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Abstract

The enhancement of GABAergic and monoaminergic neurotransmission has been the mainstay of 

pharmacotherapy and the focus of drug-discovery for anxiety and depressive disorders for several 

decades. However, the significant limitations of drugs used for these disorders underscores the 

need for novel therapeutic targets. Neuronal nicotinic acetylcholine receptors (nAChRs) may 

represent one such target. For example, mecamylamine, a non-competitive antagonist of nAChRs, 

displays positive effects in preclinical tests for anxiolytic and antidepressant activity in rodents. In 

addition, nicotine elicits similar effects in rodent models, possibly by receptor desensitization. 

Previous studies (Xiao et al., 2001) have identified two metabolites of methadone, EMDP (2-

ethyl-5-methyl-3,3-diphenyl-1-pyrroline) and EDDP (2-ethylidene-1,5-dimethyl-3,3-

diphenylpyrrolidine), which are considered to be inactive at opiate receptors, as relatively potent 
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noncompetitive channel blockers of rat α3β4 nAChRs. Here, we show that these compounds are 

likewise highly effective blockers of human α3β4 and α4β2 nAChRs. Moreover, we show that 

they display relatively low affinity for opiate binding sites labeled by [3H]-naloxone. We then 

evaluated these compounds in rats and mice in preclinical behavioral models predictive of 

potential anxiolytic and antidepressant efficacy. We found that EMDP, but not EDDP, displayed 

robust effects predictive of anxiolytic and antidepressant efficacy without significant effects on 

locomotor activity. Moreover, EMDP at behaviorally active doses, unlike mecamylamine, did not 

produce eyelid ptosis, suggesting it may produce fewer autonomic side effects than 

mecamylamine. Thus, the methadone metabolite EMDP may represent a novel therapeutic avenue 

for the treatment of some affective disorders.
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1. Introduction

Anxiety and depression are the two most common mental health disorders, affecting ~25% 

of the US population in any given year (Kessler et al., 2005). While the treatment of 

affective disorders has improved substantially since the introduction of drugs such as 

selective monoaminergic reuptake inhibitors, one-third of individuals with these disorders 

remain treatment resistant (Trivedi et al., 2006). Furthermore, adverse side effects of these 

drugs limit their use in some patients. These issues with conventional pharmacotherapy for 

affective disorders underscore the need for drugs aimed at new targets for the treatment of 

anxiety and depression. Neuronal nicotinic acetylcholine receptors (nAChRs) may be one 

such target because they potentially have widespread influence on CNS functions of 

neurotransmitters.

Anxiety and depression are both highly co-morbid with nicotine dependence (Glassman et 

al., 1990; Paperwalla et al., 2004; Bertrand, 2005; Zvolensky et al., 2008; Mineur and 

Picciotto, 2010), suggesting that nicotine use may in part be an attempt at self-medication in 

these conditions. Indeed, nicotine produces effects consistent with anxiolytic (File et al., 

1998; Turner et al., 2010, 2011; McGranahan et al., 2011; Anderson and Brunzell, 2012; 

Hussmann et al., 2014) and antidepressant activity (Tizabi et al., 1999; Ferguson et al., 

2000; Vázquez-Palacios et al., 2005) in preclinical rodent models. Nicotine also increases 

the rate of adult neurogenesis (Mudò et al., 2007; Belluardo et al., 2008), a proposed 

biomarker of antidepressant efficacy common to clinically used antidepressant drugs (Eisch 

and Petrik, 2012).

nAChRs are pentameric ligand-gated ion channels comprised from nine α and three β 

subunits, which are widely expressed throughout the nervous system. While peripheral 

nAChRs have a direct, fast excitatory signaling role at ganglia, in the brain these receptors 

are frequently associated with modulation of the release of several neurotransmitters, 

including GABA (Lena et al., 1993; Lu et al., 1998; McClure-Begley et al., 2014), 

norepinephrine (Clarke and Reuben, 1996; Kulak et al., 2001; Leslie et al., 2002; Grille et 
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al., 2005), dopamine (Rowell et al., 1987; Rapier et al., 1988; Grady et al., 1992; Nissell et 

al., 1994), and acetylcholine (Marchi and Raiteri, 1996; Grady et al., 2001; Grille et al., 

2005). These effects, together with their potential to activate intracellular signaling 

mechanisms, can induce long-lasting changes in neuroplasticity (McKay et al., 2007).

Thus, nAChRs have the potential to modulate multiple brain pathways, including those 

involved in complex behaviors and affect; they are therefore attractive potential therapeutic 

targets. Indeed, nAChR ligands have recently been examined as potential antidepressant 

and/or anxiolytic compounds (Picciotto et al., 2002; Mineur et al., 2007, 2009, 2011; 

Rollema et al., 2009; Turner et al., 2010, 2011; Caldarone et al., 2011; Anderson and 

Brunzell, 2012). Interestingly, mecamylamine, a noncompetitive blocker of nAChR 

channels, also displays positive effects in preclinical tests for anxiolytic and antidepressant 

activity in rodents (Rabenstein et al., 2006; Lippiello et al., 2008; Nickell et al., 2013), and it 

was initially reported to have antidepressant and anxiolytic effects in preliminary human 

trials (Shytle et al., 2002; Bacher et al., 2009; but see Ledford, 2011). While seemingly 

paradoxical, both nicotine (and other nicotinic agonists) as well as nicotinic antagonists 

(such as mecamylamine) appears to exert anxiolytic/antidepressant effects. This may be 

explained by activation of GABAergic, noradrenergic, or serotonergic neurotransmission by 

agonists, or by disinhibition of these systems by antagonists. We favor the latter explanation, 

as most agonists of nAChRs induce rapid and long-lasting receptor desensitization.

