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Biological rhythms are thought to be related to the pathogenesis and therapy of various diseases includ-
ing depression. Here we investigated the influence of circadian rhythms on the antidepressant activity of the 
dual-action serotonin-noradrenaline reuptake inhibitor (SNRI) milnacipran. Rats administered milnacipran 
in the morning (8:00 a.m.; zeitgeber time [ZT]1) or in the evening (8:00 p.m.; ZT13) were analyzed in a forced 
swim test (FST). At ZT1, the rats’ immobility was reduced and the swimming was increased, whereas at 
ZT13, their climbing was increased. These results suggest that the serotonergic and noradrenergic systems 
are preferentially affected at ZT1 and ZT13, respectively by milnacipran. We analyzed the plasma and brain 
levels of milnacipran after administration, and there were no differences between ZT1 and ZT13. The cir-
cadian rhythm of monoamine neurotransmitters was analyzed in several brain regions. The serotonin turn-
over showed rhythms with a peak during ZT18–ZT22 in hippocampus. The noradrenaline turnover showed 
rhythms with a peak during ZT22–ZT2. There was a difference of approx. 4 h between the serotonergic and 
noradrenergic systems. This time difference might be one of the factors that affect the action of milnacipran 
and contribute to the dosing time-dependent behavioral pattern in the FST.

Key words circadian rhythm; antidepressant; forced swim test; milnacipran; serotonin; noradrenaline

Many physiological functions have a rhythm with a period 
of 24 h. In mammals, circadian clock systems govern almost 
all organs, and they affect the pathophysiology of various dis-
eases such as cancer, cardiovascular diseases, and psychiatric 
diseases.1–4) The circadian clock systems also affect the effica-
cy of medication by influencing the pharmacokinetics and/or 
pharmacodynamics of the drug.5–7) The efficacy of various 
drugs varies according to the dosing time.8) It is important to 
consider the chronopharmacological profiles of each drug in 
order to provide effective medication.

Depression is one of the diseases thought to be affected by 
the circadian system. Depressive symptoms relate to the chro-
notype,9) the symptoms of the depression show diurnal varia-
tions,10) certain types of depression are developed according to 
the length of daylight,11) and the modification of the circadian 
systems is sometimes effective for treating patients.12–14) The 
monoamine hypothesis proposes that the reduction of mono-
amine systems in the brain causes depression. However, the 
interactions between the circadian system and various patho-
physiologies are not yet thoroughly understood.

Many therapeutic drugs have been developed for depres-
sion, and various drugs such as tricyclic antidepressants, 
selective serotonin reuptake inhibitors (SSRIs), and serotonin-
noradrenaline reuptake inhibitors (SNRIs) are currently used 
in clinical settings. Most of these drugs modify the mono-
aminergic systems in the brain to exert their antidepressant 
activity.

In rodent models used to assess the effectiveness of anti-
depressants, the forced swim test (FST) is one of the most 
frequently used behavioral tests. Since the FST has high pre-
dictive validity, reliability and robustness, this test is useful 

and widely used for screening and analysis of antidepressant 
activity.15) The FST is usually conducted using normal rats 
or mice, and the reduction of the immobility time is used as 
an indicator of antidepressant activity.16) The modified ver-
sion of FST developed by Lucki and colleagues can not only 
detect the antidepressant effects of various drugs; it can also 
discriminate serotonergic and noradrenergic activities of the 
drugs.17) This test is thus useful to evaluate antidepressant 
activity of various compounds and to analyze the activity’s 
underlying mechanisms.18)

Several research groups have investigated the effects of 
dosing time on the activity of antidepressants in clinical set-
tings and animal models.19) It was proposed that in mice, the 
activity rhythm of serotonin transporter (SERT) in the mid-
brain plays a key role in the induction of the dosing time-de-
pendent activity rhythm of the SSRI fluvoxamine.20) However, 
there are few reports on the mechanism of the chronopharma-
cological activity of antidepressants, and the effects of other 
neural systems such as the noradrenergic system remain to be 
clarified. Since clinical studies have suggested that different 
drugs show different chronopharmacological profiles,21–24) it is 
important to analyze various drugs with different mechanisms 
of action. In this study, we attempted to determine the effects 
of dosing time on the activity of the dual-action SNRI mil-
nacipran with the use of the modified FST, and we analyzed 
the mechanism underlying milnacipran’s chronopharmacologi-
cal action.

