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ABSTRACT
Triple reuptake inhibitors (TRIs) that block the dopamine trans-
porter (DAT), norepinephrine transporter, and serotonin trans-
porter are being developed as a new class of antidepressant that
may have better efficacy and fewer side effects compared with
traditional antidepressants. We describe a novel TRI, 2-[4-(4-
chlorophenyl)-1-methylpiperidin-3-ylmethylsulfanyl]-1-(3-
methylpiperidin-1-yl)-ethanone (JZAD-IV-22), that inhibits all
three monoamine transporters with approximately equal po-
tency in vitro. (�/�)-1-(3,4-dichlorophenyl)-3-azabicyclo-
[3.1.0]hexane hydrochloride (DOV 216,303), a TRI shown to
be an effective antidepressant in a clinical trial, shows re-
uptake inhibition similar to that of JZAD-IV-22 in vitro. Fur-
thermore, both JZAD-IV-22 and DOV 216,303 increase levels
of dopamine, norepinephrine, and serotonin in the mouse
prefrontal cortex when administered by peripheral injection.
JZAD-IV-22 and DOV 216,303 exhibited antidepressant-like

efficacy in the mouse forced-swim and tail-suspension tests
at doses that increased neurotransmitter levels. Because
development of DAT inhibitors could be hindered by abuse
liability, both JZAD-IV-22 and DOV 216,303 were compared
in two assays that are markers of abuse potential. Both
JZAD-IV-22 and DOV 216,303 partially substituted for co-
caine in a drug discrimination assay in rats, and high doses
of DOV 216,303 produced locomotor sensitization in mice.
JZAD-IV-22 showed no evidence of sensitization at any dose
tested. These results demonstrate that JZAD-IV-22 is a TRI
with antidepressant-like activity similar to that of DOV
216,303. The striking feature that distinguishes the two TRIs
is that locomotor sensitization, a common underlying feature
of drugs of abuse, is seen with DOV 216,303 but is com-
pletely lacking in JZAD-IV-22. These findings may have im-
plications for the potential for abuse liability in humans.

Introduction
Depression affects approximately 121 million people world-

wide and is one of the leading causes of disability, according to
the World Health Organization (http://www.who.int/mental_
health/management/depression/definition/en/). Currently avail-
able antidepressants do not provide full symptom relief; up to

70% of depressed patients respond only partially to treatment
(Rush et al., 2006). Marketed antidepressants inhibit the re-
uptake of serotonin (5-HT; e.g., citalopram, paroxetine, sertra-
line, fluoxetine), norepinephrine (NE; e.g., desipramine), both
5-HT and NE (e.g., venlafaxine, duloxetine), or NE and dopa-
mine (DA; e.g., bupropion), but none of the currently marketed
treatments elevates all three monoamines.

Putative antidepressants that can inhibit dopamine, nor-
epinephrine, and serotonin transporters (DAT, NET, and
SERT, respectively) are referred to as triple reuptake inhib-
itors (TRIs) and are thought to offer advantages over cur-
rently available antidepressants. The addition of the DA
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component to 5-HT and NE reuptake inhibitors is hypothe-
sized to produce better efficacy and fewer side effects
(Skolnick et al., 2003). Based on preclinical (Wise, 2002) and
clinical (Zisook et al., 2006) literature, addition of a dopami-
nergic component would be expected to decrease apathy and
anhedonia and increase goal-directed/reward-based behav-
iors, because apathy and anhedonia are associated with def-
icits in dopaminergic neurotransmission in rodent models
(Willner, 1997; Salamone and Correa, 2009) and in patients
with depression (D’Aquila et al., 2000). Based on evidence
that the DAT/NET inhibitor bupropion, combined with selec-
tive serotonin-reuptake inhibitors, reduced the sexual side
effects associated with this class of drugs (Zisook et al., 2006),
addition of DAT inhibition to a SERT/NET inhibitor may
reduce sexual side effects caused by the SERT inhibition.
Given these findings, the TRI strategy represents a promis-
ing approach to developing a superior antidepressant with
increased efficacy and reduced sexual side effects.

The current studies identified a novel triple uptake inhibitor,
2-[4-(4-chlorophenyl)-1-methylpiperidin-3-ylmethylsulfanyl]-1-
(3-methylpiperidin-1-yl)-ethanone (JZAD-IV-22) (see Fig. 1 for
chemical structure), from a library of piperidine-based nocaine/
modafinil hybrid molecules (Zhou et al., 2004). To identify
JZAD-IV-22, we first screened molecules from the nocaine/
modafinil library in an in vitro transporter inhibition assay.
Compounds that were equally potent in inhibiting DAT, NET,
and SERT were then screened in the mouse forced-swim assay
for antidepressant efficacy and a locomotor activity assay to
eliminate compounds that have potential to be psychostimu-
lant. Locomotor psychostimulants were eliminated because
they would be potentially confounding in the antidepressant
efficacy tests (forced-swim assay and tail suspension) and could
increase the likelihood of abuse liability (Wise and Bozarth,
1987). Leads were then tested with in vivo microdialysis to
confirm the increase in extracellular monoamine levels in the
mouse prefrontal cortex (PFC), an area of the brain innervated
by 5-HT, NE, and DA fibers that plays a role in depressive
disorders (Koenigs and Grafman, 2009). The behavioral and
neurochemical properties of JZAD-IV-22 were compared with
those of (�/�)-1-(3,4-dichlorophenyl)-3-azabicyclo-[3.1.0]hex-
ane hydrochloride (DOV 216,303) (see Fig. 1 for chemical struc-
ture). DOV 216,303 was chosen as a comparator because it is a
TRI with an in vitro profile similar to that of JZAD-IV-22
(Skolnick et al., 2006), was active in preclinical tests predictive
of antidepressant efficacy [including the forced-swim test
(Skolnick et al., 2006), the rat olfactory bulbectomy model
(Breuer et al., 2008), and the differential reinforcement of low-
rate 72-s test (Paterson et al., 2010a)], and has shown antide-
pressant efficacy in a clinical trial (Skolnick et al., 2006).