Two compounds of interest are the methadone primary N-demethylated metabolite, EDDP, 

and its trace secondary N-demethylated derivative, EMDP. Both compounds are believed to 

be inactive at opiate receptors (Pohland et al., 1971), but both potently block rat α3β4 

nAChR channels (Xiao et al., 2001). The effects of EDDP and EMDP on affective behaviors 

in vivo are unknown. Therefore, to evaluate whether EDDP and/or EMDP exert anxiolytic-

like and/or antidepressant-like activities in vivo, we tested their efficacy in preclinical 

paradigms sensitive to anxiolytic or antidepressant drugs. We found that EMDP and, to a 

lesser degree, EDDP displayed anxiolytic-like activity. Furthermore, EMDP also displayed 

antidepressant-like activity. Interestingly, eyelid ptosis, an indicator of ganglionic side 

effects, was present following behaviorally active doses of mecamylamine, but not EMDP, 

suggesting that EMDP may produce fewer autonomic side effects compared to 

mecamylamine.

2. Materials and Methods

2.1 Stable cell lines and 86Rb+ efflux Assay

The cell lines expressing human α4β2 (YXα4β2H1) and α3β4 (YXα3β4H1) nAChRs were 

established recently (Xiao et al., 2012). These cell lines were maintained in minimum 

essential medium (MEM) supplemented with 10% fetal bovine serum, 100 units/ml 

penicillin G, 100 mg/ml streptomycin and selective antibiotics at 37°C with 5% CO2 in a 

humidified incubator. Tissue culture medium and antibiotics were obtained from Invitrogen 

Corporation (Carlsbad, CA), unless otherwise stated. Fetal bovine serum was obtained from 

Gemini Bio-Products (Woodland, CA).
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Functional properties of compounds at nAChRs expressed in the transfected cells were 

measured using 86Rb+ efflux assays as described previously (Xiao et al., 1998, 2001). In 

brief, cells were plated into 24-well plates coated with poly-D-lysine. The plated cells were 

grown at 37° C for 18 to 24 hour to reach 85 - 95% confluence. The cells were then 

incubated in growth medium (0.5 ml/well) containing 86Rb+ (2 μCi/ml) for 4 hour at 37° C. 

The loading mixture was then aspirated, and the cells were washed four times with 1 ml 

buffer (15 mM HEPES, 140 mM NaCl, 2 mM KCl, 1 mM MgSO4, 1.8 mM CaCl2, 11 mM 

Glucose, pH 7.4). One ml of buffer with or without compounds to be tested was then added 

to each well. After incubation for 2 min, the assay buffer was collected for measurements 

of 86Rb+ released from the cells. Cells were then lysed by adding 1 ml of 100 mM NaOH to 

each well, and the lysate was collected for determination of the amount of 86Rb+ that was in 

the cells at the end of the efflux assay. Radioactivity of assay samples and lysates was 

measured by liquid scintillation counting. Total loading (cpm) was calculated as the sum of 

the assay sample and the lysate of each well, and the amount of 86Rb+ efflux was expressed 

as a percentage of 86Rb+ loaded. Stimulated 86Rb+ efflux was defined as the difference 

between efflux in the presence and absence of nicotine. To obtain IC50 values, inhibition 

curves were constructed in which increasing concentrations of a compound were included in 

the assay to inhibit efflux stimulated by 100 μM nicotine. IC50 values were determined by 

nonlinear least-squares regression analyses (GraphPad, San Diego, CA).

2.2 [3H]-Naloxone binding assay

Rat forebrain (anterior to the colliculi) was weighed, suspended in cold 50 mM Tris-HCl 

buffer (pH 7.4) containing 100 mM NaCl and homogenized with a polytron homogenizer. 

The homogenate was centrifuged at 35,000 × g for 10 min, the pellet was resuspended in 

fresh buffer, centrifuged again, and the final pellet resuspended in buffer. Aliquots 

equivalent to 10 mg of original tissue weight (~500 μg protein) were added to tubes 

containing 2 nM [3H]-naloxone (53.7 Ci/mmol; Perkin Elmer, Inc. Boston, MA) and a range 

of concentrations of methadone, EMDP or EDDP in a final volume of 1 ml. The tubes were 

incubated for 1 h at 24°C and then filtered over GF/C filters pre-wet with polyethyleneimine 

and mounted on a Brandel cell harvester. The filters were washed 3 times with buffer, 

placed in vials and then counted in a Beckman scintillation counter. Non-specific binding 

was measured in the presence of 10 μM unlabeled naloxone or 100 μM methadone (which 

gave similar values). Specific binding was defined as the difference between total and 

nonspecific binding. Competition curves for each added drug were analyzed with GraphPad 

Prism 5 (GraphPad Software, Inc. San Diego, CA).

2.3 Rats

Adult, male Sprague-Dawley rats (225-300 g at the start of the study; Harlan Labs) were 

housed two per cage in a temperature-controlled vivarium (22°C) at Georgetown University 

Medical Center and maintained on a standard 12-hr, light–dark cycle (lights on from 6 a.m. 

