepinephrine transporter (B), and serotonin transporter (C). HEK293 cells (2*10*well) stably
expressing dopamine transporter, norepinephrine transporter, or serotonin transporter, were preincubated
with different concentrations (i.e., 0.3-300 uM) of (-)-ibogaine (®), (+)-catharanthine ('¥), or (-)-18-MC
(m) for 10 min. The uptake reaction was initiated by addition of 0.1 pM [3H]dopamine (A), 0.05 uM
[EBHIMPP* (B), or 0.1 uM [3H]5-HT (C), and carried out for 1 min. Nonspecific uptake of [*H]dopamine
(A), [PBH]JMPP* (B), and [°H]5-HT(C) was determined in the presence of 10 uM vanorexine, 100 pM
desipramine, and 10 uM paroxetine, respectively, and subtracted from total uptake in the absence of
inhibitor to yield specific uptake. Specific uptake values (mean + SD), in the range 0f 2.1 £ 0.3 (A), 3.2 £

0.2 (B) and 5.3 = 0.5 (C) pmol/min 10 cells, were normalized to 100%. Experimental data (mean + S.D;
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n = three independent experiments) were subjected to non-linear, least-squares curve fitting to the equation

for a monophasic inhibition. The calculated ICso values are summarized in Table 2.

Table 2. Pharmacological activity of coronaridine congeners at human monoamine transporters and

serotonin receptors.

Monoamine Drug Binding Affinity 2 Inhibitory potency °
Transporter
Ki (M) ICs0 (M)

dopamine (-)-1bogaine 85x+16 365+34
transporter

(+)-Catharanthine 21.7+2.9 82.0+£10.2

(-)-18-MC 207 £33° 1177 £102°¢
norepinephrine (-)-lbogaine 8.3x0.8 28.8+5.2
transporter

(+)-Catharanthine 16.6+1.4 30.7+£3.6

(-)-18-MC 244 + 48 121 + 10
serotonin (-)-1bogaine 29+05 156 £3.5
transporter

(+)-Catharanthine 8.4+1.7 46.2 +12.5

(-)-18-MC 126+2.3 51.6+9.6

& Data obtained from radioligand binding assays (Figs. 6A-C).
b Data obtained from substrate uptake assays on monoamine transporters (Figs. 7A-C)
¢ Since these values were obtained from concentration-response curves showing <50% inhibition, they do

not intend to be accurate values but are included for comparative purposes.
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3.6. (+)-Catharanthine and (-)-18-MC do not reduce serotonin-evoked serotonin receptor 3 currents
but reduce deactivation recovery time only at the serotonin receptor 3A :

To determine whether coronaridine congeners modify the activity of serotonin receptors 3,
electrophysiological recordings (-70 mV holding potential) were performed in Xenopus oocytes
expressing either the serotonin receptor 3A or serotonin receptor 3AB. The first series of experiments
indicated that neither (+)-catharanthine nor (-)-18-MC activate the serotonin receptor 3A (Fig. 8A) or
serotonin receptor 3AB (Unpublished results) subtype. Corresponding to a higher potency of 5-HT for the
serotonin receptor 3A compared to the serotonin receptor 3AB (Dubin et al., 1999), the peak current (Is-
H) elicited by 100 uM 5-HT was higher at the former (-28.3 £ 2.8 nA) compared to the latter receptor
subtype (-8.3 £ 1.7 nA) (Table 3). To assess whether each congener inhibits 5-HT-evoked inward currents
(Is-nT), 0ocytes were co-treated (1 min) with 100 uM 5-HT and each separate congener (100 uM). The
results indicated that none of the congeners inhibits the serotonin receptor 3A(Fig. 8B) or serotonin
receptor 3AB receptor (Fig. 8C) subtype. One-way ANOVA analyses showed that 5-HT-evoked peak
currents at the serotonin receptor 3A in the absence (-28.3 £ 2.8 nA) and the presence of (+)-catharanthine
(-28.5 £ 1.7 nA) or (-)-18-MC (-29.0 £ 1.6 nA) are not significantly different (p > 0.05) (Table 3).
Nevertheless, (-)-18-MC (2.2 = 0.4 min), but not (+)-catharanthine (4.1 + 0.4 min), was able to
significantly reduce (p < 0.001) the deactivation recovery time elicited by 5-HT (5.0 £ 0.4 min) only at
the serotonin receptor 3A (Table 3). During co-treatment, different conformational states of the receptor
may coexist, including the active and desensitized states. (-)-18-MC neither activates nor inhibits serotonin
receptor 3 currents, favoring the hypothesis that (-)-18-MC increases the desensitization process.