A concern for developing DAT inhibitors is their potential
to produce positive reinforcing effects, increasing the risk of

abuse in humans (Kuhar et al., 1991; Woolverton and John-
son, 1992). DAT inhibition, however, cannot fully account for
abuse liability because several drugs used clinically inhibit
DAT and show no or minimal abuse liability in humans (e.g.,
bupropion). Because both DOV 216,303 and JZAD-IV-22 are
potent DAT inhibitors, we compared both compounds in two
assays to assess potential abuse liability, locomotor sensiti-
zation in mice, and drug discrimination in rats trained to
discriminate saline from cocaine. We have demonstrated that
under our treatment conditions, both assays are fairly good
predictors of abuse liability in humans (Paterson et al.,
2010b).

The present studies compared JZAD-IV-22 and DOV
216,303 as follows: 1) in an in vitro assay to measure potency
to inhibit DAT, NET, and SERT, 2) using in vivo microdialy-
sis to measure increases of DA, NE, and 5-HT in the PFC,
3) for antidepressant-like efficacy and potency in the mouse
forced-swim and tail-suspension assays, and 4) for potential
abuse liability in rat drug discrimination and mouse locomo-
tor sensitization assays. We determined whether doses of
JZAD-IV-22 and DOV 216,303 that were active in tests of an-
tidepressant efficacy would show evidence of abuse liability.

Materials and Methods
In Vitro DAT/NET/SERT Inhibition. DAT/NET/SERT inhibi-

tion studies were performed by Cerep (Poitiers, France). Methods for
DA uptake in rat striatum synaptosomes (Janowsky et al., 1986), NE
uptake in rat hypothalamus synaptosomes (Perovic and Müller,
1995), and 5-HT uptake in rat brain synaptosomes (Perovic and
Müller, 1995) were based on published results.

Subjects. Male Sprague-Dawley rats from Harlan (Indianapolis,
IN) and male C57BL/6J (C57), BALB/cJ (BALB), and A/J mice were
obtained from The Jackson Laboratory (Bar Harbor, ME) or Charles
River Laboratories (Maastricht, The Netherlands). Rats were single-
housed in OptiRAT ventilated cages (Animal Care Systems, Centennial,
CO), and mice were group-housed in OptiMICE ventilated cages (Ani-
mal Care Systems) (behavioral studies) or Makrolon type II cages
(37 � 21 � 14 cm) (Tecniplast, Philadelphia, PA) (microdialysis
studies) and maintained on a 12-h light/dark cycle. The room tem-
perature was maintained at 20 to 24°C with relative humidity at
approximately 40 to 60%. For rats, chow was restricted to maintain
rats at 85% of body weight of free-feeding age-matched control rats.
Water was provided ad libitum for the duration of the study except
during testing. For mice, food and water were available ad libitum
for the duration of the study, except during testing. Mice arrived at
5 to 7 weeks of age, and behavioral testing began at 8 to 11 weeks of
age. Testing was conducted during the light phase according to
established protocols approved by the Institutional Animal Care and
Use Committee of PsychoGenics, Inc. in facilities accredited by the
Association for Assessment and Accreditation of Laboratory Animal
Care and in accordance with the Guide to the Care and Use of
Laboratory Animals (Institute of Laboratory Animal Resources,
1996) and the Ethical Committee for Animal Research of the Facul-
ties of Veterinary Medicine, Pharmaceutical Sciences, Chemistry
and Biology at Utrecht University, The Netherlands.