– 6 p.m.), with food and water available ad libitum. All experimental manipulations were 

performed during the light phase. All procedures were completed with approval from the 

Georgetown University Animal Care and Use Committee and in accordance with AALAC 

recommendations and the Guide for Care and Use of Laboratory Animals (National 
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Research Council (U.S.) et al., 2011). Behavioral tests were conducted in separate groups of 

rats.

2.4 Mice

Adult male 129SvEv;C57Bl/6J F1 hybrid mice (7-10 weeks of age; 25-35g; Taconic) were 

group-housed (5/cage) and maintained on a 12h light/dark cycle with food and water 

available ad libitum. This mouse strain was selected as it has previously been used for 

examining anxiety and depression-like behaviors in mice (e.g., Turner et al., 2010, 2011, 

2013; Hussmann et al., 2014). All experimental testing sessions were conducted between 

9:00 A.M. and 3:00 P.M., with animals randomly assigned to treatment conditions and 

tested in counterbalanced order. All procedures with mice were completed with approval 

from the University of Pennsylvania Animal Care and Use Committee.

2.5 Drugs and Treatments

The following compounds were generously provided by Research Triangle Institute 

(Research Triangle Park, NC) through the National Institute on Drug Abuse: (+)-EDDP, (−)-

EDDP and racemic EDDP [2-ethylidene-1,5,dimethyl-3,3-diphenylpyrrolidine perchlorate], 

and (+)-EMDP, (−)-EMDP and racemic EMDP [2-ethyl-5-methyl-3,3,-diphenyl-1-pyrroline 

hydrochloride], The structures of EDDP and EMDP are shown in Figure 1. Note that EDDP 

carries a positive charge.

Mecamylamine HCl, sertraline HCl, chlordiazepoxide HCl (CDP) and (−)-nicotine hydrogen 

tartrate were purchased from Sigma-Aldrich (St. Louis, MO).

All drug doses in animal studies are expressed as milligrams per kilogram of the salt form. 

Racemic EMDP and EDDP were used for behavioral studies. For rat studies, drugs were 

dissolved in 1:1 DMSO:saline and administered subcutaneously (s.c.). For mouse studies, 

drugs were dissolved in 0.9% saline and injected intraperitoneally (i.p.). We believe these 

different parenteral routes of administration, while not pre-planned, broaden the 

interpretability of our findings.

The dose of mecamylamine, sertraline, and chlordiazepoxide fall within the dose-range 

previously found effective for these drugs (e.g., Cervo et al., 1991; Turner et al., 2010) . Due 

to the relatively few previous studies with EMDP and EDDP and the similar in vitro 

potencies of EMDP, EDDP, and mecamylamine, we selected starting doses (5-10 mg/kg), 

which fall within the range previously reported to be anxiolytic for mecamylamine. In some 

cases, when an effect was detected, we increased the dose of EMDP or EDDP to determine 

if we reached a maximal response. In the case of ptosis, we selected a dose 4× the minimal 

effective dose for EMDP to better test the hypothesis that EMDP was without effect on 

ptosis.

2.6 Behavioral Assays

Animals were transported from the animal facility to testing rooms, where they were 

allowed to acclimate in their home cage for a minimum of 30 minutes prior to the onset of 

behavioral testing. All behavioral testing was conducted and scored while blind to treatment 
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conditions. We included standard reference compounds for at least one behavioral test in 

each area of interest as a measure of assay sensitivity; but standard reference compounds 

were not included for all behavioral tests because the positive effects detected in each assay 

enabled us to omit these groups from some experiments, reducing the number of animals 

needed for this study (i.e., the reference compounds would be needed to interpret a null 

finding, but not a positive finding). For example, the increased open-arm exploration in the 

elevated plus maze with rats (Fig 5) allowed us to omit chlordiazepoxide as a control. 

Likewise, the decreased immobility with EMDP in the mouse forced swim test (Fig 8) 

allowed us to omit sertraline as a positive control for those experiments.

2.6.1 Locomotor Activity (Rats)—Locomotor activity was measured 30 minutes after sc 

injection of test compound. Animals were placed into a novel Plexiglass enclosure (16”×16”

×16”, TruScan Arena, Coulbourn Instruments, Whitehall, PA) with 770 lux illumination 

over the center of the arena. Animals were allowed to explore for 10 min, during which total 

distance traveled was recorded using ANYmaze software (Stoelting Co., Wood Dale, IL), as 

previously described (Forcelli et al., 2012).

2.6.2 Locomotor Activity (Mice)—Locomotor activity in response to i.p. drug 

administration was analyzed in a “home cage” activity monitoring system (Med Associates, 

St. Albans, VT), as previously described (Walters and Blendy, 2001; Mackler et al., 2008; 

Isiegas et al., 2009). Briefly, a novel cage identical to the home cage (28.9 cm × 17.8 cm × 

12 cm) was placed in a photo-beam frame (30 cm × 24 cm × 8 cm) with sensors arranged in 

an 8-beam array strip. For dose studies, mice were injected i.p. with saline or drug. 

Immediately following drug administration, the mice were placed individually in the cages 

with 4000 lux illumination, identical to their normal housing conditions. Beam break data 

was monitored and recorded for 60 min.

2.6.3 Elevated Plus Maze—(Rats) Plus maze testing was performed and scored as 

previously described (Forcelli and Heinrichs, 2008; Forcelli et al., 2012), in a standard grey 

rat elevated plus maze (50cm arms, elevated 40cm off the ground [Stoelting Co., Wood 

Dale, IL]). Testing was conducted under 20 lux red light, 30 min after drug administration. 

