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a b s t r a c t

Serotonin/noradrenaline reuptake inhibitors (SNRIs) are widely used for the treatment for major
depressive disorder, but these drugs induce several side effects including increased aggression and
impulsivity, which are risk factors for substance abuse, criminal involvement, and suicide. To address this
issue, milnacipran (0, 3, 10, or 30 mg/kg), an SNRI and antidepressant, was intraperitoneally administered
to mice prior to the 3-choice serial reaction time task, residenteintruder test, and forced swimming test
to measure impulsive, aggressive, and depressive-like behaviors, respectively. A milnacipran dose of
10 mg/kg suppressed all behaviors, which was accompanied by increased dopamine and serotonin levels
in the medial prefrontal cortex (mPFC) but not in the nucleus accumbens (NAc). Although the most
effective dose for depressive-like behavior was 30 mg/kg, the highest dose increased aggressive behavior
and unaffected impulsive behavior. Increased dopamine levels in the NAc could be responsible for the
effects. In addition, the mice basal impulsivity was negatively correlated with the latency to the first
agonistic behavior. Thus, the optimal dose range of milnacipran is narrower than previously thought.
Finding drugs that increase serotonin and dopamine levels in the mPFC without affecting dopamine
levels in the NAc is a potential strategy for developing novel antidepressants.

© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Major depressive disorder (MDD) is a major health problem in
the world and often leads to suicide.1 Although selective serotonin
reuptake inhibitors (SSRIs) and serotonin/noradrenaline reuptake
inhibitors (SNRIs) are widely used for the treatment for MDD, these
drugs induce several side effects including increased aggression
and impulsivity,2,3 which are risk factors for substance abuse,
criminal involvement, and suicide.4e8 In contrast, animal studies
have shown that SSRIs suppress aggression9 and that an SNRI and
noradrenaline reuptake inhibitor suppress impulsivity.10e12

Dose-dependent effects of these drugs might reconcile these
contradictory findings because inverted U-shaped dose-response

relationships are often observed in psychoactive drugs.13 Thus, a
significant issue concerns whether there is an optimal dose at
which an antidepressant suppresses all these behaviors of impul-
sivity, aggression and depressive symptoms.

There are reliable animal behavioral paradigms that can be used
to measure impulsive, aggressive, and depressive-like behaviors,
which include the 3-choice serial reaction time task (3-CSRTT),10

resident-intruder test (RIT),14 and forced swimming test (FST),15

respectively. To address above issue, these tests must be conduct-
ed in the same animal because food restriction in the 3-CSRTT and
isolation in the RIT would alter dose response of drugs.16,17 Indeed,
previous studies have reported that acute milnacipran, an SNRI and
antidepressant, reduced the immobility duration in the FST, but the
doses at which anti-immobility effects were observed were at least
three times higher than those required for anti-impulsive effects in
another study.10,18 However, these behaviors have yet to be exam-
ined simultaneously in the same animal study. Therefore, we
addressed this issue by using milnacipran and examining the ef-
fects on impulsive, aggressive, and depressive-like behaviors in the
same animal.
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To further determine the neural mechanisms underlying the
effects of milnacipran on impulsive, aggressive, and depressive-like
behaviors, we measured dopamine and serotonin levels in the
medial prefrontal cortex (mPFC) and nucleus accumbens (NAc)
following milnacipran administration by using in vivo micro-
dialysis. These brain regions and monoamines have been impli-
cated in the modulation of impulsive,11,19 aggressive,20 and
depressive-like21 behaviors. Moreover, noradrenaline transporters
take up not only noradrenaline but also dopamine from the
extracellular space in brain regions including the mPFC.22

Additionally, we examined the correlational relationships be-
tween impulsive, aggressive, and depressive-like behaviors to
explore the potential overlaps in neural mechanisms underlying
these behaviors and to determine whether the interrelationships
between these psychological components in humans23 are pre-
served in animals.

2. Materials and methods

2.1. Subjects

Male C57BL/6N mice supplied by Nippon SLC Co. Ltd. (Hama-
matsu, Japan) and bred in our laboratorywere used for the 3-CSRTT,
RIT (resident), FST, and microdialysis experiments. Male BALB/c
mice supplied by CLEA Japan, Inc. (Tokyo, Japan) were used for the
RIT (intruder) experiment. They were housed under an alternating
lightedark cycle (lights on from 7 p.m. to 7 a.m.) at approximately
21 �C and a relative humidity of 40e50%. The treatment of animals
was in compliance with the Guidelines for the care and use of
Laboratory Animals of the Animal Research Committee of Hokkaido
University.

2.2. Drugs

Milnacipran hydrochloride was generously donated by Asahi-
Kasei Co. Ltd. (Tokyo, Japan). The compound was dissolved in
0.9% saline (pH ¼ 6.5e6.8) and administered at a volume of 10 ml/
kg.

2.3. 3-Choice serial reaction time task (3-CSRTT)

When themicewere 9weeks old, they began individual housing
and food-restricted diets. Thereafter, their body weights were
maintained at 85% of the body weight of mice under free-feeding
conditions.

Training and test procedures in the 3-CSRTT have been
described in our previous studies using rats.10,24,25 Detailed pro-
cedure in mice was described in supplementary methods because
some steps were modified for mice (Supplementary methods).

We used seven behavioral parameters, as described below.

(a) Premature responses (counts per session): a measure of
impulsive action.