Experimental Procedures

In Vivo Microdialysis. BALB mice were placed in a stereotaxic
frame using a mouse adaptor (Kopf) with modified ear bars. During
surgery, mice were placed on a heating pad. Microdialysis probes
were implanted in the PFC under Isoflurane/N2O/O2 anesthesia (400
mg/kg) and lidocaine (2%) was applied on the skull. The prefrontal
coordinates were anteroposterior, �2.0 mm; mediolateral, �0.7 mm
(under an 8° angle) from bregma; dorsoventral �3.3 mm from theFig. 1. Chemical structures of DOV 216,303 and JZAD-IV-22.
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dura, with the tooth-bar also set at 0 mm. The active dialysis surface
length of the cuprophane membrane was 2 mm. The probe was
secured in place with dental cement on the skull. After surgery, mice
were injected with a carprofen solution (5 mg/kg s.c.) for postsurgical
pain relief and with saline (until a total volume of 0.5 ml s.c. was
reached) to prevent dehydration. The mice were then housed indi-
vidually. Microdialysis experiments started 48 h after surgery. Ring-
er’s solution (147 mM NaCl, 4 mM KCl, 2.3 mM CaCl2, and 1.0 mM
MgCl2) was perfused through the microdialysis probe at a flow at
1.166 �l/min using a high-precision pump (KD Scientific 220; KD
Scientific, Holliston, MA). Mouse dual-channel swivels (type 375/D/
22QM; Instech Laboratories, Plymouth Meeting, PA) connected to
PEEK tubing (i.d., 0.005 inches; o.d., 0.020 inches) were used to
allow unrestrained movements of the mice. Samples were collected
by hand 2.5 h after the start of the dialysis probe perfusion to obtain
stable baseline values for monoamines and metabolites. The average
of the first four samples was calculated and represents the baseline
level. The experiments were performed during the light period and
the mice were tested in their home cage. Samples were collected
every 30 min in vials containing 11.7 �l of acetic acid (0.1 M) and
stored at �80°C until high-performance liquid chromatography
(HPLC) analysis. On each dialysis day, six mice were tested with
treatment groups in a balanced design. Monoamine levels and me-
tabolites were analyzed by HPLC with electrochemical detection.

After 2 h of baseline sample collection, JZAD-IV-22 (15, 30, or 60
mg/kg), DOV 216,303 (5, 15, 30, or 60 mg/kg), or saline vehicle was
administered. Samples were collected for 3 h for DOV 216,303 and
2 h for JZAD-IV-22. Mice were euthanized at the end of the study for
verification of probe placement.

HPLC-Electrochemical Detector Determination of Mono-
amines in Microdialysate. NE, DA, and 5-HT were detected si-
multaneously by HPLC with electrochemical detection using an
Alexys 100 LC-EC system (Leyden, The Netherlands). The system
consisted of two pumps, one autosampler with a 10-port injection
valve, two columns, and two detector cells. Column 1 (ALF 105; C18
1 � 50 mm, 3-�m particle size), in combination with detector cell 1,
separated and detected DA and 5-HT. Column 2 (ALF 115; C18 1 �
150 mm, 3-�m particle size), in combination with detector cell 2,
separated and detected NE. The mobile phase for column 1 consisted
of 50 mM phosphoric acid, 8 mM KCl, 0.1 mM EDTA, pH 6.0, 12%
methanol, and 500 mg/l 1-octanesulfonic acid sodium salt. The mo-
bile phase for column 2 consisted of 50 mM phosphoric acid, 50 mM
citric acid, 8 mM KCl, 0.1 mM EDTA, pH 3.2, 10% methanol, and 500
mg/l 1-octanesulfonic acid sodium salt. Both mobile phases were
pumped at 50 �l/min. Samples were kept at 8°C during analysis.
From each microdialysis sample, 5 �l was injected simultaneously
onto each column. The neurotransmitters were detected electrochem-
ically using �VT-03 flow cells (Antec) with glassy carbon working elec-
trodes. Potential settings were �0.30 V versus Ag/AgCl for DA and
5-HT and �0.59 V versus Ag/AgCl for NA and metabolites. The columns
and detector cells were kept at 35°C in a column oven. The chromato-
gram was recorded and analyzed using the Alexys data system (Antec).
The limit of detection was 0.05 nM (signal-to-noise ratio 3:1).

Mouse Forced-Swim Test. BALB mice were used in the forced-
swim test because the BALB strain has been shown to be responsive
to a wide range of antidepressants (Lucki et al., 2001 and data not
shown). BALB mice were individually placed into clear glass cylin-
ders (i.e., 15 cm tall � 10 cm wide, 1-l beakers) containing 23 � 1°C
water 12 cm deep (approximately 800 ml). Mice were administered
water vehicle, DOV 216,303 (2.5, 5, 15, or 30 mg/kg), JZAD-IV-22 (15,
30, or 60 mg/kg), or sertraline (10 mg/kg); 30 min later, the time the
animal spent immobile was recorded over a 6-min trial. Immobility
was defined as the postural position of floating in the water. Doses
for the forced-swim test were selected to find the minimally effica-
cious dose, with higher doses producing minimal effects on acute
locomotor activity. The smaller cylinder (10 cm diameter) was used
rather than larger cylinders reported by other groups (Lucki et al.,
2001; Zhang et al., 2002) because the smaller cylinder is more sen-

sitive to detecting novel antidepressant mechanisms. The antimobil-
ity effect of both the anticholinergic atropine and the adenosine
antagonist caffeine was detected in a 10-cm but not a 30-cm cylinder
(Sunal et al., 1994). Both anticholinergics (Drevets and Furey, 2010)
and adenosine antagonists (El Yacoubi et al., 2003) show promise as
novel antidepressant mechanisms for treating depression.

