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Abstract 
As serotoninergic transmission plays a crucial role in higher brain function in mammals, the dis-
turbance of this system will likely have significant effects on emotion and cognition. Previous stu-
dies have reported that chronic treatment with Specific Serotonin Reuptake Inhibitors (SSRIs) 
during both late pregnancy and lactation was associated with abnormal behavior in adult rats. 
These data imply that disturbances in serotoninergic transmission during neurodevelopment may 
have negative effects on both the structure and function of the resultant adult brain. Therefore, 
the effect of a single exposure to an SSRI or a tricyclic antidepressant that preferentially inhibits 
serotonin reuptake during the pre-weaning period was examined in adult mice. An oral infusion of 
paroxetine (70 mg/kg), fluvoxamine (250 mg/kg), clomipramine (180 mg/kg), or saline was ad-
ministered on postnatal day 14. Starting at 11 weeks of age, mice were assessed using a compre-
hensive behavioral test battery. Mice treated with paroxetine demonstrated altered behavior on 
the open field and hole-board tasks; those treated with fluvoxamine had behavioral changes on 
the light-dark box, hole-board, and sucrose preference tasks, while alteration in forced swimming 
and cued fear behavior were noted in mice treated with clomipramine. These results suggest that 
even a single administration of an antidepressant could have profound effects on behavior in 
adulthood, although the effects might differ dependent on the specific drug that was administered. 
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1. Introduction 
Specific Serotonin Reuptake Inhibitors (SSRIs) are generally known to be effective with a relatively low risk of 
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adverse events in the treatment of depression or obsessive-compulsive disorder during pregnancy and lactation 
[1] [2]. Furthermore, some SSRI-like substances can be easily obtained without prescription as a supplement 
(e.g., St John’s Wort) [3]. Although the toxic effects of exposure to antidepressants in utero and during lactation 
have long been studied [4]-[7], it is not known whether long-term behavioral effects are exhibited in adulthood. 

Some studies have reported that exposure to paroxetine in utero might lead to perinatal complications, in-
cluding premature parturition [8]. Furthermore, chronic exposure to SSRIs to neonates might lead to long lasting 
effects on behavior. Rodent studies have shown that the sub-chronic administration of SSRIs to neonates in-
creased immobility in the forced swimming test (Lu 10-134-C: [9]), increased locomotor activity, but decreased 
sexual behavior later in adulthood (citalopram: [10]) as well as a tricyclic antidepressant which preferentially but 
not selectively inhibits serotonin reuptake (clomipramine: [11]).  

Furthermore, recent studies have suggested that behavioral changes induced by neonatal SSRI exposure might 
contribute to long-lasting changes in the nervous system. For instance, modification of 5-HT abundance in the 
brain during embryonic development in mice disrupted the precision of sensory maps formed by thalamocortical 
axons [12]. Similarly, an excess 5-HT in the embryonic brain affected interneuron migration [13]. In addition to 
these studies, data from mutant mice suggest that 5-HT itself acts as a nerve growth factor in the immature brain 
[14]. These results suggest the disruption of 5-HT signaling during late pregnancy or lactation may have a 
long-lasting effect on neural development and functioning even if the disturbance is temporally limited.  

Some studies have reported that a single exposure to drugs during pregnancy and/or the neonatal period was 
sufficient to induce developmental and/or behavioral effects [15]-[19]. In neonates, a single exposure of domoic 
acid affects neurodevelopment and behavior in adulthood via glutamate receptors [16] while chlorpyrifos and 
carbaryl act via the cholinergic system [19]. These studies suggest that a single exposure to antidepressants, es-
pecially those that preferentially inhibit serotonin reuptake, may also disturb brain development and cause beha-
vioral abnormalities evident in adulthood. 

The present study examines three aims. The first is to assess the delayed behavioral influence of disturbances 
in serotoninergic transmission induced by antidepressants on a comprehensive behavioral battery. Second, we 
examine how a single excessive exposure of several types of antidepressant during development may influence 
behavior in adulthood. Finally, we compare antidepressants to characterize the unique effect of each on beha-
vioral responding in adult mice. 