The test lasted 300 sec. The number of arm entries and time spent in open and closed arms 

were recorded using ANYmaze (Stoelting Co, Wood Dale, IL).

2.6.4 Marble Burying—(Mice) After a 1 h period of acclimation to the testing room, the 

mice (n=6-10 per group) were injected i.p. with saline, EDDP, EMDP, or CDP at the doses 

indicated. Ten minutes later, the mice were placed individually in small cages (26×20×14 

cm), in which twenty marbles had been equally distributed on top of mouse bedding (5-cm 

deep), and a wire lid was placed on top of the cage. Mice were left undisturbed for 15 min, 

after which time the number of buried marbles (i.e., those covered by bedding three-quarters 

or more) was counted.

2.6.5 Forced Swim Test—(FST; Rats) The FST in rats was conducted as previously 

described (Porsolt et al., 2001). On day 1, rats were placed in a cylindrical chamber (20 cm 

in diameter, 46 cm deep) filled to a height of 38 cm with room temperature water for 900 

sec. After the completion of this pre-exposure test, animals were removed from the 
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apparatus, dried with towels and placed under a heat lamp for ~30 min. Immediately prior to 

returning the animals to their home cage, they were treated with either EMDP (10 or 20 mg/

kg), EDDP (10 mg/kg), sertraline (20 mg/kg), mecamylamine (5 mg/kg) or vehicle. Animals 

were treated with these same doses again 20h and 23h after the initial dose. This dosing 

paradigm is commonly used in forced swim experiments in rats (Porsolt et al., 2001). 

Twenty-four h after the pre-exposure, animals were re-introduced to the apparatus and 

video-recorded for 300 sec. Immobility was hand-scored for each video record by a 

treatment blind observer (P.A.F.) using ANYmaze (Stoelting) to record the data.

2.6.6 Forced Swim Test—(FST; Mice) The FST in mice was conducted as previously 

described (Turner et al., 2011). Briefly, 10 min following i.p. injection of saline, EDDP or 

EMDP, mice were placed in Plexiglas cylinders filled with water (25°C) for 6 min while 

being videotaped. The forced swim score for the entire 360 sec test was assessed using the 

Cleversystems videotracking system (CleverSys Inc, Reston, VA) and confirmed with visual 

scoring by a trained observer. A mouse was judged to be immobile when making only those 

movements necessary to keep its head above water.

2.6.7 Ptosis Assessment—(Rats) Eyelid ptosis in rats was assessed 15 min prior to and 

15, 30, 45, and 180 min after administration of either mecamylamine (5mg/kg) or EMDP 

(20mg/kg). Ptosis was assessed as previously described (Rubin et al., 1957). Each animal 

was photographed while gently restrained by hand. Photographs were analyzed by a 

treatment blind observer (P.A.F.) and assigned a score of 0 (no ptosis, eye completely open), 

1 (mild, eye partially closed), 2 (moderate, eye half closed), 3 (severe, eye ¾ closed), or 4 

(complete, eye completely closed).

2.6.8 Statistical Analysis—Data were analyzed using SPSS (IBM, Somers, NY) and 

GraphPad Prism (GraphPad Software, La Jolla, CA). Normally distributed data (open field, 

home cage locomotor behavior, marble burying, and forced swim) were analyzed by 

analysis of variance followed by Holms-Sidak post-hoc test. Nonparametric data (elevated 

plus maze, ptosis scores) were analyzed using the Kruskal-Wallis test followed by Dunn's 

post-hoc test. The threshold for statistical significance was set as p<0.05.

3. Results

3.1 EDDP and EMDP block nicotine-stimulated 86Rb+ efflux mediated by α3β4 and α4β2 
nAChRs

We compared the potencies of EDDP and EMDP in blocking human α3β4 and α4β2 nAChR 

channel function stimulated by nicotine using 86Rb+ efflux assays. We previously showed 

that each of the two enantiomers of these two methadone metabolites are equipotent in 

blocking rat α3β4 nAChR channels (Xiao et al., 2001), and as shown in Table 1, their 

potencies in blocking the channel function of human α3β4 and α4β2 nAChRs were also 

similar. Both compounds were 2.5 to 3 times more potent at α3β4 than at α4β2 nAChRs, 

which was the opposite order of potency for mecamylamine, a widely used nAChR channel 

blocker. EDDP was 10- to 13-times more potent than EMDP at both receptor subtypes in 

these assays.
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Because (+) and (−) enantiomers of both EDDP and EMDP demonstrated nearly equal 

potencies at inhibiting α3β4 and α4β2 nAChR channel function in these 86Rb+ efflux assays, 

the subsequent assays were carried out with racemic mixtures of the two compounds.

3.2 Binding of methadone, EDDP and EMDP to opiate receptors labeled by [3H]-naloxone

Methadone is a μ-opiate receptor agonist. EDDP, which is the N-demethylated primary 

metabolite of methadone, and EMDP, the secondary N-demethylated trace derivative of 

EDDP, are considered to be inactive at opiate receptors (Pohland et al., 1971). Consistent 

with this assessment, as shown in Figure 2, binding competition assays demonstrate that 

methadone competes for the majority of [3H]-naloxone binding sites in rat forebrain with 

high affinity (Ki ~11 nM), while EDDP and EMDP compete with 84-fold and 1900-fold 

lower affinities, respectively.