MATERIALS AND METHODS

Chemicals  Pentobarbital was obtained from Kyoritsu 
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Seiyaku (Tokyo, Japan). Milnacipran hydrochloride and other 
chemicals were obtained from Wako Pure Chemical Indus-
tries, Ltd. (Osaka, Japan).

Animals  Male adult Wistar-Hannover rats (200–250 g) 
were obtained from CLEA Japan (Tokyo, Japan), and were 
maintained in an air-conditioned room at 24±2°C with a 
12/12-h light/dark cycle (lights on at 7:00 a.m.). The rats had 
free access to food and water. The time of the day is ex-
pressed as the zeitgeber time (ZT), defined as follows: the 
light onset time (7:00 a.m. clock time) is ZT0; the dark onset 
time (7:00 p.m. clock time) is ZT12, and ZT24 is the ZT0 of 
the next day.

Animal maintenance and treatments were in accordance 
with the general recommendations of animal protection legis-
lation in Japan. All procedures were approved by the Institu-
tional Animal Care and Use Committee of Josai International 
University.

Forced Swim Test  We used a modified FST according to 
the method of Detke et al.25) On the day before measurement, 
the rat was individually placed in a tank made of an opaque 
plastic cylinder (24-cm dia., 50-cm height) filled with room-
temperature water (24±2°C) to a depth of 30 cm. The rat was 
left in the tank for 10 min, then removed from the cylinder, 
allowed to dry in a clean cage, and returned to its home cage. 
On the next day of the first exposure, the rat was per-orally 
administered 40 or 60 mg/kg (as a hydrochloride salt) of mil-
nacipran at 8:00 a.m. (ZT1) or 8:00 p.m. (ZT13). Control rat 
was administered saline. One hour after the administration, 
the rat was again placed in the tank of room temperature 
water, and its behaviors were analyzed for 5 min: at regular 
5-s intervals, a trained observer recorded which of the follow-
ing three behaviors was predominant: immobility, swimming, 
or climbing. The total counts for each behavior over the 5 min-
test session were analyzed as the FST score.

Analysis of Plasma and Brain Contents of Milnacip-
ran  Rats were per-orally administered milnacipran at ZT1 
or ZT13. One hour after the administration, they were anes-
thetized with pentobarbital, and the blood and whole brain 
samples were obtained. The blood sample was centrifuged at 
1200×g for 10 min to obtain plasma. The plasma and brain 
samples were immediately frozen in liquid nitrogen and kept 
at −80°C until use.

Venlafaxine at 10 nmol/sample was added to 1 mL of 
plasma as an internal standard. The samples were alkalin-
ized with 1.5 mL of 1 M NaOH and extracted with 2 mL of 
dichloromethane/2-propanol/n-hexane (60/14/26). The extract 
was evaporated at 40°C under a nitrogen gas stream, reconsti-
tuted with 0.1 mL of 50 mM sodium phosphate buffer (pH 3.8)/
acetonitrile (80/20), and then filtered through a 0.45-µm filter. 
A portion of the filtrate was subjected to an HPLC analysis as 
described below.

The brains were homogenized in a Polytron (Kinematica, 
Switzerland) with 5 volumes of 0.2 M perchloric acid con-
taining 0.1 mM ethylenediamine-N,N,N′,N′-tetraacetic acid 
(EDTA). Venlafaxine at 10 nmol/sample was added as an in-
ternal standard. The homogenate was centrifuged at 20000×g 
for 15 min at 4°C, and the supernatant was alkalinized with 
0.5 mL of 8 M NaOH. The sample was then extracted, evapo-
rated, reconstituted, and filtered in the same way as the plas-
ma samples.