Supporting this hypothesis, (-)-18-MC (0.39 + 0.01), but not (+)-catharanthine (0.86 + 0.09), significantly
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reduced the normalized dopamine transporter charge (i.e., current amplitude area) with respect to that for
5-HT alone (p <0.001).

To assess whether coronaridine congeners interact with serotonin receptors 3 and in the resting
state, oocytes were preincubated (4 min) with 100 uM (+)-catharanthine or (-)-18-MC before 5-HT-
induced activation. The results indicated that the congeners neither inhibit nor potentiate the serotonin
receptor 3A (Fig. 8D) or serotonin receptor 3AB (Fig. 8E) subtype. However, both (-)-18-MC (2.9 + 0.3
min) and (+)-catharanthine (2.5 0.3 min) significantly reduced (p < 0.001) the deactivation recovery time
only at the serotonin receptor 3A (Table 3). Our results suggest that both congeners interact with the
serotonin receptor 3A in the resting state, facilitating the desensitization process by an allosteric
mechanism that does not include Is.ut. This is supported by a significant reduction of the normalized
dopamine transporter charge values observed for both (-)-18-MC (0.43 + 0.01) and (+)-catharanthine (0.43
+ 0.03) concerning that for 5-HT alone (p < 0.001) (Table 3). Since the deactivation recovery time and
normalized dopamine transporter charge values for (-)-18-MC is practically the same as that in the pre-

incubation protocol (Table 3), this congener also acts when the receptor is activated.
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Figure 8. Effect of coronaridine congeners on serotonin receptor 3 function. (A) At a concentration of
100 uM, neither (+)-catharanthine (Cath) nor (-)-18-MC (18-MC) induced serotonin receptor 3A currents
per se. Similar results were obtained with the serotonin receptor 3AB. (B,C) Co-treatment (1 min) with
100 uM 5-HT and each congener (100 uM) did not reduce 5-HT-evoked serotonin receptor 3A (B) or

serotonin receptor 3AB (C) currents. (D,E) Pretreatment (4 min) with each congener (100 uM) neither
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reduce nor potentiate 5-HT-evoked serotonin receptor 3A (D) or serotonin receptor 3AB (E) currents. 5-

HT (100 puM) was used at the beginning and at the end of each experiment to show that functional

serotonin receptors 3 had been expressed in oocytes. After each drug treatment, washing was performed

for 15 min. The statistical analyses of the peak current, normalized dopamine transporter charge, and

deactivation recovery time values were summarized in Table 3.

Table 3. The pharmacological activity of coronaridine congeners at human serotonin receptor 3A and

serotonin receptor 3AB subtypes.

serotonin  Drug Drug Peak Current Normalized Deactivation
receptor 3 Treatment (nA) Dopamine Recovery
Subtype transporter Time (min)
Charge

S5-HT Alone -28.3+2.38 1.00 £ 0.05 5.0+£04

(+)-Catharanthine  Co-treatment? -28.5+ 1.7 0.86 £ 0.09 41+04

(+)-Catharanthine  Pre-treatment® -28.8 +1.2 0.43+£0.03° 29+0.3°
serotonin  (-)-18-MC Co-treatment? -29.0+1.6 0.39+0.01° 22+0.4°
receptor (-)-18-MC Pre-treatment® -28.4+1.9 043+0.01¢° 25%0.3°
3A

5-HT Alone -83+1.7 1.00 £0.17 19+0.3

(+)-Catharanthine  Co-treatment? -8.2+1.5 1.14 £ 0.05 2.1+£0.2
serotonin (+)-Catharanthine  Pre-treatment® -8.8+ 1.5 0.96 £ 0.06 22+0.2
receptor (-)-18-MC Co-treatment? -95+1.2 1.22 +0.02 19+£0.2
3AB (-)-18-MC Pre-treatment® -8.8+2.1 1.07 £0.01 20+0.2
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&b Data obtained for each drug at 100 M by two-electrode voltage-clamp recordings at the serotonin
receptor 3A (Figs. 8B% and 8DP, respectively) and serotonin receptor 3AB (Figs. 8C?* and 8EP,
respectively).