3.3 Effects of EDDP and EMDP on Locomotor Activity in Rats

Locomotor activity provides an overall measure of spontaneous motor activity, as well as a 

measure of exploratory drive, as indicated by greater degree of exploration of the center of 

the maze (Crawley, 1985). As shown in Figure 3, although analysis of variance (ANOVA) 

showed a significant main effect of time (F9,189=15.4, p<0.0001), both control and treated 

rats habituated to the open field at similar rates and traveled a similar distance over the 

course of the test. There was no main effect of treatment (F1,25=0.54, p=0.54) nor a 

treatment-by-time interaction (F9,225=0.56, p=0.83). Thus, neither EDDP nor EMDP 

significantly altered open field locomotor activity in rats. The size of the open field, and the 

lack of optimization of the apparatus for testing anxiety-like behavior precluded a 

meaningful analysis of exploration of the center of the maze in the present study.

3.4 Effects of EMDP on Locomotor Activity in Mice

Consistent with our results in rats, ANOVA indicated that the general locomotor activity of 

mice placed in the novel cage decreased with time (Fig. 4A; F11,330 =38.79, p<0.0001). 

Again, EMDP did not significantly affect overall locomotor activity (Fig 4B, F4,,30=0.73, 

p=0.58), nor was there a treatment-by-time interaction (F44,330=1.08, p=0.34). EDDP was 

not tested in for locomotor activity in mice.

3.5 Anxiolytic-like effects in rats: Elevated Plus Maze

To examine the potential anxiolytic effects of EDDP and EMDP, we used the elevated plus 

maze, a standard test for anxiety-like behavior in rodents (Carobrez and Bertoglio, 2005). 

This test exploits the natural exploratory drive of rodents by pitting the relative safety of the 

dimly lighted closed arms of the maze against the open, unenclosed, elevated spaces, which 

are presumed to be anxiety-inducing (Pellow et al., 1985). The rats were tested in the EPM 

30 min after drug treatment.

As shown in Figure 5A, vehicle-treated control rats spent a mean duration of 104 s in the 

open arms of the elevated plus maze; whereas rats treated with EDDP (10 mg/kg) spent a 

mean duration of 80 s in the open arms, which was not statistically different from controls. 

In contrast, rats treated with EMDP spent a mean duration of 143 s in the open arms, which 

was statistically different from controls (Kruskal-Wallis test, H(2)=7.1, p<0.05; p<0.05, 
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Dunn's multiple comparison test), suggesting that EMDP has an anxiolytic effect in this test. 

As shown in Figure 5B, the groups did not differ with respect to percentage of entries made 

into the open arms of the plus maze. Finally, the latency to first entry in the open arms did 

not differ as a function of treatment group (data not shown).

3.6 Anxiolytic-like effects in mice: Marble-burying test

Marble burying is a natural tendency of mice and rats (Poling et al., 1981; Njung'e and 

Handley, 1991). Although this behavior itself does not necessarily reflect a state of anxiety 

in rodents (Njung'e and Handley, 1991; Thomas et al., 2009; Wurzman et al., 2014), 

inhibition of this behavior does appear to reliably distinguish antianxiety drugs (Broekkamp 

et al., 1986; Njung'e and Handley, 1991; Nicolas et al., 2006). Therefore, we examined the 

effects of EDDP and EMDP on this behavior.

Mice were injected i.p. with saline (vehicle), CDP (positive control), EDDP, or EMDP at the 

doses shown. Ten minutes after injection, the mice were placed individually in small cages 

with 20 marbles on top of the bedding, and 15 min later the number of marbles buried was 

counted. As shown in Figure 6, vehicle-treated control mice buried a mean of 11 marbles 

during the 15 min test. As expected, animals treated with the positive control CDP 

(10mg/kg) buried significantly fewer marbles than vehicle treated animals (p<0.01). Mice 

treated with EDDP at a dose of 5 mg/kg also buried significantly fewer marbles than did 

controls (p<0.05), but at the higher dose of 10 mg/kg, this did not reach statistical 

significance. Mice treated with EMDP buried significantly fewer marbles at both the 5 

mg/kg (p<0.01) and 10 mg/kg dose (p<0.05), but not at the 1 mg/kg dose. These effects 

were analyzed by post-hoc tests (Holm-Sidak corrected) after analysis of variance revealed a 

significant main effect of drug treatment (F6,,42=5.49, p=0.0005).

3.7 Antidepressant-like effects in rats: Forced swim test

The FST (Porsolt et al., 1977) is a well-established assay with predictive utility for 

antidepressant drug efficacy. As shown in Figure 7, vehicle-treated rats spent a mean 

duration of 81 s immobile during the 5 min forced swim test. Treatment of rats with 

sertraline (20 mg/kg), an antidepressant used here as a positive control, significantly reduced 

immobile time (p<0.05). Similarly, treatment of rats with the nAChR channel blocker 

mecamylamine (5 mg/kg), which has previously been found to reduce immobile time in this 

test (Caldarone et al., 2004; Andreasen and Redrobe, 2009), reduced immobile time 

(p<0.05). Treatment with EDDP (10 mg/kg) was without effect in this test, but treatment 

with EMDP at both 10 and 20 mg/kg reduced immobile time (p<0.05) to the same extent as 

sertraline (Holm-Sidak corrected post-hoc tests after ANOVA showed a significant main 

effect of treatment (F5,76=3.489, p<0.001).