2. Materials and Methods 
2.1. Animals 
Forty-nine (paroxetine exposure experiment), thirty-nine (fluvoxamine exposure experiment), and fifty-eight 
(clomipramine exposure experiment) male C57BL/6J mice were used in this study. Mice were obtained by the 
mating of commercially obtained male and female C57BL/6J mice (JCL, Tokyo, Japan). All mice were weaned 
at 4 weeks of age and then housed 3 to 4 animals of littermates per cage. At 10 weeks of age, mice were indivi-
dually housed for 1 week prior to behavioral testing. The breeding and experimental rooms were air-conditioned 
(22˚C, 50% - 60% humidity) and a 12-h light-dark cycle was implemented (lights on at 0800). Food and water 
were freely available in their home cages. All behavioral assessments except home cage activity monitoring and 
social interaction test were conducted during the light cycle between 1300 and 1700. All procedures were per-
formed in strict accordance with the guidelines of the Institute of Physical and Chemical Research (RIKEN) and 
were approved by the institute’s Animal Investigation Committee. 

2.2. Drugs 
Paroxetine hydrochloride (LKT Laboratories, MN, USA; 70 mg/kg), fluvoxamine maleate (TRC, Ontario, Can-
ada; 250 mg/kg), and clomipramine hydrochloride (SIGMA, MO, USA; 180 mg/kg) were used in this study. All 
drugs were dissolved at room temperature in physiological saline before behavioral testing. The selected doses 
were determined by previously conducted pilot experiments to determine safe and efficacious doses of each of 
the experimental treatments. On postnatal day 14, each animal was administered either the drug or saline orally 
(per os; P.O.) through a stainless-steel cannula (Muromachi-kikai, Tokyo, Japan) (10 µl/g body weight).  

2.3. Procedure 
At the age of 11 weeks, behavioral testing began. A three-stage behavioral test battery was used in this study 
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(Table 1). Behavioral methods of previous studies were referred to and partially modified for use in this study 
(see Table 1) [20]-[32]. Independent groups of mice were used in each test battery (4 - 10 mice per group). The 
inter-test intervals ranged between two days and two weeks, depending on the task.  

Home cage activity measurement: Spontaneous home cage activity of mice was measured using a 24-channel 
activity measurement system (O’Hara, Tokyo, Japan). Cages were individually placed into compartments made 
of stainless steel in the negative breeding rack (JCL, Tokyo, Japan). A piezoelectric sensor was equipped on the 
ceiling of each compartment and detected mouse movement (4 to 5 times per s). Home cage activity was meas-
ured 24 h for one week beginning in the afternoon on the day of transferring to the behavioral laboratory and 
daily for the next week. After the completion of home cage activity assessment, cages and bedding materials 
were changed and mice were then maintained throughout behavioral screening in a micro-isolation rack (Allen-
town, NJ, US) identical to those used in the breeding rooms. 

Open field test: A four-channel open field system was equipped in a small soundproof room (185 × 185 × 225 
cm (H)). Each field was made of white plastic (50 × 50 × 40 (H) cm) and illuminated by LEDs (70 Lux at the 
center of the field). Behavior was monitored by a charge-coupled device (CCD) camera equipped on the ceiling 
of the rack for the open field. During testing, the soundproof room was dark and an electronic fan was running 
both for ventilation and background noise (35 dB). In the open field test, each mouse was placed in the center of 
the field and allowed to move freely for 15 min. Distance traveled (cm) and time (s) spent in the center area of 
the field (36% of the center of the overall field) were adopted as indices. Data were collected every minute and 
analyzed using Image J OF4 (O’Hara, Tokyo, Japan).  

Light-Dark (LD) box test: A four-channel light-dark box system was equipped in the aforementioned 
soundproof room. Each light box was made of white plastic (20 × 20 × 20 cm (H)) and illuminated by LEDs 
(250 Lux at the center of the box) with a CCD camera equipped on the ceiling. Each dark box was made of  

 
Table 1. Behavioral test batteries. 

Behavioral task Behavioral properties to assess Ref. No. 