¢ One-way ANOVA analyses of the data (mean £ SEM; n = 9-12 oocytes from 3-4 different Xenopus)

indicated significant changes (p < 0.001), compared to serotonin alone.

4. Discussion

The main objective of the present study was to compare the antidepressant-like activity of (+)-
catharanthine and (-)-18-MC between male and female mice, after acute and repeated treatments, and to
determine plausible molecular mechanisms underlying the observed behavioral activities.

We determined the antidepressant-like activity of both (+)-catharanthine and (-)-18-MC after acute
and repeated treatments using two different tests, FSTs and TSTs. We showed that both (+)-catharanthine
and (-)-18-MC increase swimming time and decrease immobility time in the FST as well as decrease
immobility time in the TST in a dose- and time-dependent, but sex-independent, manner. The results show
that repeated treatments with 20 mg/kg of (+)-catharanthine or (-)-18-MC induced the same level of
antidepressant-like activity compared to that for acute treatment using a dose of 40 mg/kg, indicating that
prolonged treatments increase drug efficacy without inducing tolerance. The same trend was observed for
the anti-addictive activity of 18-MC after prolonged treatment (Glick,Rossman, 1991).

The lack of sex-dependence in the antidepressant-like activity of both (+)-catharanthine and (-)-
18-MC suggests that hormonal and neurochemical differences between male and female mice are not
important for the antidepressant-like activity of coronaridine congeners. Of note, the activity of (-)-
ibogaine against morphine-induced locomotor activity was found more robust in female than male rats,

which was attributed to a higher bioavailability in the former animals (Pearl et al., 1997). A simple
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explanation for this dichotomy is that the antidepressant-like effects of coronaridine congeners are
mediated by different mechanisms than their anti-addictive activities.

Our results showing that coronaridine congeners induce antidepressant-like activity in an acute
manner agree with previous studies with (-)-ibogaine and noribogaine (Rodriguez,Urbanavicius, 2020).
Nevertheless, there are interesting differences among congeners: (+)-catharanthine and (-)-18-MC showed
antidepressant-like activity at 1 h that lasted until 24 h, whereas the activity of (-)-ibogaine and
noribogaine did not last 24 h. Our acute TST results also showed an interesting distinction between (+)-
catharanthine and (-)-18-MC, where the antidepressant-like activity of the former drug lasted for longer
time (until 24 h) compared to the latter drug. The observed differences might reflect distinct metabolic,
pharmacodynamics (see below), and/or pharmacokinetic properties among drugs. Although 18-MC (half-
life ~10 min; (Glick,Maisonneuve, 1999), (-)-ibogaine (2-6 h; (Luz,Mash, 2021), and (+)-catharanthine
(0.8-1.2 h; (Lin et al., 2015) are metabolized/cleared relatively quickly, longer behavioral activities were
observed for each one of them (Glick,Maisonneuve, 1999; Glick,Rossman, 1991). The possibility that the
observed prolonged activity is mediated by long-acting metabolites is supported by the observation that
18-hydroxycoronaridine (~100 min) and noribogaine (24-30 h; but see (Rodriguez,Urbanavicius, 2020)
last in plasma for longer time than the respective parental drug (Glick,Maisonneuve, 1999; Luz,Mash,
2021). However, we do not have evidence of active metabolites of (+)-catharanthine.

Our results suggest that the mechanisms at the origin of the antidepressant-like activity of (-)-18-
MC and (+)-catharanthine slightly differed. In the FST, (-)-18-MC reduced immobility and increased
swimming times without changing climbing behavior, whereas (+)-catharanthine reduced immobility time
and increased both swimming time and climbing behavior. It has been previously reported the activity of
antidepressants that reduce immobility and increases climbing behaviors without affecting swimming time

is related to norepinephrine transporter inhibition (e.g., desipramine and reboxetine). However, bupropion,
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which inhibits both the norepinephrine transporter and dopamine transporter, also increased climbing
behaviors in rodents (Hayashi et al., 2011; Réneéric,Lucki, 1998). On the other hand, the activity of
antidepressants that reduces immobility and increases swimming times without changing climbing
behavior is related to serotonin transporter inhibition (e.g., fluoxetine) (Cryan,Markou, 2002; Saenz et al.,
2006). This consideration led us to hypothesize that the antidepressant-like activity of (-)-18-MC could
involve serotonin transporter inhibition, whereas the antidepressant-like activity of (+)-catharanthine
could also involve norepinephrine transporter inhibition.