Milnacipran was analyzed by HPLC-UV. An LC-
10AD/SPD-10A (Shimadzu, Kyoto, Japan) system was used, 
and the conditions were as follows: column, Gemini ODS 
(2.1 mm i.d.×150 mm, Phenomenex, Torrance, CA, U.S.A.) 
with a precolumn (SecurityGuard, Phenomenex); mobile 
phase, 80% 50 mM sodium phosphate buffer (pH 3.8), 20% 
acetonitrile; flow, 0.2 mL/min; column temperature, 40°C; 
detection, 200 nm.

Analysis of Monoamine Neurotransmitters  Brain sam-
ples were collected at ZT2, 6, 10, 14, 18, and 22. Rats were 
anesthetized with pentobarbital and sacrificed by decapitation. 
The brains were rapidly dissected out and divided into sec-
tions. The prefrontal cortex (PFC), hippocampus, and brain 
stem were immediately frozen in liquid nitrogen and kept at 
−80°C until use.

The divided brain tissues were homogenized in a Polytron 
with 5 volumes of 0.2 M perchloric acid containing 0.1 mM 
EDTA. Isoproterenol at 1 nmol/sample was added as an inter-
nal standard. The homogenate was centrifuged at 20000×g 
for 15 min at 4°C, and the supernatant was adjusted to pH 3.0 
with 1 M sodium acetate, and then filtered through a 0.45-µm 
filter. A portion of the filtrate was subjected to an HPLC 
analysis as described below.

Monoamine neurotransmitters and their metabolites were 

Fig. 1. Dosing Time-Dependent Activity of Milnacipran in the FST
The scores for immobility, swimming, and climbing in the morning (ZT1) (A) and in the evening (ZT13) (B) are shown. Each column represents mean+ S.E.M. of 11 

to 12 rats. * p<0.05, ** p<0.01 by Dunnett’s test.
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analyzed with HPLC-electrochemical detection (ECD). Sero-
tonin (5-hydroxytryptamine, 5HT), 5-hydroxyindolacetic acid 
(5HIAA), noradrenaline (NA), and 3-methyoxy-4-hydroxy-
phenylethylene glycol (MHPG) were analyzed. An LC-10AD 
(Shimadzu, Kyoto, Japan)/Eicom ECD-700 (Eicom, Kyoto, 
Japan) system was used, and the conditions were as follows: 
column, SC-5ODS (3.0 mm i.d.×150 mm, Amuza, San Diego, 
CA, U.S.A.) with a precolumn (PREPAK-AC, Amuza); mobile 
phase, 87% 0.1 M sodium acetate/0.1 M citric acid buffer (pH 

3.5), 13% methanol, containing 5 mg/L EDTA and 190 mg/L 
sodium octanesulfonate; flow, 0.5 mL/min; electrode, Amuza 
WE-3G graphite; reference, Amuza RE-100 Ag-AgCl; applied 
voltage, 700 mV vs. Ag-AgCl.

Statistical Analysis  Data are expressed as the 
mean±standard error of the mean (S.E.M.). In the behavioral 
analysis, statistically significant differences between the ex-
perimental and control groups were analyzed by Dunnett’s 
test (Fig. 1). Comparisons of two groups were analyzed by 
Student’s t-test (Fig. 2). Intra-day fluctuations of the obtained 
data (Fig. 3) were analyzed by one-way ANOVA. Pairwise 
multiple comparisons were analyzed by Tukey’s test (Fig. 3). 
The significance level was set at p<0.05.