Battery 1:   

Home cage activity Spontaneous activity [20] [21] 

Open field test Locomotor activity, anxiety (induced by novelty) [20] [21] 

Light-dark box test Locomotor activity, anxiety (induced by brightness), conflict [20] [21] 

Elevated plus maze test Locomotor activity, anxiety (induced by height), conflict [20] [21] 

Auditory startle response (and prepulse inhibition) Hearing ability, auditory information processing [20]  

Barnes maze test Spatial memory [22] 

Classical fear conditioning Memory of fear event (both spatial and cued memory) [20] [21] 

Battery 2:   

Hole board test Exploration (curiosity) [23] 

Social interaction Affiliative behavior [24] 

Hot plate test Pain sensation (central) [25] 

Tail flick test Pain sensation (peripheral) [25] 

Forced swimming test Behavioral despair (depression) [21] 

Tail suspension test Behavioral despair (depression) [21] 

Battery 3:   

Elevated zero maze test Locomotor activity, anxiety (induced by height), conflict [26] [29] 

Stair case test Anxiety (induced by novelty), impulsiveness [27] 

Marble burying test Compulsiveness [30] [31] 

Sucrose preference test Behavioral despair (depression) [28] 

Restraint stress test (blood glucose measurement) Stress vulnerability [32] 



K. Yamada 
 

 
154 

black plastic (20 × 20 × 20 cm (H)) with an infrared camera equipped on the ceiling. There was a tunnel with a 
sliding door in the center panel for transition between the light and dark boxes (3 × 5 cm). In the LD box test, 
mice were individually introduced into the light box. The door to the tunnel automatically opened when the 
software detected the introduction of a mouse to the testing arena. Mice were then allowed to move freely in the 
LD box for 10 min. Total distance traveled, percent distance traveled in the light box, percent time spent in the 
light box, number of the transitions between light and dark box, and the latency to first enter the dark box were 
measured on this task. Data were collected every minute and analyzed using Image J LD4 (O’Hara, Tokyo, Ja-
pan). 

Elevated plus maze test: A single-channel elevated plus maze (closed arms: 25 × 5 × 15 cm (H); open arms 25 
× 5 × 0.3 cm (H)) was equipped in the aforementioned soundproof room. The floor of each arm was made of 
white plastic while the wall of each closed arm and ridge of each open arm were made of clear plastic. Closed 
and open arms were arranged orthogonally 60 cm above the floor. Lighting during testing was 70 Lux at the 
center platform of the maze (5 × 5 cm). In the elevated plus maze test, mice were individually placed on the 
center platform facing an open arm and were then allowed to move freely in the maze for 5 min. Total distance 
traveled, percent time spent in the open arms, and percent open arm entries were measured on this task. Data 
were collected every minute and analyzed using Image J EPM (O’Hara, Tokyo, Japan). 

Auditory startle response and prepulse inhibition test: The auditory startle response test was conducted in a 
soundproof room as previously described [20]. In this test, each mouse was placed into the small cage (30 or 35 
mm in diameter and 12 cm long) and set on a sensor block in the soundproof chamber (60 × 50 × 67 cm (H)). A 
dim light was equipped on the ceiling of the soundproof chamber (10 Lux at the center of the sensor block) and 
65-dB white noise was provided as background. In the auditory startle response test, mice were acclimatized to 
the experimental apparatus for 5 min before the experimental session began. In the first session, a 120 dB startle 
stimuli (40 ms) was presented ten times with a random inter-trial interval (10 - 20 s). In the second session, star-
tle response to stimuli at various intensities was assessed. Five each of 70, 75, 80, 85, 90, 95, 100, 110, and 120 
dB white noise stimuli (40 ms) were presented in a quasi-random order and with a random inter-trial interval (10 
- 20 s). In the prepulse inhibition (PPI) test, mice experienced five types of trials: no stimulus, startle stimulus 
only (120 dB, 40 ms), prepulse 70 dB (20 ms, lead time 100 ms) and pulse 120 dB, prepulse 75 dB (20 ms, lead 
time 100 ms) and pulse 120 dB, prepulse 80 dB (20 ms, lead time 100 ms) and pulse 120 dB. Each trial type was 
presented ten times in a quasi-random order with a random inter-trial interval (10 - 20 s). In the final session, 
only a 120 dB startle stimuli (40 ms) was again presented ten times with a random inter-trial interval (10 - 20 s). 
The total duration of the auditory startle response test was about 35 to 40 min. After each trial, holding chambers 
were washed with tap water and dried using a paper towel. Apparatuses and software used for testing are com-
mercially available (Mouse Startle; O’Hara, Tokyo, Japan). 

