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Abstract
Rationale Opioid receptors are implicated in the regulation of
motivation and emotion. However, animal studies show that
activation of κ opioid receptor produces contrasting mood-
altering effects in models of anxiety-like and depressive-like
behaviors, and consequently, the role of κ receptor in mood
control remains unsettled. The effect of κ/μ opioid combina-
tion in emotion regulation was unexplored.
Objectives The aim of the study was to investigate the effects
o f ( - ) - 3 - N - e t h y l a m i n o t h i a z o l o [ 5 , 4 - b ] - N -
cyclopropylmethylmorphinan hydrochloride (ATPM-ET), a
novel κ agonist and μ partial agonist, in regulating emotional
responses.
Methods The emotional responses of ATPM-ETwere detect-
ed in the elevated plus maze (EPM), open field test (OFT),
forced swim test (FST), and tail suspension test (TST).
Selective κ antagonist nor-binaltorphimine (nor-BNI) and μ
antagonist β-funaltrexamine (β-FNA) were applied to deter-
mine the type of receptor involved. The conditioned place aver-
sionmodel was used to evaluate the effects on aversive emotion.

Results In the EPM and OFT, ATPM-ET (1 and 2 mg/kg, s.c.)
significantly increased the time spent in the open arm and in
the central area, respectively. In the FST and TST, ATPM-ET
(0.5 and 1 mg/kg, s.c.) significantly reduced the duration of
immobility. These effects were prevented by nor-BNI (10 mg/
kg, i.p., −24 h), but not by β-FNA (10 and20 mg/kg, i.p.,
−24 h) pretreatment. At the dose of 2 mg/kg, ATPM-ET did
not induce conditioned place aversion.
Conclusions ATPM-ET, at doses from 0.5 to 2 mg/kg, pro-
duced anxiolytic- and antidepressant-like effects without in-
ducing aversive emotion. These effects were more closely
mediated by activation of κ receptor than μ receptor.

Keywords ATPM-ET . Emotional response . κ agonist .μ
partial agonist

Introduction

κ, μ, and δ opioid receptors, belonging to the rhodopsin subfam-
ily of the G protein-coupled receptor (GPCR) family, are broadly
expressed throughout central and peripheral nervous system. In
addition to pain modulation and addiction, these three opioid
receptors and their endogenous opioid peptides also have been
implicated in the regulation of emotional states (Lutz andKieffer
2013). Studies using δ agonists and δ receptor knockout mice
demonstrated that activation of δ receptor produced anxiolytic-
and antidepressant-like effects (Filliol et al. 2000; Jutkiewicz
et al. 2005, 2006; Naidu et al. 2007; Saitoh et al. 2004;
Vergura et al. 2008). The role of μ receptor in mood was para-
doxical, since pharmacological activation ofμ receptor produced
antidepressant-like behaviors in rodents (Berrocoso et al. 2013;
Rojas-Corrales et al. 2002; Tejedor-Real et al. 1995), whereas μ
receptor knockout mice also showed antidepressant- and
anxiolytic-like effects (Filliol et al. 2000; Yoo et al. 2004).
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Accumulating evidence has indicated that κ receptor and the
endogenous ligand dynorphin are involved in the regulation of
emotion (Bruchas et al. 2010; Knoll and Carlezon 2010; Lutz
and Kieffer 2013; Van’t Veer and Carlezon 2013). Activation of
κ receptor has been shown to induce depressant-, antidepres-
sant-, anxiogenic-, and anxiolytic-like effects in different animal
behavioral models (Braida et al. 2009; Femenía et al. 2011;
Hang et al. 2015; Kudryavtseva et al. 2004, 2005; Kuzmin
et al. 2006; Smith et al. 2012; Valdez and Harshberger 2012;
Wittmann et al. 2009), whereas κ receptor antagonists exerted
consistent anxiolytic- and antidepressant-like effects (Beardsley
et al. 2005; Bruchas et al. 2009; Carr and Lucki 2010; Knoll
et al. 2007, 2011; Mague et al. 2003; Peters et al. 2011; Rogala
et al. 2012; Shirayama et al. 2004). Early research demonstrated
that κ/μ opioid combination showed promise for the treatment of
drug abuse with less addiction potential and less undesirable side
effects (Archer et al. 1996), but the effects in emotion regulation
was unclear. Buprenorphine, a κ antagonist andμ partial agonist,
has been shown to produce antidepressant effects in nonopioid-
dependent treatment-resistant patients (Bodkin et al. 1995; Karp
et al. 2014; Nyhuis et al. 2008). Animal behavioral studies sup-
ported this clinical evidence demonstrating that buprenorphine
produced antidepressant- and anxiolytic-like effects in mice
(Falcon et al. 2015).