All statistical analyses were performed with EZR (Saitama 
Medical Center, Jichi Medical University, Saitama, Japan), 
which is a graphical user interface for R (The R Foundation 
for Statistical Computing, Vienna, Austria). More precisely, 
EZR is a modified version of R commander designed to add 
statistical functions frequently used in biostatistics.26)

RESULTS

The Dosing Time-Dependent Antidepressant Activity 
of Milnacipran  Milnacipran (40 or 60 mg/kg as a hydro-
chloride salt) was administered to rats in the morning (ZT1) 
or evening (ZT13), and the FST was conducted 1 h later. The 
results at ZT1 and ZT13 are shown in Fig. 1. The morning 
group treated with milnacipran showed a dose-dependent 

Fig. 2. Influence of Dosing Time on the Levels of Milnacipran in the 
Plasma (A) and in the Brain (B)

Milnacipran was administered at ZT1 or ZT13, and the levels were measured 1 h 
later. Each column represents mean+ S.E.M. of 4 rats. No significant difference 
was detected between ZT1 and ZT13.

Fig. 3. Intra-day Fluctuations of 5HT, NA, Their Metabolites and Turnover Rate in Rat Brain
The levels of each compound and the turnover rate (5HIAA/5HT and MHPG/NA) in the PFC (A, D), hippocampus (B, E), and brain stem (C, F) were measured at ZT2, 

6, 10, 14, 18, and 22. The open and closed bars on the horizontal axes represent the light and dark periods of the day, respectively. Each point represents mean±S.E.M. of 
4 rats. * p<0.05, ** p<0.01 by one-way ANOVA. Different letters (a, b, c) on each line indicate p<0.05 between respective time points by Tukey’s test.
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reduction of immobility and increased swimming (p<0.01 
vs. control, respectively). The evening group showed a dose-
dependent increase in climbing (p<0.05 vs. control), but did 
not show a significant reduction of immobility at this dose.

The Influence of Dosing Time on the Plasma and Brain 
Levels of Milnacipran  The plasma and brain of the rats 
were collected 1 h after the administration of 60 mg/kg of 
milnacipran hydrochloride, and the plasma and brain levels 
of milnacipran are shown in Fig. 2. There was no significant 
difference in these levels between ZT1 and ZT13 (p=0.58 and 
0.36, respectively).

Circadian Fluctuation of the Serotonergic and Norad-
renergic Systems  The levels of 5HT, NA, and their me-
tabolites (5HIAA and MHPG) were measured in the PFC, 
hippocampus, and brain stem. The intra-day fluctuations of 
these compounds and the turnover of each neurotransmitter 
(5HIAA/5HT and MHPG/NA) are shown in Fig. 3. Although 
5HT and NA did not show large fluctuations, the ANOVA 
revealed significant fluctuations of 5HIAA, 5HIAA/5HT, 
MHPG, and MHPG/NA in some regions (5HIAA in hip-
pocampus: F=3.31, p=0.03; 5HIAA in brain stem: F=4.50, 
p<0.01; 5HIAA/5HT in hippocampus: F=3.33, p=0.03; 
MHPG in PFC: F=10.27, p<0.01; MHPG in hippocampus: 
F=3.13, p=0.03; MHPG in brain stem: F=8.71, p<0.01; 
MHPG/NA in PFC: F=9.34, p<0.01; MHPG/NA in hippo-
campus: F=4.38, p<0.01; MHPG/NA in brain stem: F=10.48, 
p<0.01). Tukey’s test detected the statistically significant dif-
ference between time points in 5HIAA in brain stem (ZT6 
vs. ZT22: p=0.01, ZT18 vs. ZT22: p=0.046); MHPG in PFC 
(ZT2 vs. ZT14: p<0.01, ZT2 vs. ZT18: p<0.01, ZT6 vs. ZT14: 
p=0.02, ZT6 vs. ZT18: p=0.02, ZT14 vs. ZT22: p<0.01, ZT18 
vs. ZT22: p<0.01) and brain stem (ZT2 vs. ZT14: p<0.01, 
ZT2 vs. ZT18: p<0.01, ZT6 vs. ZT18: p=0.02, ZT10 vs. ZT18: 
p=0.01, ZT14 vs. ZT22: p=0.03, ZT18 vs. ZT22: p<0.01); and 
MHPG/NA in PFC (ZT2 vs. ZT14: p<0.01, ZT2 vs. ZT18: 
p<0.01, ZT6 vs. ZT14: p=0.04, ZT14 vs. ZT22: p<0.01, ZT18 
vs. ZT22: p<0.01), hippocampus (ZT14 vs. ZT22: p<0.01, 
ZT18 vs. ZT22: p=0.04), and brain stem (ZT2 vs. ZT14: 
p<0.01, ZT2 vs. ZT18: p<0.01, ZT6 vs. ZT14: p=0.02, ZT6 
vs. ZT18: p=0.01, ZT10 vs. ZT14: p=0.03, ZT10 vs. ZT18: 
p=0.02, ZT14 vs. ZT22: p<0.01, ZT18 vs. ZT22: p<0.01).