Barnes maze test: For a spatial learning and memory task, we used the Barnes maze test. On the first day, a 
habituation trial was conducted. On this trial, mice were individually placed at the center of the maze and al-
lowed to explore freely for 5 min. Following habituation, escape training commenced. During this training, mice 
were individually placed in the center of the maze and led to an escape hole. Mice were then encouraged to es-
cape into one of the 12 holes on the maze (by softly pinching the animal’s tail, if needed). This was repeated 5 
times, changing the position of the escape hole on each trial. Maze training was conducted three times a day for 
four days. During training, mice were placed into a small plastic container at the center of the maze for 10 s. The 
container was then opened to begin the trial. Each trial terminated when the mouse escaped into the correct hole 
(escape cage) or 120 s had elapsed. Mice were left in the escape cage for 30 s and then returned to their home 
cage. The inter-trial interval was approximately 15 min. A probe test was conducted after the final maze training 
session on the fifth day. The probe test was identical to maze training, except that no escape cage was provided. 
The apparatuses and software used are commercially available (Image J BM; O’Hara, Tokyo, Japan). 

Classical fear conditioning: The classical fear conditioning test consisted of three parts: a conditioning trial 
(Day 1), a context test trial (Day 2), and a cued test trial (Day 3). Fear conditioning was carried out in a clear 
plastic chamber equipped with a stainless steel grid floor (34 × 26 × 30 cm (H)). A CCD camera was equipped 
on the ceiling of the chamber and was connected to a video monitor and computer. The grid floor was wired to a 
shock generator. White noise (65 dB) was supplied from a loudspeaker as an auditory cue (CS). The condition-
ing trial consisted of a 2 min exploration period followed by two CS-US pairings separated by a minute each. A 
US (foot shock: 0.5 mA, 2 s) was administered at the end of the 30-s CS period. A context test was performed in 
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the same conditioning chamber for three minutes in the absence of the white noise CS 24 h after the condition-
ing trial. Further, a cued test was performed in an alternative context with distinct cues: the testing chamber was 
different from the conditioning chamber in brightness (almost 0 - 1 Lux), color (white), floor structure (no grid) 
with bedding on the floor (alpha-dri, Shepherd, TN, USA), and shape (triangular). The cued test was conducted 
24 h after the contextual test was completed. The cued test consisted of a 2-min exploration period (no CS) to 
evaluate nonspecific contextual fear followed by a 2-min CS period (no foot shock) to evaluate the cued fear. 
Frequency of the freezing response, characterized as immobility other than respiration and heartbeat, was meas-
ured as an index of fear memory in these mice. Data were collected and analyzed using Image J FZ2 (O’Hara, 
Tokyo, Japan). 

Hole board test: An open field arena made of gray plastic (50 × 50 × 40 cm (H)) with four equally-spaced 
holes (3 cm in diameter with an infrared sensor) on its floor was used (Model ST-1/WII, Muromachi-kikai, 
Tokyo, Japan). The field was illuminated by fluorescent light (180 Lux at the center of the field) and back-
ground noise was approximately 50 dB. The behavior of each mouse was monitored by a CCD camera sus-
pended about 1.5 m above the field. In the hole board test, mice were individually introduced into the center of 
the field and allowed to explore freely for 5 min. Distance traveled (cm), latency for head dipping (s), number of 
head dipping, duration of head dipping (s), duration of rearing (s), and the number of rearing events were meas-
ured on this task. Data were collected and analyzed using the CompACT VAS system (Muromachi-Kikai, 
Tokyo, Japan). 

Social interaction test (encounter method): Mice were individually put into the center of a white-colored open 
field (40 × 40 × 30 cm (H)) with thin bedding material (alpha-dri, Shephard, TN, USA). Immediately after the 
introduction of the subject mouse, a target mouse (C57BL/6J, JCL, Tokyo, Japan) was introduced into the same 
open field arena. The duration of contact behavior was measured for 6 h. Contact or separation of mice was ex-
pressed as a “1” or “2,” respectively, with a sampling time of 0.5 s. If the two mice contacted one another, the 
software returned a value of “1” and if separated, returned a value of “2.” Data were collected and analyzed us-
ing a computer and commercially available software (Time HC: O’Hara, Tokyo, Japan). 