(b) Accuracy (percentage of correct responses): a measure of
attentional function.

(c) Omissions (counts per session): a measure of attentional
function and motivation.

(d) Perseverative responses (counts per session): a measure of
compulsive behavior.

(e) Correct response latency (s): a measure of attentional func-
tion, motivation, and motor function.

(f) Reward latency (s): a measure of motivation and motor
function.

(g) Started trials (counts per session): a measure of motivation.

Eight mice received an acute administration of milnacipran (0, 3,
10, or 30 mg/kg, i.p.) 60 min prior to 3-CSRTT testing. Each drug
session was conducted with more than a week interval from the
previous drug session. The order of the drug injections was coun-
terbalanced using a Latin square design. All 3-CSRTTs were per-
formed between 9:00 a.m. and 11:00 a.m.

2.4. Residenteintruder test (RIT)

After the mice had been individually housed and had been
subjected to 3-CSRTT training for 5e6 weeks, they were studied to
measure their aggression toward an intruder (Fig. 1). The RIT was
conducted as described in Ref. 26. Detailed procedure was
described in supplementary methods (Supplementary methods).

Eight resident mice received an acute administration of milna-
cipran (0, 3, 10, or 30 mg/kg, i.p.) 60 min prior to an encounter with
an intruder. Each drug session was conducted with more than a
two-day interval from the previous drug session. The order of the
drug injections was counterbalanced using a Latin square design.
All RITs were performed between 2:00 p.m. and 5:00 p.m.

2.5. Forced swimming test (FST)

Following the completion of the 3-CSRTT testing, 14 mice were
subjected to the FST to measure depressive-like behavior (Fig. 1).
Thirty-two naïve mice were used for FST drug testing. They
received an acute administration of milnacipran (0, 3, 10, or 30 mg/
kg, i.p., n ¼ 8 each) 60 min prior to the FST. The FST was conducted
as described in Ref. 27. Detailed procedure was described in sup-
plementary methods (Supplementary methods). We used a
between-subject design for the FST to avoid repeated exposure to
severe stress. All FSTs were performed between 9:00 a.m. and 11:00
a.m.

2.6. In vivo microdialysis and HPLC analysis

Fifty-six mice were used for the HPLC analysis. Mice were
anesthetized with isoflurane (Intervet. Inc., Tokyo, Japan) and fixed
in a stereotaxic frame (Narishige, Tokyo, Japan). Guide cannulas
(AG-4 for the mPFC or CXG-6 for the NAc, Eicom, Japan) were
implanted in either the mPFC [AP: þ1.9, ML: ±0.2, DV: �0.6] or the
NAc [AP: þ1.2, ML: ±0.5, DV: �3.25].28 After surgery, mice were
housed individually and allowed a 1-week recovery period before
they began testing.

A dialysis probe (for the mPFC, 2-mm long, A-I-4-02, Eicom; for
the NAc, 1-mm long, CX-I-6-01, Eicom) was inserted through the
guide cannula. The probe was perfused with artificial CSF (2.7 mM
KCl, 140 mM NaCl, 1.2 mM CaCl2, 1.0 mM MgCl2, 0.3 mM NaH2PO4,
and 1.7 mM Na2HPO4, pH 7.2) at a flow rate of 1 ml/min. Mice were
placed in plastic observational cages (30 � 30 � 35 cm) and sam-
ples were collected every 30 min. Less than 10% variation of the
basal monoamine levels was obtained 2e3 h after the insertion of
the dialysis probe. Drugs were given by intraperitoneal injection
after at least three stable baseline samples were obtained. Dopa-
mine and serotonin concentrations were measured as described
previously.29

2.7. Data analysis

Behavioral data from the 3-CSRTT and RIT were subjected to a
repeated measures analysis of variance (ANOVA) using drug as a
within-subject factor. Behavioral data from the FST were subjected
to a one-way ANOVA using drug as a between-subject factor. In the
microdialysis experiment, the area under the curve (AUC) values for
the dopamine and serotonin levels 120 min after the drug
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injections were standardized according to the pre-drug baseline
values and subjected to a one-way ANOVAusing drug as a between-
subject factor. Corrections for multiple comparisons with Bonfer-
roni's correction were also conducted after each ANOVA. Pearson's
product-moment correlation coefficients were calculated to
determine the statistical significance of correlations between basal
performances in the 3-CSRTT, RIT, and FST. The a level was set at
0.05 for all comparisons. All statistical procedures were conducted
using SPSS (version 15.0 J, IBM, NY, USA).

3. Results

3.1. The effects of acute milnacipran administration on impulsivity
in mice

A repeated measures ANOVA revealed a significant main effect
of drug on premature response (F3, 21 ¼ 9.56, P < 0.001, Fig. 2A) and
%omission (F3, 21 ¼ 3.34, P < 0.05, Fig. 2C). An intermediate dose of

milnacipran (10 mg/kg) significantly reduced the number of pre-
mature response comparedwith the saline. In addition, 30mg/kg of
milnacipran significantly increased %omission compared with the
3 mg/kg of milnacipran. Milnacipran did not affect the other
measures (Fs < 2.06, NS, Fig. 2).

Basal performance levels for premature responses, %accuracy,
and %omission remained stable throughout the experiments
(Supplemental Fig. S3AeC).