( − ) - 3 - N - E t h y l a m i n o t h i a z o l o [ 5 , 4 - b ] - N -
cyclopropylmethylmorphinan hydrochloride (ATPM-ET) was
a novel κ agonist and μ partial agonist. We previously found
that ATPM-ET produced potent antinociception and significant-
ly inhibited morphine-induced physical dependence and behav-
ior sensitization with less sedative side effects (Sun et al. 2010).
We also found that ATPM-ET significantly inhibited morphine-
induced acquisition of conditioned place preference, heroin-
reinforced self-administration, and heroin-primed reinstatement
of drug-seeking behaviors (Sun et al. 2014).

The aim of the present work was to explore the effects
ATPM-ET on emotional responses in mice. The elevated plus
maze (EPM) paradigm and the open field test (OFT) were
used for evaluating anxiety-related behaviors, and the forced
swim test (FST) and the tail suspension test (TST) were used
for evaluating depressant-like behaviors. The conditioned
place aversionmodel was used for detecting the aversive emo-
tion. The selective κ receptor antagonist nor-binaltorphimine
(nor-BNI) and μ receptor antagonist β-FNA were applied to
investigate which type of opioid receptor was involved in the
behavioral changes induced by ATPM-ET.

Materials and methods

Animals

Kunming mice (Shanghai Experimental Animal Center of
Chinese Academy of Sciences, Shanghai, China) (18–22 g)

were housed in cages (five per cage) in a temperature-
controlled room (24±2 °C) under a 12-h light/12-h dark cycle
(lights on at 7:00 AM). Animals were allowed free access to
food and water throughout the experiments. Experiments were
carried out in accordance with the National Institutes of Health
Guide for Care and Use of Laboratory Animals and were
approved by the Bioethics Committee of the Shanghai
Institute of Materia Medica (Shanghai, China). Mice were
moved to the testing room and allowed to the new environ-
ment for at least 3 h before testing.

Drugs

Fluoxetine hydrochloride (FLX) and U50,488H were pur-
chased from Sigma-Aldrich. Nor-BNI and β-funaltrexamine
hydrochloride (β-FNA) were purchased from Tocris
Bioscience. Diazepam (DIA) was purchased from Shanghai
Xu Dong Hai Pu Pharmaceutical Co., Ltd. ATPM-ET was
synthesized by Prof. Ao Zhang.

Elevated plus maze (EPM)

EPM test was carried out as described previously (Braida et al.
2009). The apparatus (65×65 cm) was made of black plastic,
consisting of two closed and two open arms, and it was ele-
vated 0.5 m above the floor. Each arm was 5 × 30 cm
(width × length), and the intersection of the arms was
5×5 cm. The experiments were performed between 10:00
and 16:00 h under a light (approximately 15 lux). At the be-
ginning of the test, the mice were placed in the center with its
head facing the open arm and allowed free to move for 5 min.
Animal behavior was recorded, and the time spent in the open
arms was analyzed (all four paws expose to the arm). The
maze was cleaned with 70 % ethanol and H2O between trials.

Open field test (OFT)

OFT was performed according to Bahi (2013). The chamber
was 40×40 cm. The center 20×20 cm area was defined as
Bcenter area,^ and the rest was defined as Bperipheral area.^
The illumination was set to 150 lux. Animals were placed in
the center area and given 5 min to explore it freely. Animal
behavior was recorded, and the total time spent in the center
was analyzed.

Forced swim test (FST)

FST was performed according to our published work (Zan
et al. 2015). Mice were placed in a cylinder of water (23–
25 °C; 12 cm in diameter; 25 cm in height) for 6 min. The
water depth was high enough to keep animals away from the
bottom and the wall with hind limbs. Animal behavior was
captured by camera on the side. The immobility time of each
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animal during the last 4 min of total 6 min was obtained by a
trained observer who remained unaware of the treatments.
Immobility was defined as the time spent by animals remain-
ing motionless or making only movements necessary to keep
their head above water.

Tail suspension test (TST)

TST was performed according to the method described by
Steru et al. (1985). Briefly, animals were suspended individu-
ally on a paper adhesive tape, with 35 cm above the table top.
The tape was placed 1 cm from the tip of the tail. Animal was
suspended for 6 min, and the last 4-min immobility time was
counted by a trained observer blind of the animal treatment.
Animals were classified as immobility only if they hung pas-
sively and completely motionless. The animals were excluded
from further analysis, if they climbed their tails during the test.