Mouse Tail-Suspension Test. A/J mice were used in the tail-
suspension test because we have found this strain to be responsive to
a wide range of antidepressants (data not shown). A/J mice were
pretreated with vehicle, DOV 216,303 (2.5, 5, 15, or 30 mg/kg),
JZAD-IV-22 (15, 30, or 60 mg/kg), or desipramine (20 mg/kg) as a
positive control 30 min before testing in the tail-suspension assay.
The tail-suspension chambers consisted of white polyvinylchloride
cubicles (33 � 33 � 31.75 cm; MED Associates, St. Albans, VT). A
piece of transparent tape was attached to the tail of each mouse from
approximately mid-tail, with approximately 2 cm past the end of the
tail. The mice were then suspended via the tape from the tail-
suspension force transducer. The force transducer transmitted the
movements of the mouse to a recording device connected to a com-
puter. Immobility time was automatically recorded during the 10-
min test period.

Rat Drug Discrimination

Apparatus. All drug discrimination testing took place in operant
chambers (30.5 � 24.1 � 21.0 cm) located in sound-attenuating
cubicles equipped with an exhaust fan (MED Associates). Each
chamber contained two response levers situated on one wall of the
chamber. A stimulus light was located above each lever, and a house
light was located at the top of the opposite wall. A pellet receptacle
was situated between the two levers for delivery of food pellets (45
mg). Data were collected and test session functions were controlled
by Med PC IV software (MED Associates).

Experimental Procedures. Rats were tested according to a dou-
ble-alternation 2-week schedule [drug (D), vehicle (V), D, D, V; V, D,
V, V, D]. During training sessions, rats were administered either
cocaine (10 mg/kg) or vehicle 5 min before session initiation; appro-
priate lever responding was reinforced by delivery of food pellets
under a fixed-ratio 20 schedule. After consistent responding on the
appropriate drug- or vehicle-associated lever for at least 80% of total
lever presses, compound testing was initiated. During test sessions,
responding on both levers was reinforced via food pellet delivery
(Paterson et al., 2010b). All test compounds were dissolved in saline
and tested in the following sequence: cocaine, DOV 216,303, JZAD-
IV-22. All compounds were administered according to a randomized-
order, counter-balanced within-subjects design for each test com-
pound. DOV 216,303 and JZAD-IV-22 were administered 15 or 20
min before testing, respectively. Higher doses of both DOV 216,303
(10 mg/kg) and JZAD-IV-22 (3 mg/kg) suppressed response rates in
rats, which limited dose selection and did not allow for direct dose
comparisons between mouse and rat.

Mouse Locomotor Sensitization

Apparatus. Locomotor activity was measured in square Plexiglas
chambers (27.3 � 27.3 � 20.3 cm; MED Associates) surrounded by
16-beam infrared photobeam sources and detectors. Mice were tested
under ambient light and data were collected by Med Associates soft-
ware.

Experimental Procedures. C57 mice were used for locomotor
sensitization studies, because we have previously shown that C57,
but not BALB mice, show locomotor sensitization to cocaine (Pater-
son et al., 2010b; data not shown). Locomotor sensitization was
assessed over a 20-day testing period, and under four testing phases:
baseline locomotor activity (3 consecutive days), drug-induced loco-
motion (5 consecutive days), washout (10 days), and challenge (2
days testing of vehicle and test compound according to a crossover
design: i.e., on challenge day 1, half of subjects received drug and half
received vehicle; conditions were reversed on challenge day 2). C57
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mice were administered test compounds immediately before being
placed in the open field for a 30-min test session.

Drugs. Cocaine and desipramine were purchased from Sigma-
Aldrich (St. Louis, MO), sertraline was purchased from Toronto
Research Chemicals Inc. (North York, ON, Canada), DOV 216,303
was synthesized by AsisChem (Cambridge, MA), and JZAD-IV-22
was synthesized in house according to the reported procedures (Zhou
et al., 2004). All compounds were administered by intraperitoneal
injection (except where noted) in a 10 ml/kg injection volume for mice
and a 1 ml/kg injection volume for rats.

Statistical Analyses. All studies were analyzed using analysis of
variance (ANOVA) followed by the Newman-Keuls post hoc compari-
sons (Statview software, SAS Institute, Cary, NC). All data are ex-
pressed as mean � S.E.M. and the level of significance was set a priori
at � �0.05.

Microdialysis data, expressed as percentage change from baseline
in levels of DA, NE, and 5-HT, were analyzed. Forced swim data and
tail-suspension data (time immobile) were analyzed with a one-way
ANOVA with drug as the between-group factor.

Drug discrimination data were expressed as the percentage of co-
caine-appropriate lever responding and as the rate of responding during
the test session. Percentage of cocaine-appropriate lever responding
was calculated by dividing the number of responses on the drug-appro-
priate lever by the total responses on both levers. Response rates were
calculated by dividing the total number of responses by the total dura-
tion of the session in seconds. If the response rate was less than 0.02
responses per second at a specific dose, the cocaine-appropriate lever
responding data were excluded for that dose. Response rate data were
analyzed by ANOVA followed by post hoc tests when appropriate.
Linear regression analyses and ED50 values were performed using
Prism 5.0 software (GraphPad Software Inc., San Diego, CA). Full
substitution, partial, and no substitution were defined as more
than 80% drug-appropriate responding, 20 to 80%, and less than
20% drug-appropriate responding, respectively.