3.2. The effects of acute milnacipran administration on agonistic
behavior in mice

A repeated measures ANOVA revealed a significant main effect
of drug on attack bite (F3, 21 ¼ 8.40, P < 0.001, Fig. 3A), threat
behavior (F3, 21 ¼ 4.58, P < 0.05, Fig. 3B), agonistic behavior (F3,
21 ¼ 10.53, P < 0.001, Fig. 3C), and agonistic latency (F3, 21 ¼ 5.16,
P < 0.05, Fig. 3D). After using Bonferroni's correction, we detected
that 3 mg/kg of milnacipran significantly reduced the number of

Fig. 1. Experimental schedule. Mice were housed individually and were placed on food-restricted diets when they were 5e9 weeks old. Thereafter, they underwent 3-CSRTT
training between 9:00 and 11:00 a.m. Five weeks later, they underwent RIT training between 3:00 and 5:00 p.m. Following the completion of the RIT training, 14 mice were
further subjected to encounters for 3 days to determine their basal aggression. Subsequently, eight resident mice received an acute administration of milnacipran (0, 3, 10, or 30 mg/
kg, i.p.) 60 min prior to an encounter with an intruder. After a 1-week washout period, one session of 3-CSRTT with a 9-s ITI was conducted to determine their basal impulsivity.
Subsequently, eight mice received an acute administration of milnacipran (0, 3, 10, or 30 mg/kg, i.p.) 60 min prior to the 3-CSRTT testing. Following a washout period, 14 mice were
subjected to the FST to measure their basal helplessness.

Fig. 2. The effects of acute administration of milnacipran on impulsive behaviors in mice. Milnacipran (0, 3, 10, or 30 mg/kg, i.p.) was administered 60 min prior to the 3-CSRTT.
Drugs were administered to the same mice (n ¼ 8) with at least a week interval. The order of the drug injections was counterbalanced using a Latin square design. Milnacipran
reduced (A) the number of premature responses without changing (B) %accuracy, (C) %omission, (D) perseverative response, (E) correct response latency, (F) reward latency, and (G)
the number of trials in the 3-CSRTT. The lines represent the SEM. *P < 0.05 with Bonferroni correction (3 mg/kg of milnacipran tended to reduce premature responses, P ¼ 0.074).
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attack bites and agonistic behaviors compared with the saline in-
jection; 10 mg/kg of milnacipran significantly reduced the number
of attack bites compared with the saline injection. In contrast,
30 mg/kg of milnacipran significantly increased the number of
attack bites and agonistic behaviors compared with the saline and
3 mg/kg injections. In addition, 30 mg/kg of milnacipran signifi-
cantly increased the number of threat behaviors and accelerated
the latency to agonistic behavior compared with the 3 mg/kg in-
jection. Milnacipran did not affect the duration of walking (F3,
21 ¼ 0.63, NS, Fig. 3E) at any dose.

Basal performance levels for attack bites remained stable
throughout the experiments (Supplemental Fig. S3D).

3.3. The effects of acute milnacipran administration on immobility
in mice

A one-way ANOVA revealed a significant main effect of drug on
duration of immobility (F3, 31 ¼ 8.90, P < 0.001, Fig. 4A), immobility
latency (F3, 31 ¼ 5.62, P < 0.01, Fig. 4B), duration of swimming (F3,
31 ¼ 8.05, P < 0.001, Fig. 4C), and climbing (F3, 31 ¼ 5.06, P < 0.05,
Fig. 4D). After using Bonferroni's correction, we detected that 10
and 30 mg/kg of milnacipran significantly reduced the duration of
immobility compared with that of the saline group (Fig. 4A).
Moreover, 10 mg/kg of milnacipran significantly increased the
duration of climbing comparedwith those of the other three groups
(Fig. 4D). In addition, 30 mg/kg of milnacipran significantly pro-
longed the latency to immobility compared with the other three
groups (Fig. 4B) and significantly increased the duration of swim-
ming compared with those of saline and 3 mg/kg groups (Fig. 4C).

3.4. The effects of acute milnacipran on extracellular concentrations
of dopamine and serotonin release in the mPFC and NAc of mice

Basal levels of dopamine in 30-min samples were 1.8 ± 0.1 fg/ml
in the mPFC and 3.8 ± 0.8 fg/ml in the NAc (mean ± SEM of 28
mice). Basal levels of serotonin in 30-min samples were 1.9 ± 0.2 fg/
ml in the mPFC and 2.0 ± 0.3 fg/ml in the NAc (mean ± SEM of 28
mice).

The effects of milnacipran on dialysates of dopamine and sero-
tonin in the mPFC are shown in Fig. 5BeE. A one-way ANOVA
revealed significant main effects of the drug on dopamine (F3,
55¼15.34, P<0.001) and serotonin (F3, 55¼31.29, P<0.001) levels in
a time window that was comparable with the phase of the behav-
ioral tests (i.e., 60e120 min after the drug injection). All three doses
of milnacipran significantly increased dopamine levels (Fig. 5B and
C), and the 10 and 30mg/kg doses of the drug significantly increased
serotonin levels during the time window (Fig. 5D and E).

Fig. 5FeI shows the effects of milnacipran on the dialysates of
dopamine and serotonin in the NAc. A one-way ANOVA revealed
significant main effects of the drug on dopamine (F3,55 ¼ 29.89,
P < 0.001) and serotonin (F3,55 ¼ 15.34, P < 0.001) levels. Only the
highest dose of milnacipran significantly increased dopamine
(Fig. 5F and G) and serotonin (Fig. 5H and I) levels in the NAc during
the time window.