DISCUSSION

This is the first study to reveal the chronopharmacological 
profile of the antidepressant activity of milnacipran in rats. 
Milnacipran showed dosing time-dependent activity in the 
FST (Fig. 1). A large reduction of immobility by milnacipran 
was observed in the morning (ZT1) compared to the evening 
(ZT13), suggesting that milnacipran exerts its antidepressant 
activity more effectively in the morning. We also observed 
that the rats’ swimming behavior was increased by mil-
nacipran in the morning, and the climbing behavior was 
increased by milnacipran in the evening. The different re-
sponses to milnacipran in FST behaviors between the morning 
and evening suggest that the mechanism of action responsible 
for the antidepressant activity of milnacipran could differ 
according to the time of day.

In the FST, increased swimming and climbing reflect the 
activation of the serotonergic and noradrenergic systems, re-
spectively.17,25) SSRIs such as fluoxetine reduced immobility, 

increased swimming, but did not affect climbing.27,28) Nor-
adrenaline-specific reuptake inhibitors such as reboxetine re-
duced immobility and increased climbing.29) As shown in Fig. 
1, the rats’ increase in swimming behavior was greater at ZT1, 
whereas their increase in climbing was greater at ZT13. These 
results suggest that milnacipran exerts its antidepressant activ-
ity by activating the serotonergic system in the morning and 
activating the noradrenergic system in the evening.

Rénéric and Lucki assessed the behavioral pattern of mil-
nacipran-treated rats in the FST, and they reported that mil-
nacipran produced a reduction of immobility and an increase 
in climbing.30) This behavioral pattern resembles our results at 
ZT13, although the responses in their study were larger than 
the present study. The larger responses may have occurred be-
cause Rénéric and Lucki administered milnacipran three times 
before the FST. That administration procedure is often used, 
and is known to enhance the response in the FST.31) Since 
they conducted the FST in the latter half of the subjective day 
(lights-on duration), their results are consistent with ours. The 
serotonergic system might be more sensitive to milnacipran 
than the noradrenergic system in the morning. The relative 
sensitivity of the noradrenergic system to milnacipran might 
increase according to time, and the noradrenergic effects 
might be dominant in the afternoon and in the evening.

Ushijima et al. reported that the anti-immobility effects of 
amitriptyline and fluvoxamine were potent in the early dark 
period.20) Our present findings are inconsistent with their re-
sults. This is likely to be due to several differences between 
their study and the present investigation. First, Ushijima et al. 
used mice and we used rats. Although both mice and rats are 
nocturnal, several chronobiological characters such as the 
period length of the biological clock differ between mice and 
rats. This might contribute to the difference in chronophar-
macological profiles. Second, the mechanisms of action of the 
drugs are different. Milnacipran is an SNRI, and fluvoxamine 
is an SSRI. Activation of the noradrenergic system by the 
inhibition of noradrenaline transporter (NAT) might contrib-
ute to the difference between milnacipran and fluvoxamine. 
Amitriptyline inhibits NAT, SERT, and several serotonergic 
and adrenergic receptors, especially 5HT2 receptor and α1-
adrenergic receptor.32) Since the activation of α1-adrenergic 
receptors leads to antidepressant effects,33) the inhibition of 
α1-adrenergic receptors may reduce the antidepressant effect 
of amitriptyline via the noradrenergic system. This effect 
might contribute to the difference between milnacipran and 
amitriptyline.