3.8 Antidepressant-like effects in mice: Forced Swim Test

As shown in Fig. 8A, vehicle treated control mice spent a mean duration of 270 s immobile 

during the 6 min forced swim test. This is similar to the immobility time we have previously 

reported for this mouse strain under these test conditions (Turner et al., JPET 2010; 

Gundersen et al., 2013; Gundersen and Blendy, 2009; Cleck et al, 2008; Conti et al, 2004; 

Conti et al, 2002), and is optimal for avoiding floor effects. Treatment of mice with 1, 5, or 
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10 mg/kg EDDP did not produce a significant effect on duration of immobility (F3,15=0.45, 

p=0.72). In contrast, in separate experiments using different groups of mice, EMDP 

significantly reduced immobility time. Thus as shown in figure 8B, in these experiments 

vehicle treated mice spent a mean duration of 207 s immobile during this 6 min forced swim 

test. EMDP at a dose of 5 mg/kg did not affect immobility time, but at a dose of 10 mg/kg it 

significantly reduced it (ANOVA and one-tailed Holm-Sidak corrected post-hoc tests 

(F2,17=7.128, p<0.01).

3.9 Comparison of ganglionic effects of mecamylamine and EMDP in rats

Ganglionic blockade can cause eyelid ptosis; and indeed, during forced swim tests in rats, 

we observed obvious ptosis in response to mecamylamine (5 mg/kg). But interestingly, 

EMDP at doses (10 and 20 mg/kg) equally efficacious in the FST did not produce ptosis. To 

examine this difference in more detail, an additional group of rats was treated with either 

mecamylamine (5 mg/kg) or EMDP (20 mg/kg) and ptosis was observed and quantified over 

the course of 3h. Mecamylamine produced ptosis in a time-dependent manner (Kruskal-

Wallis test, H(4)=16.63, p<0.005), with onset within 15 min after injection, and statistically 

significant effects still apparent at 30 and 45 min, but not at 3 h after injection (Fig. 9). In 

contrast, ptosis was not apparent at any time during the 3h observation period in animals 

treated with EMDP (Fig. 9).

4. Discussion

Previous studies found that both EDDP and EMDP blocked rat α3β4 nAChR channels (Xiao 

et al., 2001), and here we show that they do the same at human α3β4 and α4β2 nAChR 

channels. Our evaluations of these two compounds in three behavioral tests predictive of 

anxiolytic and/or antidepressant activity in rodents indicate that EMDP, in particular, shows 

positive effects in each of these tests in both rats and mice. The pattern of behavioral 

responses to EMDP was consistent across tasks and species. Moreover, the efficacy of 

EMDP in these behavioral tests was similar to chlordiazepoxide and sertraline, standard 

positive control anxiolytic and antidepressant compounds, respectively. In contrast, EDDP 

produced a significant effect only in the marble burying test in mice, and reached the level 

of statistical significance for only the lower dose.

The obvious difference in efficacy between EDDP and EMDP in these behavioral assays is 

opposite to the potencies of these two compounds in blocking both α3β4 and α4β2 nAChR 

channel function in the 86Rb+ assays in vitro. A possible explanation for this is that EDDP 

carries a permanent positive charge, which may limit its ability to cross the blood-brain-

barrier and reach behaviorally active concentrations in brain. Interestingly, however, a 

positive charge may allow it to more readily enter the nAChR channel pore and thus be a 

potent channel blocker in vitro. Future examination of higher doses of EDDP may be 

warranted in order to overcome any pharmacokinetic limitations.

Importantly, while EMDP produced a robust effect in these preclinical tests for anxiolytic 

and antidepressant activity in both rats and mice, it did not significantly affect locomotor 

activity in either species. Moreover, EMDP even at the highest dose used in these studies in 

the rat did not produce eyelid ptosis, which is a common feature of drugs such as 
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mecamylamine that block nAChRs in autonomic ganglia. This may be because EMDP is 

only half as potent as mecamylamine in blocking human α3β4 nAChRs and only one-sixth 

as potent in blocking rat α3β4 nAChRs (Xiao et al, 2001), which are important for 

ganglionic function (Xu et al., 1999; Mao et al., 2006).

There is a substantial literature supporting nAChRs as targets for treatment of affective 

disorders (File et al., 1998; Mineur and Picciotto, 2010). Indeed, studies in rodents 

demonstrate bimodal effects of nicotinic agonists on anxiety-related behaviors, with low 

doses of agonists eliciting anxiolytic-like behaviors and higher doses evoking anxiogenic-

like behaviors (File et al., 1998; Anderson and Brunzell, 2012; Varani et al., 2012). In fact, 

low doses of nicotine and the nAChR competitive antagonist dihydro-β-erythroidine 

produced similar effects in these behavioral studies (Anderson and Brunzell, 2012; 2015), 

suggesting that desensitization of nAChRs by low (possibly sub-activating) doses of nicotine 

are anxiolytic, while higher doses, which initially activate the receptors, elicit an anxiogenic 

response, perhaps involving downstream GABA-B receptors (Varani et al., 2012).

Hyperactivity of the cholinergic system has long been hypothesized to be a marker for 

affective disorders (Janowsky et al., 1972, 1974, 1994; Mineur and Picciotto, 2010). 