Hot plate and tail flick test: In the hot plate test, mice were individually placed on the plate (Model MK-350C, 
Muromachi-kikai, Tokyo, Japan; 52˚C ± 0.5˚C) enclosed by a translucent plastic wall. The time between place-
ment and a flinch of the hind paws, licking of fore paws, and jumping was recorded manually. The maximum 
trial length was 90 s for each animal. In the tail-flick test (Model MK-330B, Muromachi-kikai, Tokyo, Japan), 
mice were individually restricted to the radiant heat meter, and focused heat was applied to the surface of the tail 
2 - 3 cm from the tip. The latency to reflexive removal from the heat was recorded manually as the tail flick la-
tency. The maximum testing time was 10 s for each animal. On each of these tests, times were recorded by two 
observers and the shortest latency between them on each trial was used as the response time. 

Forced swimming test: Mice were individually placed in a glass cylinder (30 cm high, 10 cm in diameter) 
filled 10 cm from the bottom with water maintained at 23˚C - 25˚C for 15 min. The duration of immobility was 
scored and analyzed using Image J TS (O’Hara, Tokyo, Japan). 

Tail suspension test: Mice were individually hung by the tail using adhesive tape placed approximately 1.5 cm 
from the tip of the tail attached to a wire and 30 cm above the floor. The duration of immobility during the 
5-min testing session was scored and analyzed using Image J TS (O’Hara, Tokyo, Japan).  

Elevated zero maze test: A zero maze (O’Hara, Tokyo, Japan; 40 cm diameter, 5 cm width) that consisted of 
two enclosed areas and two open areas was hung 50 cm above the floor in a soundproof room. Mice were placed 
in the closed part of the maze and allowed to explore freely for 5 min with a luminescence of 70 Lux. Total dis-
tance (cm), percent time (sec) spent in the open areas, and percent entries into the open areas were measured as 
indices of performance. Data were collected and analyzed using Image J OF (O’Hara, Tokyo, Japan). 

Staircase test: We used the staircase test as an additional task to assess anxiety and impulsiveness. The stair-
case apparatus consisted of a clear plastic enclosure (Brain Science Idea, Osaka, Japan; 10 × 45 × 15 cm (H)) 
with five identical steps made of white plastic (7.5 cm × 10 cm × 2.5 cm on top of each step). The box was 
placed in a room with constant lighting (300 Lux) and background noise (50 dB). Each animal was placed on the 
bottom floor of the staircase. The latency to reach the top (sec), the number of stairs climbed, and the number of 
rearing events was recorded during a 3-min period. Climbing was defined as each stair on which the mouse 
placed all four paws, and rearing was defined as each instance the mouse rose up on hind legs either on a stair or 
by leaning against the wall. The number of stairs descended was not taken into account.  

Marble burying test: The marble burying test was conducted as previously described [30] [31]. The test was 
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performed in a cage identical to the home cage with a 5-cm-thick layer of bedding material (TEK-FRESH, Ede-
strom, USA). Mice were habituated to fresh bedding for 30 min and then briefly returned to their home cage. 
Mice were then re-introduced into the test cage where 20 glass marbles (1.5 cm in diameter) were placed evenly 
on the bedding, and the number of buried marbles (a marble that was at least two-thirds covered with bedding) 
was evaluated 30 min later.  

Sucrose test: Mice were tested for 3 days on the 24-h version of the task, and 1 day for the 1-hr version of the 
task with 24-h of water deprivation. 24-h tests were a free choice between two bottles, where one bottle was 
filled with 3% sucrose in filtered water and the other only filtered water. To counterbalance bias for a preference 
to side, the position of bottles were switched every 24 h. The consumption of the water or sucrose solution was 
assessed daily. After the last 24-h choice test, mice were deprived of water for 24 h and then the 1-h choice test 
between water and sucrose was conducted.  

Blood glucose concentration measurement: Each mouse had their blood glucose concentration assessed three 
times: just before restraint stress exposure in a tight wire-mesh cage (30 min; Shinano, Tokyo, Japan), just after 
restraint stress exposure, and 90 min after the termination of stress exposure. Blood concentration was measured 
by the CareFast blood glucose sensor (Nipro, Tokyo, Japan). For each measurement, tails were cut and a small 
amount of blood (5 µl) was collected into a disposable sensor. 