3.5. Correlational analysis: 3-CSRTT vs. RIT/FST

We detected a significant negative correlation between the
number of premature responses and latency to agonistic behavior

Fig. 3. The effects of acute milnacipran administration on aggressive behaviors in mice. Milnacipran (0, 3, 10, or 30 mg/kg, i.p.) was administered 60 min prior to an encounter
with an intruder. Drugs were administered to the same mice (n ¼ 8) with at least a two-day interval. The order of the drug injections was counterbalanced using a Latin square
design. Milnacipran reduced (A) the number of attack bites, (B) threats, and (C) agonistic behaviors without changing (D) latency to first agonistic behavior and (E) walking duration.
The lines represent the SEM. *P < 0.05 with Bonferroni correction.
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(r ¼ �0.74, P < 0.01, Fig. 6A), whereas premature responses were
not correlated with the number of agonistic behaviors (r ¼ 0.36,
P > 0.05, NS, Fig. 6B). There was a significant negative correlation
between %omission and the number of attack bites (r ¼ �0.72,
P < 0.05, Fig. 6C) or agonistic behaviors (r¼�0.76, P < 0.01, Fig. 6D).
We did not find other significant correlations between behavioral
performances in the 3-CSRTT and RIT (Table 1). Furthermore, there
was no significant correlation between the behavioral parameters
in the FST and those in the other two behavioral tests (Fig. 6E and F
and Table 1).

4. Discussion

4.1. Effects of milnacipran on impulsive, aggressive, and depressive-
like behaviors in mice

Milnacipran differentially altered impulsive, aggressive, and
depressive-like behaviors in a U-shaped, inversely proportional and
proportional manner, respectively (Figs. 2e4). We found that only
an intermediate dose of milnacipran (10 mg/kg) suppressed all
these behaviors (Figs. 2A, 3A and 4A). Although the most effective
dose for depressive-like behavior was 30mg/kg, the highest dose of
milnacipran increased aggressive behavior and unaffected impul-
sive behavior. Thus, unfortunately, we did not find an optimal dose

at which milnacipran maximally suppresses all these behaviors of
impulsivity, aggression and depressive symptoms.

4.2. The potential roles of prefrontal and accumbal dopamine in the
effects of milnacipran

Previous studies reported that milnacipran suppressed impul-
sive actions by stimulating D1-like receptors in the ventral mPFC11

and increased dopamine levels in the NAc provoked impulsive ac-
tions.19 Thus, it is likely that 10 mg/kg of milnacipran reduced
impulsive-like premature responses (Fig. 2A) by increasing dopa-
mine levels in the mPFC without changing dopamine levels in the
NAc (Fig. 5G) while 30 mg/kg of milnacipran did not suppress
impulsive actions because the high dose increased dopamine levels
in the NAc.

It is difficult to speculate the neural mechanisms by which
30 mg/kg of milnacipran increases dopamine levels in the NAc.
Although milnacipran inhibits serotonin/noradrenaline reuptake,
it is less likely that milnacipran-induced increase of extracellular
noradrenaline levels in the NAc is involved in increased dopamine
levels because noradrenergic fibers are sparsely observed in the
NAc.30 It is possible that the blockade of serotonin transporter
enhanced dopamine levels in the NAc because previous studies
have indicated that serotonin transporter could transport

Fig. 4. The effects of acute milnacipran administration on depressive-like behavior in mice. Milnacipran (0, 3, 10, or 30 mg/kg, i.p.) was administered 60 min prior to the FST
(n ¼ 8 for each group). Milnacipran reduced (A) the duration of immobility but prolonged (B) the latency to first immobilization, (C) swimming duration, and (D) climbing duration.
The lines represent the SEM. *P < 0.05 with Bonferroni correction.

I. Tsutsui-Kimura et al. / Journal of Pharmacological Sciences 134 (2017) 181e189 185



I. Tsutsui-Kimura et al. / Journal of Pharmacological Sciences 134 (2017) 181e189186



dopamine in some brain regions where the expression of dopa-
mine transporter is relatively sparse but dopamine levels are
higher, such as the NAc shell.31,32 Indeed, most dialysis probes in
the present study were placed in the NAc shell but not in the core
(Fig. 5A).

Milnacipran administration also increased serotonin levels in
the mPFC (Fig. 5E) and NAc (Fig. 5I). However, a previous study
showed that serotonin depletion in the mPFC or NAc unaffected
inhibitory control in rats.33

The lowest dose of milnacipran (3 mg/kg) showed the highest
anti-aggressive effects (Fig. 3). However, it did not affect serotonin

levels in the mPFC or NAc, whereas it increased dopamine levels in
the mPFC (Fig. 5). To our knowledge, there is no strong evidence
that dopamine levels in the mPFC are related to inhibition of
aggressive behavior. Thus, it is difficult to speculate the neural
mechanisms of anti-aggressive effects of milnacipran by using our
data. It is possible that the anti-aggressive effects were partly due to
milnacipran-increased serotonin levels in the hypothalamus, which
plays a critical role in agonistic behaviors.34,35

The highest dose of milnacipran (30 mg/kg) showed pro-
aggressive effects (Fig. 3). Increased dopamine levels in the NAc
could be responsible for the effects. Dopamine release in the NAc