Locomotor activity

Locomotor activity was measured as described previously
(Dulawa et al. 2004) with slight modification. Briefly, mice
were placed in the open field chamber (Shanghai Jiliang
Software Technology, China) with infrared video recorder,
and the activity was monitored for 60 min. The total distance
traveled (mm) was defined as the general locomotor activity.

Conditioned place aversion

The conditioned place aversion apparatus (32 cm
length × 16 cm width × 38 cm height) is divided into two
equal-sized compartments separated by a removable board
(6×6 cm), which allows mice free access to each compart-
ment. Two compartments are distinguished by visual and tac-
tile cues: the one with black wall and smooth floor, whereas
the other with white wall and textured floor. The distinctive
visual and tactile stimuli serve as the conditioning cues.

Conditioned place aversion procedure has been described
previously (Zan et al. 2015). Briefly, the procedure includes
three phases: preconditioning, conditioning, and testing. In the
preconditioning phase, animals were allowed to free explore
the entire apparatus for 15 min, and the time spent in each
compartment was recorded. The conditioning phase took
place over the next 4 days. In the morning, animals were given
saline and assigned to the unfavored compartment for 45 min.
Four hours later, animals were injected with saline, ATPM-ET
or U50,488H and assigned to the preferred compartment for
45 min. This compartment will be referred to as the Bdrug
treatment-paired compartment.^ Testing phase took place
24 h after the conditioning trial, and all animals were allowed
to freely explore the entire apparatus for 15 min, and the time
spent in each compartment was recorded. Conditioned place
aversion score represents the time spent in the drug treatment-
paired compartment during the testing phase minus that dur-
ing the preconditioning phase.

Statistical analysis

The data are presented as the mean ± SEM. One-way
ANOVA, followed by Newman-Keuls comparison test was
used for the statistical evaluation. Differences with p<0.05
were considered statistically significant.

Results

The anxiolytic-like effects of ATPM-ET in the EPM
and OFT in mice

The effects of ATPM-ET on anxiety-related behaviors were
evaluated in the EPM in mice. As shown in Fig. 1a, mice
receiving 1 and 2 mg/kg ATPM-ET significantly spent more
time exploring the unprotected open arms. The influence of
ATPM-ET on the OFT was also examined. As shown in
Fig. 1b, mice receiving 1 and 2 mg/kg ATPM-ETsignificantly

Fig. 1 Effects of ATPM-ET and diazepam (DIA) on anxiety-related
behaviors tested in the mice EPM (a) and OFT (b). Mice were injected
with ATPM-ET (0.5, 1, and 2 mg/kg, s.c.) for 15 min or DIA (1 mg/kg,
s.c.) for 30 min, and then, the behavioral effects were measured in the

EPM and OFT as described in the BMaterials and methods.^ Value
presents as mean ± SEM of data obtained from at least ten mice.
*p< 0.05, **p< 0.01, ***p < 0.001 compared with saline group

Psychopharmacology (2016) 233:2411–2418 2413



spent more time in the central area. DIAwas used as a positive
control drug. As shown in Fig. 1a, b, DIA, at the dose of
1 mg/kg, significantly increased time spent in the open arms
and in the central area in the EPM and OFT, respectively,
which was consistent with previous studies (Gupta et al.
2015; Kurhe et al. 2014; Mesfin et al. 2014; Wilson et al.
2004), indicating that DIA produced anxiolytic-like effects
in mice.

The effects of pretreatment with κ antagonist nor-BNI and
μ antagonist β-FNA, alone or in combination with ATPM-ET
(2 mg/kg), were evaluated in the EPM. As shown in Fig. 2a,
nor-BNI (10 mg/kg, i.p.) pretreatment significantly sup-
pressed ATPM-ET-induced increased time spent in the open
arm. In contrast to the actions of nor-BNI, pretreatment with
β-FNA (10, 20 mg/kg, i.p.) did not affect ATPM-ET’s effects
(Fig. 2b).

The antidepressant-like effects of ATPM-ET in the FST
and TST in mice

The antidepressant-like effects of ATPM-ET were further
evaluated in the FST and TST in mice. As shown in Fig. 3a,
ATPM-ET (0.5 and 1 mg/kg) significantly decreased the du-
ration of immobility in the FST. ATPM-ET (0.05, 0.5, and

1 mg/kg) also significantly decreased immobility time detect-
ed in the TST. FLX, given as a reference drug, decreased the
duration of immobility in both TST and TST, which was con-
sistent with previous studies (Gupta et al. 2014; Kordjazy et al.
2015), indicating that FLX produced antidepressant-like ef-
fects in mice.