Furthermore, it has been suggested that nicotine use (i.e., smoking) may be, in part, an 

attempt at self-medication of these disorders (Mineur and Picciotto, 2010). Consistent with 

this suggestion, it is estimated that nearly one-half of all cigarettes smoked in the US are 

consumed by persons suffering from some degree of a neuropsychiatric disorder (Dani and 

Harris, 2005). However, the results from our studies here do not allow us to determine 

whether the effects of EMDP in these preclinical tests for anxiolytic and antidepressant 

activity involve primarily α3β4* or α4β2* nAChRs, or both. Although EMDP is more 

potent blocking α3β4 than α4β2 nAChRs, previous studies have implicated β2-containing 

nAChRs in antidepressant (Tizabi et al., 1999; Rabenstein et al., 2006; Mineur et al., 2007) 

and anxiolytic actions (Turner et al., 2010, 2011, 2013; Anderson and Brunzell, 2012) of 

nicotinic agonists and antagonists. In fact, both of these receptors could be involved, as well 

as other nAChR subtypes, including α7 (Rabenstein et al., 2006). Moreover, our data do not 

exclude an effect of EMDP on opiate receptors, some of which appear to acutely mediate 

anxiolytic and/or anxiogenic effects of some opiates (Vant Veer and Carlezon, 2013; 

Rorick-Kehn et al., 2014). Importantly, however, while both EMDP and EDDP were able to 

compete with methadone for binding to opiate receptors within the μM range in the present 

study, prior examinations of these compounds failed to detect in vivo opiate activity. Indeed, 

neither compound produces analgesia in the tail-flick assay at a dose of 100 mg/kg, sc. 

Moreover, neither compound antagonized the increase of tail-flick latency produced by 

methadone or morphine when given at a dose of 100 mg/kg (Pohland et al., 1971). The 

absence of analgesia effects in these prior studies is consistent with our binding data, which 

indicate that these methadone metabolites have low affinity for opiate receptors. Moreover, 

we failed to observe any Straub tail effects with EMDP or EDDP, providing further support 

to the notion that these metabolites do not activate opiate receptors. Finally, given the fact 

that the doses of EMDP and EDDP that we used here were much lower than those used by 

Pohland and colleagues, who failed to detect any opiate-mediated action, suggests a large 
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separation (at least 10×) between any opiate effects and the functionally effective anxiolytic 

or antidepressant dose.

The seeming discrepancy between our data here, which indicate that a methadone metabolite 

that blocks nAChRs may have potential as an antianxiety and/or antidepressant drug, and the 

use of the quintessential nAChR agonist nicotine (e.g., smoking) to relieve anxiety and/or 

depression is more apparent than real, because in virtually all cases where it has been 

studied, administration of nicotine rapidly and potently desensitizes nAChRs, both in vivo 

(Balfour, 1980; Sharp and Beyer, 1986; Hulihan-Giblin et al., 1990; for reviews, see 

Buccafusco et al., 2009) and in vitro (Grady et al., 1994; Marks et al., 1994; Lester and 

Dani, 1995; Pidoplichko et al., 1997; Lu et al., 1999; Paradiso and Steinbach, 2003). In fact, 

nicotine is much more potent in desensitizing these receptors than in activating them 

(Hulihan-Giblin et al., 1990; Lu et al., 1999). Moreover, the desensitizing effects of nicotine 

last so much longer than its brief agonist effects that nicotine can reasonably be considered a 

time-averaged antagonist (Hulihan-Giblin et al., 1990).

The behavioral assays we have employed have a long history of use in the screening of anti-

anxiety and anti-depressant compounds; indeed the EPM and FST are the most common 

preclinical tests of anxiolytic and antidepressant efficacy, respectively. These tests show 

excellent predictive validity, for example, more than 90% of antidepressants show efficacy 

in the FST (Petit-Demouliere et al., 2005). Similarly, the EPM shows bidirectional 

sensitivity: known anxiolytic compounds produce increases in open arm exploration, while 

known anxiogenic compounds reduce open arm exploration (Carobrez and Bertoglio, 2005). 

However, an important caveat to consider is the lack of construct validity of these tests. 

Exploring the efficacy of these compounds in additional models, such as animals with 

genetic predisposition to anxiety-like or depression-like behavior, and/or models in which 

these behaviors are evoked is an important future direction. This may be particularly useful 

as some models, such as the Wistar-Kyoto rat show resistance to SSRI therapy in the FST 

model (Lopez-Rubalcava and Lucki, 2000).

Methadone has a long record of use in humans (>50 years) as an analgesic and as an orally 

effective replacement to treat heroin addiction. It has an apparently excellent safety record, 

so presumably its metabolites EDDP and EMDP are also relatively safe. Indeed, after an 

oral maintenance dose of methadone (50-100 mg), up to milligram amounts of both EMDP 

and EDDP are recovered in urine over a 24 hour period (Sullivan and Due, 1973). Indeed, 

ng/ml concentrations of EDDP are detected after single doses of methadone in humans, with 

T1/2 of approximately 40-50 hours (Dale et al., 2002); comparable data for EMDP are not 

available. Our data, in this broader clinical framework, suggest that EMDP through blockade 

of nAChRs and/or even previously unrecognized actions at opiate receptors may have 

therapeutic potential as an anxiolytic and/or antidepressant agent meriting further clinical 

evaluation.