Fig. 5. The effects of milnacipran on dialysate levels of DA and 5-HT in the mPFC and NAc of freely moving mice. (A) Histological verification of the implant sites for the
microdialysis probes. Coronal sections drawings of the mouse brain (Franklin and Paxinos, 2007) showing the location of the microdialysis probes in the mPFC (left) and the NAc.
The black lines indicate the location of the dialysis in the membrane. Milnacipran dose-dependently increased the levels of cortical dopamine (DA) (B and C), cortical serotonin (5-
HT) (D and E), accumbal DA (F and G), and accumbal 5-HT (H and I) in freely moving mice (n ¼ 7 per group). Shaded areas correspond to the periods in which the three behavioral
tests (3-CSRTT, RIT, and FST) were conducted. (B, D, F, H) Results are expressed as the mean ± SEM of percentages of baseline values. Arrows indicate intraperitoneal administrations
of saline (white circle), 3 mg/kg of milnacipran (light gray circle), 10 mg/kg of milnacipran (dark gray circle), and 30 mg/kg of milnacipran (black circle). (C, E, G, I) Data are also
expressed as the area under the curve (AUC; mean ± SEM). AUC values are calculated for the amount of DA and 5-HT outflow measured during the 60e120 min post-treatment
period with milnacipran and expressed as percentages of the baseline values (n ¼ 7 mice per group). The lines represent the SEM. *P < 0.05 with Bonferroni correction.

Fig. 6. Scatterplot of impulsive aggressive, and depressive-like behaviors. Pearson's productemoment correlation coefficients among the behavioral parameters recorded in the
3-CSRTT and RIT or FST (EeH) were calculated for the same animal (n ¼ 14). The number of premature responses was negatively correlated with (A) latency to the first agonistic
behavior but not with the number of agonistic behaviors (B). %omission was negatively correlated with (C) the number of attack bites and (D) the number of agonistic behaviors.
*P < 0.05 and **P < 0.01.
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was increased during the display of aggressive behavior.36 More-
over, local infusion of an antagonist for the D2 receptor into the NAc
significantly reduced aggression in rats.37

Milnacipran-increased serotonin levels in the mPFC and dopa-
mine levels in the NAc would be responsible for the antidepressant
effects (Figs. 4 and 5). It is widely accepted that increased serotonin
levels in the mPFC and dopamine levels in the NAc are involved in
the antidepressant effects.21,38,39

4.3. Interrelationships between impulsive, aggressive, and
depressive-like behaviors in mice

The present study is the first to examine correlational re-
lationships between impulsive actions and agonistic behaviors or
depressive-like behavior within the same mice. We demonstrated
that impulsive-like premature responses assessed in the 3-CSRTT
were negatively correlated with the latency to the first agonistic
behavior, but not the number of agonistic behaviors measured in
the RIT (Fig. 6), consistent with a human study showing that
impulsivity affects the decisions of whether to launch an attack but
not the number of aggressive attacks.23 Although mice showed
anti-impulsive and anti-aggressive effects with milnacipran treat-
ment, we did not identify a significant correlation between these
effects (Supplemental Fig. S4), suggesting the dissociable mecha-
nisms of action underlying the anti-impulsive and aggressive ef-
fects of milnacipran. Our results suggest that both impulsivity and
aggression assessed by the 3-CSRTT and RIT are comparable with
human impulsivity and aggression.

Agonistic behavior also negatively correlated with %omission
(Fig. 6), which is an index of sustained attention or motivation.
However, anothermeasure of attentional function (%accuracy) or of
motivation (the number of total trial started) did not correlate with
agonistic behavior (Table 1). Thus, further studies are required to
clarify this issue though sustained attention might be required for
persistent agonistic behavior.

4.4. Clinical implications and future directions

Considering our current and previous results, the use of a high
dose of antidepressants might increase the incidence of aggression,
which is a risk factor for suicide.4,6 Although further studies are
required to extrapolate our findings in animals to humans, our
current results suggest that clinicians need to find the optimal
dosage of antidepressants with due regard for the side effects of
aggression because the optimal dose range of antidepressants
seems to be narrower than previously thought.

In contrast, low doses of antidepressants would be sufficient to
suppress impulsivity and aggression. Low doses of antidepres-
sants might be promising candidates for treating patients with
increased aggression and impulsivity such as borderline person-
ality disorder.

Moreover, therapeutic effects were accompanied by increased
serotonin and dopamine levels in the mPFC, but not in the NAc.40

Finding drugs that increase serotonin and dopamine levels in the
mPFC without affecting dopamine levels in the NAc is a potential
strategy for developing novel antidepressants.41

Table 1
Correlational analyses among the three behavioral paradigms.