2.4. Statistical Analysis 
Statistical analyses were conducted using the SPSS™ 19 statistical package (Japan IBM, Tokyo, Japan). Stu-
dent’s t-test was used to compare the two groups on continuous data and the Mann-Whitney’s U-test was used to 
analyze ratio data. Repeated testing paradigms were analyzed using repeated measures ANOVA (general linear 
model; GLM). When Mauchly’s hypothesis of sphericity was not supported, the degrees of freedom were mod-
ified using the Greenhouse-Geisser method [33]. Statistical significance was set to p < 0.05.  

3. Results 
Results of the three stages of behavioral test battery are summarized in Table 2. A single exposure to any of the 
experimental drugs did not lead to many behavioral changes in adult mice, as shown in Table 2. However, 
drug-treated mice showed subtle but distinct behavioral changes unique to each antidepressant. 

3.1. Exposure to Paroxetine Altered Open Field Related Behaviors and Response to  
Restraint Stress in Adulthood  

Paroxetine-exposed mice exhibited behavioral changes in the open field and the hole-board test. In the open 
field test, locomotor activity of paroxetine-exposed mice was decreased relative to control mice, although this 
difference was not significant (Figure 1(a)). On the other hand, paroxetine-exposed mice spent significantly less 
time in the center area of the open field [t (13) = 3.11, p = 0.008; Figure 1(b)]. In addition, the percent time in 
the center of the arena for each period (60 s/bin) was calculated for time course analyses (Figure 1(c)). A re-
peated measures ANOVA (GLM) revealed a statistically significant main effect of drug treatment [F (1, 13) = 
9.686, p = 0.008] and time bin [F (14, 182) = 6.941, p < 0.001], while the interaction between drug treatment 
and time bin was not significant [F (14, 182) = 1.424, p = 0.145]. This result indicates altered anxiety-related 
behavior in paroxetine-exposed mice. However, they did not show significant differences on the other anxiety 
tests (the light-dark box, the elevated plus maze, and the elevated zero maze). The hole-board apparatus is a va-
riant of the open field, but has four holes on the floor to explore. Paroxetine-exposed mice had significantly less 
locomotor activity in this time [t (17) = 2.45, p = 0.025: Figure 1(d)) and longer latency to begin head dipping [t 
(17) = 2.63, p = 0.024: Figure 1(e)]. Decreased locomotion and hesitation to dip the head into the hole suggest 
that paroxetine-exposed mice have decreased motivation to explore the novel environment. Although changes in 
depression-related behaviors were expected, paroxetine-exposed mice did not demonstrate significant differenc-
es in performance on the forced swimming, tail suspension, or sucrose tests (Table 1). In spite of the absence of 
depressive behavior on these tasks, paroxetine-exposed mice exhibited a significantly lower blood glucose con-
centration immediately after the administration of restraint stress [t (13) = 2.32, p = 0.037: Figure 1(f)]. This 
result indicates that behavioral changes observed in paroxetine-exposed mice may in part be caused by an al-
tered stress response to the novel environment [32]. 
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Table 2. Summary of results. 

Behavioral task/indices Paroxetine Fluvoxamine Clomipramine 

Battery 1:    

Sample size (drug/saline) 7/8 7/10 8/10 

Body weight ns ns ns 

Home cage activity ns ns ns 

Open field test    

Distance traveled ns ns ns 

Time center ↓ ns ns 

Light-dark box test    

Distance traveled ns ns ns 

%Distance light ns ↓ ns 

%Time light ns ↓ (trend) ns 

No. of transition ns ns ns 

First latency to enter dark ns ns ns 

Elevated plus maze test     

Distance traveled ns ns ns 

%Time open ns ns ns 

%Number open ns ns ns 

Auditory startle response (and prepulse inhibition: PPI)    

Startle response ns ns ns 

Startle threshold ns ns ns 

PPI ns ns ns 

Barnes maze test    

Distance traveled ns ns ns 

Latency to enter ns ns ns 

No. of error ns ns ns 

Probe test ns ns ns 

Classical fear conditioning (freezing)    