To assess this hypothesis the binding and inhibitory properties of (+)-catharanthine and (-)-18-MC
were respectively determined at the dopamine transporter, norepinephrine transporter, and the serotonin
transporter, and compared to that of (-)-ibogaine, a well-characterized coronaridine congener
(Bhat,Newman, 2019; Bulling,Schicker, 2012; Jacobs,Zhang, 2007). Our results indicated that (+)-
catharanthine inhibits norepinephrine transporter with 3.9-fold higher potency than (-)-18-MC, whereas
similar potency/affinity values for both congeners were determined at serotonin transporter. Based on
previous results (Glick,Maisonneuve, 1999; Jacobs,Zhang, 2007) and our data, the following
affinity/potency sequence is observed for serotonin transporter: noribogaine > (-)-ibogaine > (+)-
catharanthine ~ (-)-18-MC. These results support the idea that the distinct affinity of both congeners
toward serotonin and norepinephrine transporters could explain in part the distinct behavioral results,(-)-
18-MC displaying a clear preferential action at the serotonin transporter.

To assess the role of serotonergic and norepinephrinergic neurotransmission in the antidepressant-
like activity of (+)-catharanthine and (-)-18-MC, the levels of 5-HT and NE were selectively depleted by
inhibiting 5-HT biosynthesis and inducing NE denervation, respectively. It is important to note that neither
pCPA nor DSP-4 pretreatment modified the behavior of the animals. This finding is consistent with

numerous data in the literature (Delaville et al., 2012; Page et al., 1999). Conversely, the results indicated
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that 5-HT depletion decreases the acute antidepressant-like activity of both (+)-catharanthine and (-)-18-
MC, whereas NE depletion only decreases (+)-catharanthine’s activity. This profile of responses of both
congeners corresponds to their in vitro potencies for the respective blocking of the serotonin transporter

and norepinephrine transporter.

In general, congeners have higher binding affinity compared to their inhibitory potencies. The
exception is (-)-18-MC, which has higher inhibitory potency compared to its binding affinity for the
norepinephrine transporter. The discrepancy between binding and uptake inhibition can be rationalized by
taking into account that the ionic conditions in the binding assays favor the outward-facing state of the
transporter. In contrast, during uptake inhibition, the transporters sequentially adopt several conformations
as they move through the transport cycle. For atypical inhibitors, this can per se result in very large
discrepancies in affinity estimates (Bhat et al., 2017). The transport cycle of the norepinephrine transporter
is characterized by a very slow return step (Bhat,Guthrie, 2021). A compound that binds preferentially to
the inward-facing state of the norepinephrine transporter is predicted to have a higher potency for
inhibition of uptake than for binding. Thus, based on our findings, (-)-18-MC is likely to be highly
selective for the inward-facing state of norepinephrine transporter.

Additional experiments with serotonin receptor 3A and serotonin receptor 3AB subtypes showed
that although (+)-catharanthine and (-)-18-MC does not activate, potentiate, or inhibit serotonin receptor
3 currents, they decrease both deactivation recovery time and normalized dopamine transporter charge at
the serotonin receptor 3A subtype. This type of response suggests that the two compounds increase the
desensitization process by an allosteric mechanism at this receptor subtype. Since the deactivation
recovery time and normalized dopamine transporter charge values for (-)-18-MC were practically the same

as that in the preincubation protocol, it is possible that this congener also acts when the receptor is

34



activated. Despite the interest in serotonin receptor 3 antagonism in the mechanism of action of
antidepressant drugs (Okada et al., 2019; Riga et al., 2020; Riga et al., 2016), our pharmacological study
indicates that the antidepressant-like activity of both congeners is unlikely related to serotonin receptor 3.