Mouse locomotor sensitization data were measured as total dis-
tance traveled (centimeters per 30 min). Induction of sensitization
was assessed by a repeated-measures ANOVA with drug dose as the
between-group variable and drug treatment day (1–5) as the within-
subjects variable. Expression of sensitization was analyzed with
ANOVA with drug treatment during the induction phase and drug
treatment challenge phase as the between-group variables.

Results
Inhibition of [3H]Neurotransmitter Uptake by DOV 216,303
and JZAD-IV-22

The IC50 values for DOV 216,303 and JZAD-IV-22 at in-
hibiting uptake of [3H]DA, [3H]NE, and [3H]5-HT into rat
striatum synaptosomes, rat hypothalamus synaptosomes, rat
brain synaptosomes, respectively, were 80, 45, and 30 nM for
DOV 216,303 and 120, 84, and 15 nM for JZAD-IV-22 (Fig. 2).
The potency of DOV 216,303 to inhibit dopamine, norepi-
nephrine, and serotonin uptake was well within the range of
previous report with this compound (Skolnick et al., 2006).

Microdialysis: Effects of JZAD-IV-22 and DOV 216,303 on
Monoamine Levels in the PFC

Dopamine Levels in Prefrontal Cortex. DOV 216,303
treatment produced a significant increase in DA in the PFC
that varied across dose and time [main effect of drug treat-
ment, F(4,24) � 24.0, p � 0.0001; main effect of time,
F(9,216) � 79.70 p � 0.0001; time � treatment interaction,
F(36,216) � 18.21, p � 0.0001]. Post hoc tests showed that
the 30 and 60 mg/kg doses of DOV 216,303 increased DA at
all time points. The 15 mg/kg dose of DOV 216,303 increased
DA only at the 30- and 60-min time points. The 5 mg/kg dose
of DOV 216,303 was not different from vehicle at any time
point (Fig. 3A).

JZAD-IV-22 treatment produced a significant increase in
DA in the PFC that varied across dose and time [main effect
of drug treatment, F(3,15) � 45.83, p � 0.0001; main effect of
time, F(7,105) � 80.68, p � 0.0001; and time � drug treat-
ment interaction, F(21,105) � 25.84, p � 0.001]. Post hoc
tests showed that the 60 mg/kg dose of JZAD-IV-22 increased
levels of DA compared with vehicle at all time points. The 30
mg/kg dose of JZAD-IV-22 increased DA at all time points
except 120 min. The 15 mg/kg dose of JZAD-IV-22 was not
different from vehicle at any time point (Fig. 3B).

Norepinephrine Levels in Prefrontal Cortex. DOV
216,303 treatment produced a significant increase in NE in
the PFC that varied across dose and time [main effect of
treatment, F(4,24) � 12.16, p � 0.0001; main effect of time,
F(9,216) � 60.89, p � 0.0001; and a time � treatment inter-
action: F(36,216) � 11.31, p � 0.0001]. Post hoc tests re-
vealed that the 30 and 60 mg/kg doses of DOV 216,303
increased NE at all time points, and the 15 mg/kg dose of
DOV 216,303 increased NE at all time points except 30 and
180 min. The 5 mg/kg dose of DOV 216,303 did not differ from
vehicle at any time point (Fig. 3C).

JZAD-IV-22 treatment produced a significant increase in
NE in the PFC that varied across dose and time [main effect
of drug treatment, F(3,15) � 38.23; p � 0.0001; main effect of
time, F(7,105) � 74.58; p � 0.0001; and time � treatment
interaction, F(21,105) � 28.88, p � 0.0001]. Post hoc tests
showed that the 60 mg/kg dose of JZAD-IV-22 increased NE
at all time points. The 30 mg/kg dose of JZAD-IV-22 in-
creased NE at all time points except 120 min. The 15 mg/kg
dose of JZAD-IV-22 was not different from vehicle at any
time point (Fig. 3D).

Serotonin Levels in Prefrontal Cortex. DOV 216,303
treatment produced a significant increase in 5-HT in the PFC
that varied according to dose and time [main effect of treat-
ment, F(4,24) � 13.09, p � 0.0001; main effect of time,
F(9,216) � 98.75, p � 0.0001; time � treatment interaction,
F(36,216) � 11.0, p � 0.0001]. Post hoc tests revealed that
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Fig. 2. DOV 216,303 and JZAD-IV-22
show similar reuptake profiles for DA,
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the 15, 30, and 60 mg/kg DOV 216,303 increased 5-HT at all
time points. The 5 mg/kg dose of DOV 216,303 increased
5-HT at all time points except 150 and 180 min (Fig. 3E).

JZAD-IV-22 treatment produced a significant increase in
5-HT in the PFC that varied according to dose and time
[main effect of drug treatment, F(3,15) � 29.46; p � 0.0001;
main effect of time, F(7,105) � 34.80, p � 0.0001; and a
time � treatment interaction, F(21,105) � 8.68, p � 0.0001].
Post hoc tests showed that the 30 and 60 mg/kg doses of
JZAD-IV-22 increased 5-HT at all time points. The 15 mg/kg
dose of JZAD-IV-22 was not different from vehicle at any
time point (Fig. 3F).