Conditioning ns ns ns 

Context test ns ns ns 

Cued test ns ns ↓ 

Battery 2:     

Sample size (drug/saline) 9/10 4/6 10/10 

Hole board test    

Distance traveled ↓ ↓ ns 

Latency for head dipping ↑ ns ns 

Number of head dipping ns ns ns 

Duration for head dipping ns ns ns 

Duration of rearing ns ns ns 

Number of rearing ns ns ns 
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Continued 

Social interaction ns ↓ (partially) ↑ 

Tail flick test ns ns ns 

Hot plate test    

Latency of locking ns ns ns 

Latency of flinch ns ns ns 

Latency of jumping ns ns ns 

Forced swimming test ns ns ↓ 

Tail suspension test ns ns ns 

Battery 3:    

Sample size (drug/saline) 6/9 6/6 10/10 

Elevated zero maze test    

Distance traveled ↓ (partially) ↑ ns 

Latency to enter open ns ↓ (trend) ns 

%Time open ns ↓ (trend) ns 

%Number open ns ns ns 

Stair case test    

Latency to reach the top ns ↓ ns 

No. of step ascend ns ns ns 

No. of rearing ns ns ns 

Marble burying test ns ns ns 

Sucrose preference test    

Training (consumption) ns ns ns 

Preference test (vs water) ns ↓ ns 

Restraint stress test (blood glucose measurement)    

Baseline ns ns ns 

Immediate after the stress ↓ ns ns 

90 min after the stress ns ns ns 

3.2. Exposure to Fluvoxamine Altered Anxiety Behavior or Impulsiveness in Adulthood 
Contrary to the paroxetine-exposed mice, fluvoxamine-exposed mice demonstrated no differences on open field 
test, but exhibited some inconsistent behavioral changes among the anxiety-and depression-related tasks. In the 
LD box test, the percent distance traveled in the light box among fluvoxamine-exposed mice was significantly 
lower than that of the control mice [U (15) = 57, p = 0.032; Figure 2(a)] and percent time in the light box was 
also decreased, although this difference was not statistically significant [U (15) = 54, p = 0.064: Figure 2(b)]. 
These results suggest that fluvoxamine-exposed mice exhibited increased anxiety. Furthermore, fluvoxamine- 
exposed mice exhibited a decreased preference to the sucrose solution in the sucrose preference test, which is 
often used to assess anhedonia, a common behavioral characteristic of depression [U (8) = 0, p = 0.01: Figure 
2(c)]. 

Although fluvoxamine-exposed mice exhibited increased anxious responding on the LD box test, they did not 
show any differences in the elevated plus maze test. In the elevated zero maze test, fluvoxamine-exposed mice 
spent proportionally less time in the open area [U (8) = 3, p = 0.055; Figure 2(e)]. However, they also had a 
significantly increased traveled distance [t (8) = 2.26, p = 0.058; Figure 2(d)]. On the other hand, on the stair 
case test, fluvoxamine-exposed mice exhibited a significant decrease in latency to climb the stairs [t (8) = 2.99, p 
= 0.018: Figure 2(f)].  
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Figure 1. Comparison between behaviors of saline-and paroxetine-exposed 
mice. (a)-(c) Results of the open field test. Distance traveled was not statisti-
cally significant (a), but time spent in the center area (Center Time) was sig-
nificantly reduced in paroxetine-exposed mice (b). A time course analysis re-
vealed a significant decrease of the proportion of time spent in the center 
among paroxetine-exposed mice (c). d, e: Results of the hole-board test. Con-
trary to the open field test, distance traveled was significantly reduced in pa-
roxetine-exposed mice (d) and time to the first head dip (head dip latency) was 
significantly increased in paroxetine-exposed mice (e). (f) Results of blood 
glucose concentration measurement. Paroxetine-exposed mice had signifi-
cantly lower blood glucose concentrations than saline-exposed mice after the 
30-min restraint stress. Data represent mean + standard error of the mean 
(SEM). SAL: saline-treated mice, PAR: paroxetine-exposed mice. 