The effects of nor-BNI and β-FNA on ATPM-ET-induced
antidepressant effects were evaluated in the mice FST. As
shown in Fig. 4a, b, pretreatment with nor-BNI, but not β-
FNA, completely prevented ATPM-ET-induced decreased du-
ration of immobility.

The effects of ATPM-ETon locomotor activity

The effects of ATPM-ET on mice general locomotor were
measured in the open filed chamber. As shown in Fig. 5,
ATPM-ET, at doses from 0.05 to 2 mg/kg, did not affect mice
locomotor activity.

The effects of ATPM-ETon conditioned place aversion

The design of behavioral experiment is shown in Fig. 6a. As
shown in Fig. 6b, there was a trend that mice pretreated with
2 mg/kg ATPM-ET spent less time in the drug-paired

Fig. 2 Effects of nor-BNI (a) and β-FNA (b) on ATPM-ET-induced
anxiolytic effects tested in the mice EPM. Mice were pretreated with
nor-BNI (10 mg/kg, i.p.) for 24 h, or β-FNA (10 and 20 mg/kg, i.p.)
for 24 h, and then injected with ATPM-ET (2 mg/kg, s.c.). After
15 min, the behavioral effects were tested in the mice EPM. Value

presents as mean ± SEM of data obtained from at least 10 mice.
**p < 0.01, ***p < 0.001 when comparisons are within saline + saline
group and saline +ATPM-ET group. $p < 0.05 when comparisons are
within saline +ATPM-ET and nor-BNI +ATPM-ET group

Fig. 3 Effects of ATPM-ET and fluoxetine (FLX) on depression-related
behaviors tested in the mice FST (a) and TST (b). Mice were injected
with ATPM-ET (0.05, 0.5, and 1 mg/kg, s.c.) for 15 min or FLX
(10 mg/kg, s.c.) for 30 min, and then, the behavioral effects were

measured in the FST and TST as described in the BMaterials and
methods.^ Value presents as mean ± SEM of data obtained from at least
ten mice. *p< 0.05, **p< 0.01, ***p< 0.001 compared with saline group
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compartment, but it did not reach significant difference, indi-
cating that 2 mg/kg ATPM-ET did not induce aversive emo-
tion in mice. To ensure that our mice condition place aversion
model is well established, U50,488H (5 mg/kg) as a positive
control was used. As shown in Fig. 6b, mice pretreated with
5 mg/kg U50,488H significantly spent less time in the drug-
pair compartment.

Discussion

The present study demonstrated that the novel κ agonist and μ
partial agonist ATPM-ET produced anxiolytic- and
antidepressant-like effects in mice. These effects were more
closely mediated by activation of κ opioid receptor than μ
opioid receptor.

The anxiolytic-like effects of ATPM-ETwere supported by
the observations showing that ATPM-ET significantly in-
creased time spent in the open arm in the EPM test and also

significantly increased time spent in the central area in the
OFT. The antidepressant-like effects of ATPM-ET were sup-
ported by the behavioral data, which showed that ATPM-ET
significantly decreased immobility time in the both FST and
TST. Our mice EPM, OFT, FST, and TST models were actu-
ally capable of detecting anxiety- and depressant-related be-
haviors, since by using these tests, we found that the reference
drugs DIA and FLX produced anxiolytic-like and
antidepressant-like effects, respectively, effects that were sim-
ilar to those of established work (Gupta et al. 2014, 2015;
Kordjazy et al. 2015; Mesfin et al. 2014; Wilson et al. 2004).

Fig. 4 Effects of nor-BNI (a) and β-FNA (b) on ATPM-ET-induced
antidepressant effects tested in the mice FST. Mice were pretreated with
nor-BNI (10 mg/kg, i.p.) for 24 h or β-FNA (10 mg/kg, 20 mg/kg, i.p.)
for 24 h, and then injected with ATPM-ET (0.5 mg/kg, s.c.). After 15min,
the behavioral effects were tested in the mice FST. Value presents as

mean ± SEM of data obtained from at least ten mice. **p < 0.01,
***p < 0.001 when comparisons are within saline + saline group and
saline +ATPM-ET group. $$$p < 0.001 when comparisons are within
saline +ATPM-ET and nor-BNI+ATPM-ET group

Fig. 5 Effects of ATPM-ET on mice general locomotion. Mice were
injected with ATPM-ET (0.05–2 mg/kg, s.c.) for 15 min, and then, the
locomotor activity was monitored for 60 min. Value presents as mean
± SEM of data obtained from at least ten mice