In summary, our behavioral study showed that (+)-catharanthine and (-)-18-MC induce
antidepressant-like activity in a dose- and time-dependent, and sex-independent, manner. The
antidepressant-like activity of both congeners involves serotonin transporter inhibition, and consequently
the recruiting of serotonergic pathways, without activating or inhibiting serotonin receptors 3, whereas
(+)-catharanthine’s activity is also mediated by norepinephrinergic pathways through norepinephrine

transporter inhibition.
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Ms. Ref. EJP-62740
Title: (+)-Catharanthine and (-)-18-methoxycoronaridine induce antidepressant-like
activity in mice by differently recruiting serotonergic and norepinephrinergic

neurotransmission

Dear Pr. F.A. Redegeld , Editor in chief,

We are grateful for your consideration of this manuscript, and we also very much appreciate
your suggestions, which have been very helpful in improving the manuscript. We also thank
the reviewer for their careful reading of our text and suggestions. We have revised the
manuscript accordingly and we hope that it can now be acceptable for EJP.

Please, find the answers to the reviewer’s criticisms below.

We remain at your entire disposal for any clarification or documentary proof that you might

require.

Yours sincerely,

Abdeslam Chagraoui , PhD., PharmD.

Please find below the editing comments and responses to reviewers’ comments :



Response to the comments of Reviewer #2

Thank you very much for the interest you have shown in reviewing our manuscript and for your
appreciated comments:

1. In figure 4 (and also in figure 2) there is a large difference in climbing scores between
catharantine and 18MC groups? Authors should explain what the reason for this difference is.
2. To this reviewer it is not clear enough the association between the drugs' affinities for
serotonin or noradrenaline transporters and their effects in vivo. Authors should give a clearer
panorama.

Response to the comments 1 and 2 :

We understand the comments of the reviewer. We believe that the lack of clarity was related to
the organization of some paragraphs in the discussion. We have thus reorganized the
paragraphs in the discussion to maintain the flow and the logic. This part (page 32,33 and 34)
now sequentially address 1) the distinct behavioral response of the two congeners, 2) their
distinct affinity toward the serotonin and the norepinephrine transporters, and 3) the distinct
contribution of noradrenergic and serotonergic pathways in their effect.

3. Please check the spelling of swimming in all figures. In the X axis it is misspelled.
Response to the comments 3 :

We have corrected the word swimming on all figures

Instructions for style revision:

Special attention should be given to the following items:

1. Carefully check for spelling and for grammar mistakes

Response to the comments 1 :

We checked for spelling and grammatical errors.

2. Abbreviations



Authors should not use laboratory jargon or shorthand, both of which are a hindrance to the
reader.

Explain abbreviations when they are used for the first time in abstract and text

Authors must use as few abbreviations as possible.

Response to the comments 2 :

We have used as few abbreviations as possible and descrived the first time were introduced.
3. Nomenclature

Proper nomenclature for drugs, peptides and receptors must be used.

Peptide nomenclature is as in: J. Biol. Chem. 260 (1983) 14-42.

Receptor, ion channel and transporter nomenclature is according to the IUPHAR receptor
database (http://www.iuphar-db.org/iuphar-rd/)

For receptors avoid the abbreviation ‘R’. With receptor subtypes mention the full receptor name
throughout the text: e.g. adenosine Al receptor, melanocortin MC3 receptor, endothelin ET1
receptor.

Response to the comments 3 :

we have fixed the names of the receptors according to the suggested nomenclature.

4. Spacing

The manuscript, including title page, references, legend to tables and figures, should be typed
double-spaced (at least 6mm between lines).

Response to the comments 4 :

The manuscript, including the title page, references, table and figure captions, has been typed
in double spacing.

5. References

For references the style as detailed in the “Instructions for Authors” should be used.

Response to the comments 5:



We have used the references style of the journal according to the Guide for Authors provided
by the European Journal of Pharmacology.

6. Tables

Tables should be in the style of the journal and typed double-spaced (consult a recent issue).
Avoid vertical lines

Response to the comments 6

The tables have been fixed in the style of the journal and typed double-spaced

7. Figures

Submit high- resolution files of each figure

Response to the comments 7

The figures have been edited in tif format (high resolution)
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