Chronopharmacological effects could be induced by phar-
macokinetic effects and/or pharmacodynamic effects. We 
first investigated the pharmacokinetic effects on the dosing 
time-dependent action of milnacipran. Desmethylation by 
CYP3A4 and glucuronidation are major metabolic pathways 
of milnacipran.34) Since none of the known metabolites of mil-
nacipran show antidepressant activity, the circadian rhythm of 
its metabolization could induce the dosing time-dependent ac-
tivity of milnacipran. As shown in Fig. 2, however, the levels 
of milnacipran at 1 h after the administration, when the FST 
was carried out, were not different between ZT1 and ZT13. 
A previous study indicated that the brain contents of a drug 
at the time point of a behavioral analysis would be crucial 
for the chronopharmacological analysis of antidepressants.20) 
Although we could not determine the pharmacokinetic param-
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eters such as the Cmax and T1/2 of milnacipran in the present 
study, we speculate that the pharmacokinetic effect was not 
sufficient to induce the chronopharmacological action of mil-
nacipran in the FST.

We next investigated the pharmacodynamic effects. Mil-
nacipran activates the serotonergic and noradrenergic systems 
by inhibiting transporters that take up serotonin or nor-
adrenaline from the synaptic clefts in the brain. A circadian 
fluctuation of the activity of these systems could induce the 
dosing time-dependent action of milnacipran. Various studies 
have analyzed the circadian rhythms of the monoamine sys-
tem in the brain, and they showed that the circadian profiles 
of the monoamine system vary among different species and 
strains.19,35,36) In the Wistar-Hannover rats used in the pres-
ent study, intra-day fluctuations were detected in the seroto-
nergic and noradrenergic systems (Fig. 3). The turnover rate 
(5HIAA/5HT and MHPG/NA) showed significant fluctuations 
in various regions. In the hippocampus, 5HIAA/5HT showed 
a peak during ZT18–22 and a nadir during ZT10–14, whereas 
MHPG/NA showed a peak during ZT22–2 and a nadir during 
ZT14–18. The turnover rates are indicators of the activation 
of the respective neuronal system. This difference between 
the activity rhythms of the serotonergic and noradrenergic 
systems might have contributed to the dosing time-dependent 
profiles of milnacipran in the FST.

The Ki values of milnacipran for SERT and NAT were 
reported as 8.5 and 31 nM, respectively.37) Since the brain 
contents of milnacipran shown in Fig. 2 seemed sufficient to 
inhibit SERT and NAT, the pharmacological effect of mil-
nacipran might depend on the basal activity of 5HT and NA 
neurons. Larger amounts of neurotransmitters are released at 
the peak time of the neuronal activity. These neurotransmit-
ters are accumulated in the synaptic cleft by the action of mil-
nacipran, and they stimulate postsynaptic neurons efficiently, 
which results in the antidepressant activity. The low neuronal 
activity of the 5HT and NA system during the early dark peri-
od (Fig. 3) might cause the low antidepressant activity at ZT13 
in the FST. The relatively high level of 5HT neuronal activity 
in the morning might have induced the rats’ swimming in the 
FST, and the reduction of 5HT neural activity in the evening 
might have changed the balance of NA and 5HT, which led to 
the increase in climbing in the FST.