DOV 216,303 and JZAD-IV-22 in the Mouse Forced-Swim
Test

Immobility time in the forced-swim test varied according to
drug treatment [F(8,94) � 16.3, p � 0.0001]. Post hoc tests

showed DOV 216,303 at 5, 15, and 30 mg/kg significantly
reduced immobility but the 2.5 mg/kg dose was not different
from vehicle. The two highest doses of JZAD-IV-22 (30 and 60
mg/kg) reduced immobility, but the lowest dose (15 mg/kg)
was indistinguishable from vehicle. Sertraline (10 mg/kg)
produced the expected reduction in immobility (Fig. 4A).
These results show that both DOV 216,303 and JZAD-IV-22
show antidepressant-like effects in the forced-swim test, but
DOV 216,303 is approximately six times more potent than
JZAD-IV-22.

DOV 216,303 and JZAD-IV-22 in the Mouse
Tail-Suspension Test

Immobility time in the tail-suspension test varied accord-
ing to drug treatment [F(8,80) � 5.4, p � 0.001]. Post hoc
tests showed DOV 216,303 at 5, 15, and 30 mg/kg signifi-
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cantly reduced immobility, but the 2.5 mg/kg dose was not
different from vehicle. The two highest doses of JZAD-IV-22
(30 and 60 mg/kg) reduced immobility, but the lowest dose
(15 mg/kg) was indistinguishable from vehicle. Desipramine
(20 mg/kg) produced the expected reduction in immobility
(Fig. 4B). These results confirm the antidepressant-like ef-
fects of both DOV 216,303 and JZAD-IV-22 and demonstrate
that the potency of both compounds in the tail-suspension
test corresponds to the potency observed in the forced-swim
assay.

Assessment of the Discriminative Stimulus Properties of
DOV 216,303 and JZAD-IV-22 in Cocaine-Trained Rats

Administration of cocaine (0, 1.0, 1.7, 3.0, and 10.0 mg/kg)
engendered a dose-dependent increase in percentage of co-
caine-appropriate responding, with full substitution at 10
mg/kg, and an ED50 value of 1.79 mg/kg [95% confidence
limits, 0.38–8.42]. Administration of DOV 216,303 (0, 1.0,
3.0, and 10.0 mg/kg) engendered a dose-dependent increase
in percentage cocaine-appropriate responding, with partial
substitution (64.8%) at 10 mg/kg. Likewise, administration of
JZAD-IV-22 (0, 0.3, 1.0, 1.7, and 3.0 mg/kg) partially substi-
tuted at the 3 mg/kg dose (54.9%). At the 3 mg/kg dose of
JZAD-IV-22, one rat exhibited full substitution for cocaine
and two rats showed partial substitution [two rats were
excluded because of decreased response rates (�0.02/s)]. At
the 10 mg/kg dose of DOV 216,303, two rats exhibited full
substitution for cocaine, and one rat partial substitution
(three subjects were excluded because of locomotor suppres-

sive effects of the compound). Administration of both DOV
216,303 [F(3,18) � 10.4, p � 0.001] and JZAD-IV-22
[F(4,20) � 19.98, p � 0.0001] resulted in decreased response
rates. Post hoc tests indicated that response rates were sig-
nificantly decreased after administration of 10 mg/kg DOV
216,303 and 3.0 mg/kg JZAD-IV-22. Administration of co-
caine did not alter response rates [F(4,24) � 1.05, not signif-
icant; Fig. 5].

Mouse Locomotor Sensitization

Repeated administration of DOV 216,303 resulted in the
induction of a sensitized locomotor response that varied ac-
cording to treatment dose and day [main effect of drug,
F(4,45) � 20.2, p � 0.0001; main effect of day, F(4,180) � 4.9,
p � 0.001; drug � day interaction, F(16,180) � 4.6, p �
0.0001]. Post hoc tests confirmed that administration of 30
mg/kg DOV 216,303 induced locomotor sensitization as mea-
sured by increased locomotor activity on days 3 and 4 com-
pared with day 1 (a trend toward an increase in locomotion
was noted between days 1 and 2) (Fig. 6A). Although the 60
mg/kg dose of DOV 216,303 produced an overall increase in
locomotor activity, the activity did not increase progressively
from day 1 to day 5 of testing, possibly because of a ceiling
effect, the onset of stereotypical behavior as seen with high
doses of psychostimulants, or the high level of locomotor
activity observed after acute exposure on day 1. The lower
doses of DOV 216,303 (5 and 15 mg/kg) produced no short-
term increases in activity or induction of locomotor sensiti-
zation. A challenge dose of DOV 216,303 (30 mg/kg) after a
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10-day washout period induced locomotor sensitization in
mice treated with 30 or 60 mg/kg, but not 5 or 15 mg/kg
during the induction phase [significant induction treat-

ment � challenge treatment interaction effect, F(4,86) � 3.8,
p � 0.01]. Post hoc tests confirmed mice given repeated
exposure to 30 or 60 mg/kg DOV 216,303 during the induc-
tion phase showed a higher locomotor response to a 30 mg/kg
challenge dose of DOV 216,303 compared with mice treated
with vehicle during the induction phase. Locomotor response
to a 30 mg/kg dose of DOV 216,303 during the challenge
phase did not differ between mice treated with 5 or 15 mg/kg
DOV 216,303 or vehicle during the induction phase (Fig. 6B).