Test Behavioral parameter Mean ± SEM Pearson correlation (r)

VS. Attack bites VS. Threat behavior VS. Agonistic behavior VS. Agonistic latency

3-CSRTT (ITI: 9 s) Premature response (no.) 50.64 ± 6.69 0.41 0.49 0.36 **¡0.74
%Accuracy 81.24 ± 2.71 0.20 0.14 0.21 �0.23
%Omission 49.75 ± 3.73 *¡0.72 �0.53 **¡0.76 0.57
Perseverative response (no.) 2.29 ± 0.35 0.41 0.47 0.53 �0.05
Correct response latency (s) 0.98 ± 0.10 �0.02 �0.33 �0.20 �0.20
Reward latency (s) 2.15 ± 0.19 0.48 0.25 0.45 �0.38
Total trial started (no.) 74.90 ± 4.83 �0.23 0.10 �0.21 �0.10

RIT Attack bites (no.) 20.67 ± 2.37
Threat behavior (no.) 8.07 ± 1.96
Agonistic behavior (no.) 28.74 ± 3.60
Agonistic latency (s) 100.13 ± 20.13

Test Behavioral parameter Mean ± SEM Pearson correlation (r)

VS. Floating VS. Kicking VS. Immobility duration VS. Immobility latency

3-CSRTT (ITI: 9 s) Premature response (no.) 50.64 ± 6.69 �0.22 �0.07 �0.29 0.27
%Accuracy 81.24 ± 2.71 �0.05 0.42 0.23 �0.17
%Omission 49.75 ± 3.73 0.34 �0.42 0.07 0.14
Perseverative response (no.) 2.29 ± 0.35 0.57 �0.13 0.52 �0.38
Correct response latency (s) 0.98 ± 0.10 0.01 �0.07 0.04 �0.21
Reward latency (s) 2.15 ± 0.19 0.02 �0.14 0.08 0.14
Total trial started (no.) 74.90 ± 4.83 0.10 0.36 0.36 �0.57

FST Floating (s) 89.30 ± 16.56
Kicking (s) 41.70 ± 10.71
Immobility duration (s) 131.0 ± 15.17
Immobility latency (s) 33.10 ± 10.09

RIT Attack bites (no.) 20.67 ± 2.37 �0.51 �0.50 �0.52 �0.08
Threat behavior (no.) 8.07 ± 1.96 0.03 0.09 0.09 �0.03
Agonistic behavior (no.) 28.74 ± 3.60 �0.31 �0.41 0.44 �0.07
Agonistic latency (no.) 100.13 ± 20.13 0.51 0.42 0.45 �0.12

FST Floating (s) 89.30 ± 16.56
Kicking (s) 41.70 ± 10.71
Immobility duration (s) 131.0 ± 15.17
Immobility latency (no.) 33.10 ± 10.09

Note: *P < 0.05, **P < 0.01 with Pearson's correlation coefficients (n ¼ 14).

I. Tsutsui-Kimura et al. / Journal of Pharmacological Sciences 134 (2017) 181e189188



Conflicts of interest

The authors declare no conflicts of interest.

Acknowledgements

This work was supported by a Grant for Research Fellows of the
Japan Society for the Promotion of Science 234134 (I.TK.), a Grant-
in-Aid for Scientific Research on Innovative Areas to Y.O.
[12023490], and a Grant-in-Aid for Young Scientists (A) from the
Ministry of Education, Culture, Sports, Science and Technology of
Japan (MEXT) to Y.O. [25713043].

We thank Aki Takahashi, PhD for technical support regarding
the resident-intruder test.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jphs.2017.06.004.

References

1. Henriksson MM, Aro HM, Marttunen MJ, et al. Mental disorders and comor-
bidity in suicide. Am J Psychiatry. 1993;150:935e940.

2. Harada T, Sakamoto K, Ishigooka J. Incidence and predictors of activation
syndrome induced by antidepressants. Depress Anxiety. 2008;25:1014e1019.

3. Sharma T, Guski LS, Freund N, Gotzsche PC. Suicidality and aggression during
antidepressant treatment: systematic review and meta-analyses based on
clinical study reports. BMJ. 2016;352:i65.

4. McGirr A, Renaud J, Bureau A, Seguin M, Lesage A, Turecki G. Impulsive-
aggressive behaviours and completed suicide across the life cycle: a predis-
position for younger age of suicide. Psychol Med. 2008;38:407e417.

5. Auerbach RP, Stewart JG, Johnson SL. Impulsivity and suicidality in adolescent
inpatients. J Abnorm Child Psychol. 2017;45:91e103.

6. Hartley CM, Pettit JW, Castellanos D. Reactive aggression and suicide-related
behaviours in children and adolescents: a review and preliminary meta-anal-
ysis. Suicide Life Threat Behav. 2017. http://dx.doi.org/10.1111/sltb.12325.

7. Babinski LM, Hartsough CS, Lambert NM. Childhood conduct problems,
hyperactivityeimpulsivity, and inattention as predictors of adult criminal ac-
tivity. J Child Psychol Psychiatry. 1999;40:347e355.

8. Ohmura Y, Takahashi T, Kitamura N. Discounting delayed and probabilistic
monetary gains and losses by smokers of cigarettes. Psychopharmacology
(Berlin). 2005;182:508e515.

9. Sanchez C, Hyttel J. Isolation-induced aggression in mice: effects of 5-
hydroxytryptamine uptake inhibitors and involvement of postsynaptic 5-
HT1A receptors. Eur J Pharmacol. 1994;264:241e247.

10. Tsutsui-Kimura I, Ohmura Y, Izumi T, Yamaguchi T, Yoshida T, Yoshioka M. The
effects of serotonin and/or noradrenaline reuptake inhibitors on impulsive-like
action assessed by the three-choice serial reaction time task: a simple and valid
model of impulsive action using rats. Behav Pharmacol. 2009;20:474e483.

11. Tsutsui-Kimura I, Ohmura Y, Izumi T, et al. Milnacipran enhances the control of
impulsive action by activating D(1)-like receptors in the infralimbic cortex.
Psychopharmacology (Berlin). 2013;225:495e504.