We consider that it is difficult to explain the chronophar-
macological action of milnacipran completely by the activity 
rhythms of monoamine neurotransmitters. The difference of 
the serotonergic activity between ZT2 and ZT14 was small. 
The noradrenergic activity was reduced in the evening, while 
the FST suggested that the noradrenergic action was potent in 
the evening. These inconsistencies between the pharmacologi-
cal activity and the biochemical activity suggest that the other 
mechanisms should affect the action of milnacipran. We sus-
pect that the circadian fluctuation of other factors in NA and 
5HT system such as receptors and transporters also influence 
the action of milnacipran. The circadian rhythm of these fac-
tors and neurotransmitters might cooperatively determine the 
chronopharamacological profile of milnacipran.

We analyzed the rhythms of the serotonergic and norad-
renergic systems in the rat PFC, hippocampus, and brain 
stem, because these regions are known to be important for 
depression, antidepressant activity, and monoamine neuro-
transmission. Both the serotonergic and noradrenergic systems 

originate from nuclei in the brain stem, and modulation in this 
region affects various brain functions.38,39) Many studies have 
indicated the importance of the PFC and hippocampus in the 
pathogenesis of depression and the activity of antidepressants. 
For example, the reduction of glucose metabolism and insuf-
ficiency of neural activity were observed in the PFC of de-
pressed patients.40–42) Chronic imipramine treatment increased 
the expression of the plasticity-associated proteins in the PFC 
and hippocampus.43) Several antidepressants increased the 
neurogenesis of hippocampus, which was critical to the anti-
depressants’ effects.44,45)

In our comparison of the three regions in the present study, 
the rhythms of both the serotonergic and noradrenergic sys-
tems were relatively potent in the PFC and hippocampus, and 
weak in the brain stem. We suspect that the contributions of 
the PFC and hippocampus to the chronopharmacological ac-
tivity of the antidepressant were greater than that of the brain 
stem. However, the amplitude of the rhythm observed in this 
study was at most 30% of the mean level, which might be too 
small to explain the effects observed in the FST. Although the 
activity rhythm of the monoamine system might contribute to 
some extent, other mechanisms should also be expected to af-
fect the chronopharmacological effects of antidepressants.

Several studies have reported the circadian fluctuation of 
some receptors in monoamine systems. The pharmacological 
response of 5HT1A agonist was high at mid-night and low at 
mid-day,46) whereas that of 5HT2A/2C agonist was high in a late 
light period and low in a late dark period.47,48) Ushijima et al. 
showed that the activity of SERT was higher in an early dark 
period than in an early light period in mice, and they reported 
that this effect caused the dosing time-dependent pharma-
cological action of SSRIs.20) The circadian activity rhythm 
of receptors and transporters in monoamine systems might 
contribute to the chronopharmacological effects of milnacip-
ran and other antidepressants. The circadian profiles of SERT, 
NAT and other receptors should be further studied.

In this study, antidepressant activity was evaluated by the 
FST. We used normal naïve rats and administered milnacipran 
only once in the FST. These conditions were different from 
clinical cases. Since the FST with normal rodents has high 
predictive validity,15) the results in Fig. 1 suggest the pos-
sibility that the clinical efficacy of milnacipran could be in-
fluenced by dosing time. The analysis of the effect of chronic 
antidepressant treatment, the analysis using animal models of 
depression, and clinical trial with depressive patients could 
further clarify the importance of the chronopharmacological 
action of antidepressant.

Our present findings revealed that milnacipran led to FST 
behaviors that differed between the morning and evening, 
suggesting that the serotonergic and the noradrenergic systems 
were activated differently according to the dosing time. This 
suggests that antidepressants with different mechanisms of 
action might show different circadian profiles, and the best 
timing of administration might be different for each drug. 
Knowledge of the optimal administration times is important 
for optimizing the dosing times in drug therapy. Although the 
precise mechanisms should be further analyzed, the differ-
ences in circadian profiles between 5HT and NA could play 
an important role in the chronopharmacological effects of 
antidepressants.
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