Daily administration of JZAD-IV 22 (30 or 60 mg/kg) did
not produce an increase in activity across days during the
induction phase (Fig. 6C). ANOVA showed that JZAD-IV-22
significantly affected locomotor activity [F(2,108) � 26.5, p �
0.0001], with post hoc tests showing that the high dose of
JZAD-IV-22 (60 mg/kg) produced an overall decrease in loco-
motor activity during the induction phase. The low dose of
JZAD-IV-22 (30 mg/kg) had no effect on locomotor activity
(Fig. 6C) during the induction phase. A challenge dose of
JZAD-IV-22 (30 mg/kg) after a 10-day washout period did not
increase locomotor activity in mice that received repeated
treatment of JZAD-IV-22 during the induction phase, con-
firming JZAD-IV-22 did not induce locomotor sensitization
(Fig. 6D).

Discussion
The optimum preclinical profile for a TRI, defined as max-

imum antidepressant efficacy and minimum abuse liability,
cannot be predicted based on in vitro or in vivo neurochem-
ical profiles alone. Therefore, we used a behavioral screening
approach to supplement the neurochemical data for identify-
ing TRIs with favorable in vivo profiles. JZAD-IV-22 was
identified among a subset of nocaine/modafinil hybrid ana-
logs as a promising new TRI for treatment of depression
based on its in vitro inhibition profile of DAT, NET, and
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SERT, its antidepressant-like activity in the forced-swim and
tail-suspension tests, and lack of short-term locomotor acti-
vation in mouse. The behavioral and neurochemical proper-
ties of JZAD-IV-22 were compared with DOV 216,303, be-
cause DOV 216,303 has demonstrated antidepressant
efficacy in a clinical trial and preclinical tests (Skolnick et al.,
2006). The antidepressant-like efficacy of both JZAD-IV-22
and DOV 216,303 in the mouse forced-swim and tail-suspen-
sion tests corresponded with enhanced monoamine levels in
the PFC. Assessment of potential abuse liability showed that
although both DOV 216,303 and JZAD-IV-22 partially sub-
stituted for cocaine in a drug discrimination assay in rats,
only DOV 216,303, at doses that are at least six times higher
than the minimally efficacious dose in the forced-swim and
tail-suspension tests, induced locomotor sensitization in
mice. It is noteworthy that even high doses of JZAD-IV-22
that increased all three monoamine levels in the PFC to the
same extent as DOV 216,303 did not induce either locomotor
stimulation or sensitization in mice. These findings suggest
that JZAD-IV-22 is dissimilar to abused psychostimulants
such as cocaine and that JZAD-IV-22 may have a superior
antidepressant/abuse profile compared with DOV 216,303.

JZAD-IV-22 and DOV 216,303 exhibited antidepressant-
like properties at the same doses across the forced-swim and
tail-suspension tests, although JZAD-IV-22 was less potent
than DOV 216,303. It is noteworthy that both TRI com-
pounds in this report exhibited efficacy similar to that of the
SERT inhibitor sertraline in the forced-swim test, but were
slightly less efficacious than the preferential NET inhibitor
desipramine in the tail-suspension test. In vivo microdialysis
studies showed that administration of JZAD-IV-22 signifi-
cantly increased levels of DA, NE, and 5-HT in the PFC only
at doses (30 and 60 mg/kg) that were effective in the mouse
forced-swim and tail-suspension tests. In contrast, the min-
imally efficacious dose of DOV 216,303 in the forced-swim
and tail-suspension tests (5 mg/kg) significantly increased
only 5-HT (not NE or DA) in the PFC, although higher doses
of DOV 216,303 (15, 30, and 60 mg/kg) increased levels of all
three monoamines. The increases in monoamine levels were
observed at the 30-min time point that corresponded to the
time of forced-swim and tail-suspension testing. These re-
sults suggest that JZAD-IV-22 is a true TRI at all doses that
are behaviorally active in the tail-suspension and forced-
swim assays, whereas DOV 216,303 is a true TRI only at
higher doses.

Drug discrimination in rats (Silverman and Ho, 1976;
Holtzman, 1985; Carter and Griffiths, 2009) and locomotor
sensitization in mice (Short and Shuster, 1976; Robinson and
Berridge, 1993; Paterson et al., 2010b) provide measures of
potential abuse liability. Drug discrimination studies re-
vealed that both DOV 216,303 and JZAD-IV-22 partially
substituted for cocaine to approximately the same extent,
consistent with the similar monoamine transporter reuptake
properties of both compounds. Rate-lowering effects of JZAD-
IV-22 and DOV 216,303 precluded testing at higher doses.
Although the TRIs and cocaine exhibit similar potencies at
DA, NE, and 5-HT transporters (Zhou et al., 2004), neither of
the TRIs fully substituted for cocaine. A failure to fully sub-
stitute for cocaine in the drug discrimination assays may be
attributable either to a difference in pharmacological mech-
anisms of action between the TRI compounds and cocaine or
to pharmacokinetic or pharmacodynamic differences (Desai

et al., 2005a,b; Samaha and Robinson, 2005; Beuming et al.,
2008; Loland et al., 2008). The behavioral and neurochemical
data in the present studies make it unlikely that a lack of
brain penetration resulted in the failure of DOV 216,303 and
JZAD-IV-22 to substitute for cocaine, although the rate of
brain penetration may be a critical factor (Weikop et al.,
2004). A full receptor screen to assess additional off-target
activity of the TRI compounds used in this report would be
useful. For example, it has been shown that some benztro-
pine analogs that have high affinity for DAT do not show
cocaine-like discriminative stimulus properties, an effect
likely resulting from muscarinic M1 receptor antagonism
(Katz et al., 2004).