12. Robinson ES. Blockade of noradrenaline re-uptake sites improves accuracy and
impulse control in rats performing a five-choice serial reaction time tasks.
Psychopharmacology (Berlin). 2012;219:303e312.

13. Ohmura Y, Jutkiewicz EM, Zhang A, Domino EF. Dopamine D1/5 and D2/3
agonists differentially attenuate somatic signs of nicotine withdrawal in rats.
Pharmacol Biochem Behav. 2011;99:552e556.

14. Miczek KA, Maxson SC, Fish EW, Faccidomo S. Aggressive behavioral pheno-
types in mice. Behav Brain Res. 2001;125:167e181.

15. Porsolt RD, Le Pichon M, Jalfre M. Depression: a new animal model sensitive to
antidepressant treatments. Nature. 1977;266:730e732.

16. France CP, Li JX, Owens WA, Koek W, Toney GM, Daws LC. Reduced effec-
tiveness of escitalopram in the forced swimming test is associated with
increased serotonin clearance rate in food-restricted rats. Int J Neuro-
psychopharmacol. 2009;12:731e736.

17. Baer H. Long-term isolation stress and its effects on drug response in rodents.
Lab Anim Sci. 1971;21:341e349.

18. Mochizuki D, Tsujita R, Yamada S, et al. Neurochemical and behavioural
characterization of milnacipran, a serotonin and noradrenaline reuptake in-
hibitor in rats. Psychopharmacology (Berlin). 2002;162:323e332.

19. Cole BJ, Robbins TW. Effects of 6-hydroxydopamine lesions of the nucleus
accumbens septi on performance of a 5-choice serial reaction time task in rats:
implications for theories of selective attention and arousal. Behav Brain Res.
1989;33:165e179.

20. van Erp AM, Miczek KA. Aggressive behavior, increased accumbal dopamine,
and decreased cortical serotonin in rats. J Neurosci. 2000;20:9320e9325.

21. Kitamura Y, Yagi T, Kitagawa K, et al. Effects of bupropion on the forced swim
test and release of dopamine in the nucleus accumbens in ACTH-treated rats.
Naunyn Schmiedeb Arch Pharmacol. 2010;382:151e158.

22. Carboni E, Tanda GL, Frau R, Di Chiara G. Blockade of the noradrenaline carrier
increases extracellular dopamine concentrations in the prefrontal cortex: ev-
idence that dopamine is taken up in vivo by noradrenergic terminals.
J Neurochem. 1990;55:1067e1070.

23. Barratt ES, Stanford MS, Dowdy L, Liebman MJ, Kent TA. Impulsive and pre-
meditated aggression: a factor analysis of self-reported acts. Psychiatry Res.
1999;86:163e173.

24. Ohmura Y, Kumamoto H, Tsutsui-Kimura I, et al. Tandospirone suppresses
impulsive action by possible blockade of the 5-HT1A receptor. J Pharmacol Sci.
2013;122:84e92.

25. Ohmura Y, Tsutsui-Kimura I, Kumamoto H, et al. Lithium, but not valproic acid
or carbamazepine, suppresses impulsive-like action in rats. Psychopharmacol-
ogy (Berlin). 2012;219:421e432.

26. Miczek KA, O'Donnell JM. Intruder-evoked aggression in isolated and non-
isolated mice: effects of psychomotor stimulants and L-dopa. Psychopharma-
cology (Berlin). 1978;57:47e55.

27. Schramm NL, McDonald MP, Limbird LE. The alpha(2a)-adrenergic receptor
plays a protective role in mouse behavioral models of depression and anxiety.
J Neurosci. 2001;21:4875e4882.

28. Franklin Keith BJ, Paxinos George. The Mouse Brain in Stereotaxic Coordinates.
3rd ed. Amsterdam; Oxford: Elsevier; 2007.

29. Ohmura Y, Izumi T, Yamaguchi T, Tsutsui-Kimura I, Yoshida T, Yoshioka M. The
serotonergic projection from the median raphe nucleus to the ventral hippo-
campus is involved in the retrieval of fear memory through the corticotropin-
releasing factor type 2 receptor. Neuropsychopharmacology. 2010;35:
1271e1278.

30. Baldo BA, Daniel RA, Berridge CW, Kelley AE. Overlapping distributions of
orexin/hypocretin- and dopamine-beta-hydroxylase immunoreactive fibers in
rat brain regions mediating arousal, motivation, and stress. J Comp Neurol.
2003;464:220e237.

31. Larsen MB, Sonders MS, Mortensen OV, Larson GA, Zahniser NR, Amara SG.
Dopamine transport by the serotonin transporter: a mechanistically distinct
mode of substrate translocation. J Neurosci. 2011;31:6605e6615.

32. Nirenberg MJ, Chan J, Pohorille A, et al. The dopamine transporter: comparative
ultrastructure of dopaminergic axons in limbic and motor compartments of the
nucleus accumbens. J Neurosci. 1997;17:6899e6907.

33. Fletcher PJ, Chambers JW, Rizos Z, Chintoh AF. Effects of 5-HT depletion in the
frontal cortex or nucleus accumbens on response inhibition measured in the 5-
choice serial reaction time test and on a DRL schedule. Behav Brain Res.
2009;201:88e98.