Fig. 6 Effects of ATPM-ET on conditioned place aversion. a Timeline
for conditioned place aversion experiments. bConditioned place aversion
score. After preconditioning, animals were conditioned for 4 days using
saline, U50,488H (5 mg/kg, s.c.), or ATPM-ET (2 mg/kg, s.c.). Testing
(15 min) occurred 24 h after conditioning. Value presents as mean ± SEM
of data obtained from at least ten mice in each group. *p< 0.05 compared
with saline-treated group
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The mechanism that mediated the anxiolytic- and
antidepressant-like effects of ATPM-ETwas still unclear; how-
ever, the fact that the selective κ antagonist nor-BNI but not the
selective μ antagonist β-FNA prevented these effects led to the
idea that ATPM-ET’s anxiolytic- and antidepressant-like ef-
fects were more closely associated with its actions as a κ ago-
nist than aμ agonist. Because the most potent effects of ATPM-
ET involve mixed activities as κ agonist and μ partial agonist, it
was not surprising to observe ATPM-ET acted via the activa-
tion of κ receptor. A growing body of evidence has indicated
that the dynorphin/κ opioid receptor system play a critical role
in modulating mood and emotional behaviors. Our findings
agree with previously published studies showing that κ agonist
salvinorin A, U50488H and U69593, through selective action
of κ receptor, produce anxiolytic-like and/or antidepressant-
like effects in rodents (Braida et al. 2009). These results, to-
gether with previous work showing that deletion of
prodynorphin gene increased anxiety-like behaviors in mice,
support an anxiolytic role for κ receptor activation. However,
our findings also appear to contradict previously published
studies conducted in rodents, indicating that activation of κ
receptor produces anxiety-like behaviors (Knoll and Carlezon
2010; Smith et al. 2012; Van’t Veer and Carlezon 2013; Valdez
and Harshberger 2012; Wittmann et al. 2009). Interestingly,
there was evidence demonstrating that salvinorin A, a potent
κ agonist, produced antidepressant effects at low doses (Braida
et al. 2009), whereas produced prodepressant effects at high
doses (Carlezon et al. 2006). Nevertheless, this dose-
dependent manner was not involved in ATPM-ET-induced an-
xiolytic effects, because when the dose was decreased to
0.05 mg/kg, it still did not affect emotional responses (data
not shown). It was surprising to observe that ATPM-ET’s μ
agonist activity was not attributed to its action on emotional
responses, since existing literature has identified a role for each
of the opioid receptors in the regulation of emotional responses
(Lutz and Kieffer 2013). Glover and Davis (2008) reported that
buprenorphine, a κ antagonist and μ partial agonist, produced
anxiolytic-like effects in rat due to its μ agonist activity.

κ agonists have been shown to cause dysphoria in human
(Pfeiffer et al. 1986) and aversive effects in animals
(Shippenberg and Herz 1986). To well define the effects of
ATPM-ET in emotional responses, conditioned place aversion
model was used. Since in the present work, the effective doses
of ATPM-ET to produce anxiolytic-like and antidepressant
effects were from 0.05 to 2 mg/kg, we chose highest dose
2 mg/kg of ATPM-ET to evaluate the effects on aversion
emotion. We found that 2 mg/kg ATPM-ET did not induce
aversive emotion in mice; however, the positive control 5 mg/
kg U50,488 did. It is worth pointing out that we cannot ex-
clude the possibility that administration of higher dose ATPM-
ET (>2 mg/kg) produces aversive reactions.

In summary, the present study demonstrated that ATPM-
ET, as a mixed κ agonist and μ partial agonist, produced

anxiolytic- and antidepressant-like effects in mice. ATPM-
ET’s action as an agonist at κ opioid receptor contributes to
its anxiolytic- and antidepressant-like effects. Since chronic
pain and addiction are always comorbid with mood disorders
including depression and anxiety, the present findings, togeth-
er with previous work demonstrating that ATPM-ET was ca-
pable of producing potent antinociception and effectively
treating heroin addiction with less abuse potential and less
undesirable side effects, suggest that compounds with mixed
κ and μ activity may hold clinical significance. However,
further studies are needed before this possibility can be
established with greater certainty. It is noteworthy that the
development of tolerance in response to chronic use is a char-
acteristic of all the opioid drugs; thus, during ATPM-ET
chronic treatment, it is plausible that tolerance develops and
complicates its use as pharmacotherapies.
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