Despite the similar effects of DOV 216,303 and JZAD-
IV-22 in rats trained to discriminate cocaine from saline,
these compounds were dramatically different in their capac-
ity to induce a short-term locomotor activation and long-term
sensitized locomotor response. In contrast to DOV 216,303,
which produced a short-term locomotor activation in mice as
has been reported previously (Skolnick et al., 2006), JZAD-
IV-22 did not increase locomotor activity after short-term
administration, and the highest dose tested, 60 mg/kg, pro-
duced a small decrease in locomotion. Furthermore, JZAD-
IV-22 showed no evidence of locomotor sensitization after
long-term administration at either of the doses that were
efficacious in forced-swim and tail-suspension assays (30 and
60 mg/kg). In contrast, repeated administration of both high
doses of DOV 216,303 (30 and 60 mg/kg) produced locomotor
sensitization as measured by an increase in locomotor activ-
ity in response to a 30 mg/kg challenge dose of DOV 216,303
after a 10-day washout.

Several hypotheses could explain why DOV 216,303 and
JZAD-IV-22 both show partial substitution in the drug dis-
crimination assay but differ in their locomotor-sensitized
response. First, species differences, in which DOV 216,303
produced hyperactivity in mice but not rats, have been pre-
viously reported (Skolnick et al., 2006). The short-term loco-
motor-activating effects of DOV 216,303 observed in mice are
likely to play a role in the locomotor sensitized response,
because short-term locomotor responses to psychostimulants
are often good predictors of locomotor sensitized responses
(Wise and Bozarth, 1987). JZAD-IV-22, which was chosen in
our behavioral screen to be devoid of short-term locomotor
stimulant effects, did not produce a sensitized locomotor re-
sponse. Second, it is possible that subtle differences in mono-
amine reuptake inhibition in the PFC induced by the two
compounds could explain the differential sensitized response.
For example, DOV 216,303 produced a more sustained in-
crease in DA in the PFC compared with JZAD-IV-22. Differ-
ential changes in other neurotransmitters such as glutamate,
which are known to mediate sensitized responses to cocaine
(Steketee, 2005) or differences in neurotransmitters in other
brain areas such as the nucleus accumbens (Pierce and Ka-
livas, 1997), could also explain the different locomotor sensi-
tization properties of DOV 216,303 and JZAD-IV-22. Finally,
altered neurochemical effects during repeated administra-
tion of DOV 216,303 and JZAD-IV-22 could underlie the
different locomotor sensitization properties of the two com-
pounds. In support of this hypothesis, differences in mono-
amine response have been reported in rats after short- and
long-term treatment with DOV 216,303 (Prins et al., 2010).

Although DOV 216,303 and JZAD-IV-22 show differences
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in locomotor sensitization, a locomotor-sensitized response
may not be completely predictive of abuse liability of these
compounds in humans. Our previous data, however, support
locomotor sensitization as a good predictor of abuse potential,
because we have previously shown that bupropion, an anti-
depressant that shows no evidence of abuse liability in hu-
mans, substitutes for cocaine in the drug discrimination test
but does not produce locomotor sensitization in mice (Pater-
son et al., 2010b). Furthermore, the rat drug discrimination
studies show only partial cocaine-like discriminative stimu-
lus properties for either DOV 216,303 or JZAD-IV-22, similar
to nonabused compounds such as the tricyclic antidepressant
desipramine and suggestive of low abuse potential for both
TRIs. Finally, the differences between the mouse and rat
studies may be a result of species differences, as the rats
displayed dose-limiting effects of both DOV 216,303 and
JZAD-IV-22 that were not observed in the mouse studies.

The results of the present study confirm the preclinical
antidepressant-like efficacy of DOV 216,303 and describe
JZAD-IV-22, a novel piperidine-based TRI that shows a com-
parable neurochemical and behavioral profile to DOV
216,303. The notable difference between the two TRIs is that
DOV 216,303 increased acute locomotor activity and showed
a sensitized locomotor response after repeated administra-
tion, whereas JZAD-IV-22 did not induce either short-term
locomotor stimulation or a sensitized locomotor response af-
ter repeated administration. The absence of locomotor sensi-
tization with JZAD-IV-22 may offer a clinical advantage in
reducing the risk of abuse, although the drug discrimination
assays would predict that both JZAD-IV-22 and DOV
216,303 would possess equal risk of abuse potential in hu-
mans. In conclusion, the piperidine-based TRIs are an attrac-
tive series for the development of novel antidepressants that
could have advantages over currently available medications
in terms of improved efficacy and reduced side effects. They
could also serve as starting points for investigating addi-
tional clinical indications, such as Parkinson’s-related de-
pression, obesity, and pain.
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