34. Vergnes M, Kempf E. Effect of hypothalamic injections of 5,7-
dihydroxytryptamine on elicitation of mouse-killing in rats. Behav Brain Res.
1982;5:387e397.

35. Bel N, Artigas F. Modulation of the extracellular 5-hydroxytryptamine brain
concentrations by the serotonin and noradrenaline reuptake inhibitor, milna-
cipran. Microdialysis studies in rats. Neuropsychopharmacology. 1999;21:
745e754.

36. Ferrari PF, van Erp AM, Tornatzky W, Miczek KA. Accumbal dopamine and
serotonin in anticipation of the next aggressive episode in rats. Eur J Neurosci.
2003;17:371e378.

37. Beiderbeck DI, Reber SO, Havasi A, Bredewold R, Veenema AH, Neumann ID.
High and abnormal forms of aggression in rats with extremes in trait anx-
ietyeinvolvement of the dopamine system in the nucleus accumbens. Psy-
choneuroendocrinology. 2012;37:1969e1980.

38. Licznerski P, Duman RS. Remodeling of axo-spinous synapses in the patho-
physiology and treatment of depression. Neuroscience. 2013;251:33e50.

39. Tye KM, Mirzabekov JJ, Warden MR, et al. Dopamine neurons modulate neural
encoding and expression of depression-related behaviour. Nature. 2013;493:
537e541.

40. Ohmura Y, Tsutsui-Kimura I, Yoshioka M. Impulsive behavior and nicotinic
acetylcholine receptors. J Pharmacol Sci. 2012;118:413e422.

41. Xue R, He XH, Yuan L, et al. Effects of 071031B, a novel serotonin and
norepinephrine reuptake inhibitor, on monoamine system in mice and rats.
J Pharmacol Sci. 2016;130:1e7.

I. Tsutsui-Kimura et al. / Journal of Pharmacological Sciences 134 (2017) 181e189 189

http://dx.doi.org/10.1016/j.jphs.2017.06.004
http://dx.doi.org/10.1016/j.jphs.2017.06.004
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref1
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref1
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref1
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref2
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref2
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref2
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref3
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref3
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref3
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref4
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref4
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref4
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref4
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref5
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref5
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref5
http://dx.doi.org/10.1111/sltb.12325
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref7
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref7
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref7
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref7
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref7
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref8
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref8
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref8
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref8
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref9
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref9
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref9
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref9
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref10
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref10
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref10
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref10
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref10
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref11
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref11
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref11
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref11
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref12
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref12
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref12
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref12
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref13
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref13
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref13
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref13
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref14
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref14
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref14
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref15
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref15
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref15
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref16
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref16
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref16
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref16
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref16
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref17
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref17
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref17
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref18
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref18
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref18
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref18
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref19
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref19
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref19
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref19
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref19
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref20
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref20
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref20
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref21
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref21
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref21
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref21
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref22
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref22
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref22
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref22
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref22
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref23
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref23
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref23
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref23
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref24
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref24
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref24
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref24
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref25
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref25
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref25
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref25
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref26
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref26
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref26
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref26
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref27
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref27
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref27
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref27
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref28
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref28
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref29
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref29
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref29
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref29
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref29
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref29
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref30
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref30
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref30
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref30
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref30
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref31
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref31
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref31
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref31
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref32
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref32
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref32
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref32
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref33
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref33
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref33
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref33
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref33
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref34
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref34
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref34
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref34
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref35
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref35
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref35
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref35
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref35
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref36
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref36
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref36
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref36
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref37
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref37
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref37
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref37
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref37
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref37
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref38
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref38
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref38
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref39
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref39
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref39
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref39
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref40
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref40
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref40
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref41
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref41
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref41
http://refhub.elsevier.com/S1347-8613(17)30090-7/sref41

	Milnacipran affects mouse impulsive, aggressive, and depressive-like behaviors in a distinct dose-dependent manner
	1. Introduction
	2. Materials and methods
	2.1. Subjects
	2.2. Drugs
	2.3. 3-Choice serial reaction time task (3-CSRTT)
	2.4. Resident–intruder test (RIT)
	2.5. Forced swimming test (FST)
	2.6. In vivo microdialysis and HPLC analysis
	2.7. Data analysis

	3. Results
	3.1. The effects of acute milnacipran administration on impulsivity in mice
	3.2. The effects of acute milnacipran administration on agonistic behavior in mice
	3.3. The effects of acute milnacipran administration on immobility in mice
	3.4. The effects of acute milnacipran on extracellular concentrations of dopamine and serotonin release in the mPFC and NAc of mice
	3.5. Correlational analysis: 3-CSRTT vs. RIT/FST

	4. Discussion
	4.1. Effects of milnacipran on impulsive, aggressive, and depressive-like behaviors in mice
	4.2. The potential roles of prefrontal and accumbal dopamine in the effects of milnacipran
	4.3. Interrelationships between impulsive, aggressive, and depressive-like behaviors in mice
	4.4. Clinical implications and future directions

	Conflicts of interest
	Acknowledgements
	Appendix A. Supplementary data
	References