5. Conclusions

In summary, our findings demonstrate that the methadone metabolites EMDP and EDDP are 

pharmacologically active at nAChRs in vitro and that EMDP displayed behavioral activity 
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in in vivo preclinical tests for anxiolytic and antidepressant action. Thus, our studies build 

upon an existing literature demonstrating anxiolytic- and antidepressant-like effects of drugs 

that decrease nAChR activity, whether by desensitization (e.g., nicotine) or receptor 

blockade (e.g., EMDP, mecamylamine, dihydro-β-erythroidine). Finally, these studies 

provide preclinical support for and suggest the use of EMDP, in particular, as a potential 

treatment for affective disorders. Importantly, since humans have been exposed both acutely 

and chronically to EMDP as a metabolite of methadone for more than 50 years, a trial of its 

clinical utility when repurposed as an anxiolytic and/or antidepressant is warranted and 

should be relatively straightforward.
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Highlights

❖ EMDP and EDDP block α3β4 and α4β2 nicotinic receptors

❖ EMDP and EDDP displayed anxiolytic-like effects in the marble burying tests

❖ EMDP displayed anxiolytic-like effects in the elevated plus maze

❖ EMDP displayed antidepressant-like effects in mouse and rat forced swim tests

❖ EMDP, unlike mecamylamine, did not cause eyelid ptosis
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Figure 1. Chemical structures of EDDP and EMDP
Note that the structural difference between the two compounds is a single methyl group and 

the charge on the associated quaternary nitrogen.
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Figure 2. Methadone, EDDP and EMDP competition for opiate receptor binding sites labeled by 
[3H]-naloxone in rat forebrain membranes
Opiate receptors in rat forebrain (colliculi forward) were labeled by 2 nM [3H]-naloxone (Kd 

is ~ 0.7 nM) in the absence or presence of (−)-methadone, (±)-EDDP or (±)-EMDP at the 

concentrations shown. Methadone competition curves fit a model for two sites, with the 

largest fraction having a high binding affinity, Ki ~ 11 nM. EDDP and EMDP competition 

curves fit a model for a single binding site. EDDP competed for nearly all of the binding 

sites but with an apparent affinity ~83-fold lower than that of methadone. EMDP competed 

for only 60% of the sites even at a concentration of 100 μM, and its apparent affinity was 

~1900-fold lower than that of methadone. The Ki values for EDDP and EMDP were 918 nM 

and 21 μM, respectively. The results shown are representative of two independent assays.
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Figure 3. EDDP and EMDP do not change rat locomotor behavior in the open field
(A) Time-course of locomotion in vehicle treated (solid line) and 10mg/kg EDDP (broken 

line). (B) Total distance traveled in the 10 min test period. (C) Time-course of locomotion in 

vehicle treated (solid line) and 5mg/kg EMDP (broken line). (D) Total distance traveled in 

the 10 min test period. n = number of animals per group.
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Figure 4. EMDP does not change home cage locomotor activity in mice
(A) Time-course of locomotor activity after vehicle (circle) or EMDP: 0.5mg/kg = diamond, 

1mg/kg = upward triangle, 5mg/kg = downward triangle, 10mg/kg = square. (B) Total 

activity. n = number of animals per group.
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Figure 5. Anxiolytic-like effect of EMDP, but not EDDP, measured using the elevated plus maze 
in rats
(A) Time that the rats spent in the open arms of the elevated plus maze. (B) Percent of total 

entries that were made into the open arms of the plus maze. n = number of animals per 

group. * = Significantly different from control (p<0.05; Kruskal-Wallis test with Dunn's 

post-hoc).
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Figure 6. Anxiolytic-like effects of EDDP and EMDP measured using the marble-burying task in 
mice
The number of marbles buried out of 20 in the 15-minute test after injection with 

chlordiazepoxide (CDP), EDDP or EMDP at the doses shown. n = number of animals per 

group. Significantly different from control (* p<0.05; ** p<0.01; analysis of variance with 

Holm-Sidak post-hoc test).
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Figure 7. Antidepressant-like effect of EMDP, but not EDDP, in the rat forced swim task
Time spent immobile during the 300 sec forced swim test after injection with 

mecamylamine (MEC), sertraline (SERT), EDDP or EMDP at the doses shown. 

Significantly different from control (* p<0.05; analysis of variance with Holm-Sidak post-

hoc test).
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Figure 8. Antidepressant-like effect of EMDP, but not EDDP, in the mouse forced swim task
Time spent immobile during the 360 sec forced swim test. (A) EDDP at the doses shown did 

not decrease time spent immobile. (B) EMDP at a dose of 10mg/kg did decrease time spent 

immobile. ** p<0.01, analysis of variance with Holm-Sidak post-hoc test.
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Figure 9. Mecamylamine, but not EMDP results in ptosis in the rat
(A) Representative photographs of animals treated with mecamylamine (5mg/kg) or EMDP 

(20mg/kg), at each observation time (B) Quantification of ptosis severity at 15 min intervals. 

n=7 in both groups. * p<0.05, ** p<0.01; Kruskal-Wallis test with Dunn's post-hoc.
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Table 1

Inhibitory properties of enantiomers of EDDP and EMDP on function of α4β2 and α3β4 nAChR subtypes.

Drug IC50 (μM)

α4β2 nAChRs
a

α3β4 nAChRs
a

(+)-EDDP 1.8 ± 0.6 0.9 ± 0.09

(-)-EDDP 1.4 ± 0.2 0.7 ± 0.06

(+)-EMDP 24 ± 5 7.4 ± 2.1

(-)-EMDP 19 ± 4 7.0 ± 1.2

Mecamylamine 1.0 ± 0.3 3.7 ± 1.2

IC50 values were calculated from inhibition curves in which 86Rb+ efflux was stimulated by 100 μM nicotine, as described under Materials and 

Methods. Mecamylamine, a noncompetitive nAChR antagonist was included for comparison. Data shown are mean ± standard error of three to six 
independent measurements.

a
The defined human α4β2 and α3β4 nAChRs are stably expressed in HEK cells designated YXα4β2H1 and YXα3β4H1, respectively. See 

Materials and Methods for details.
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