3.3. Exposure to Clomipramine Impaired Cued Fear Memory 
In the forced swimming test, mice exposed to clomipramine showed a significant main effect of drug treatment 
[F (1, 18) = 9.151, p = 0.007] and time bin [F (5.377, 96.784) = 37.989, p < 0.001], but the interaction between 
drug treatment and time bin was not significant [F (5.377, 96.784) = 0.916, p = 0.479]. Mean immobility rate 
was also statistically significant [whole test: U (18) = 13, p = 0.005, data not shown; bin 1 to 5: U (18) = 16, p = 
0.01, Figure 3(a) inset]. In addition, clomipramine-exposed mice exhibited an increased number of social inte-
ractions [Figure 3(b): U (18) = 77, p = 0.041]. These results suggest that a single exposure to clomipramine 
during development might not lead to changes in depressive responding. 

Furthermore, clomipramine-exposed mice exhibited a slight but statistically significant impairment in cued 
memory on the fear conditioning test (Figure 3(c)). A repeated measures ANOVA (GLM) revealed a statisti-
cally significant main effect of test condition [no_CS vs. CS: F (1, 16) = 243.05, p < 0.001] and interaction be-
tween test condition and drug treatment [F (1, 16) = 8.460, p = 0.01]. However, the main effect of drug treat-
ment was not significant [F (1, 16) = 2.805, p = 0.113]. As the interaction between test condition and drug 
treatment was significant, the simple main effect was analyzed. The effect of drug treatment in the no_CS con-
dition was not statistically significant [F (1, 16) = 0.37, p = 0.551] but was significant in the CS condition [F (1, 
16) = 8.45, p = 0.01]. Clomipramine-exposed mice did not demonstrate any changes in the auditory startle re-
sponse and its prepulse inhibition, therefore the decreased freezing response exhibited on the cued fear test is not 
likely caused by a difficulty with hearing. 

4. Discussion 
In the present study, we demonstrated that among infant mice, a single exposure to antidepressants might affect  
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Figure 2. Behavioral comparison of saline-and fluvoxamine-exposed mice. (a) (b) Results 
of the light-dark box test. The ratio of the distance traveled in the light box was signifi-
cantly lower in fluvoxamine-exposed relative to saline-exposed mice (a). Although the 
percent time in the light box was decreased among fluvoxamine-exposed mice, the differ-
ence was not statistically significant (b). (c) Results of the sucrose preference test after 24 
h of water deprivation. Preference for sucrose was greatly reduced in fluvoxamine-exposed 
mice. (d) (e) Results of the elevated zero maze test. Contrary to the light-dark box test, 
fluvoxamine-exposed mice displayed an increased distance traveled (d) and a decreased 
percent of time in the open area (e), although this was not statistically significant. F: Re-
sults of the stair-case test. Time required to climb up the stairs was decreased in fluvox-
amine-exposed relative to saline-exposed mice. Data represent mean + standard error of 
the mean (SEM) (d) (f). Bars represent median (a)-(c), (e). SAL: saline-treated mice, FLU: 
fluvoxamine-exposed mice. 

 
their emotional behavior in adulthood. Paroxetine-exposed mice had less reactivity to the novel environment 
(e.g., decreased time spent in the center of the open field arena, decreased distance traveled, increased head dip 
latency on the hole board test, and decreased response to the restraint stress; Figure 1). On the other hand, flu-
voxamine-exposed mice displayed less consistent behavioral responding (e.g., increased anxiety response on the 
LD box test, depressive responding on the sucrose test, but impulsive responding on the stair case test; Figure 2). 
The discrepancies of anxiety-related behaviors among the light-dark box test, the elevated zero maze test, and 
the stair case test suggest that fluvoxamine exposure during development may affect the serotoninergic func-
tioning that mediates anxiety responding in adult animals. Clomipramine-exposed mice exhibited a decreased 
tendency for depressive behaviors, contrary to previous findings (decreased immobility in the forced swimming 
test; Figure 3(a)) [9]. Furthermore, these animals exhibited an emotional memory deficit in classical fear condi-
tioning (Figure 3(c)). These results suggest that even a transient disturbance to 5-HT neural transmission has 
long-lasting effects on neuronal development and function. Results of the present study parallel those of pre-
vious studies using a rat model [9]-[11] [34]. Furthermore, these results suggest that each drug affects the fine 
tuning of serotoninergic neurotransmission and neural development differentially.  

Effects of exposure to antidepressants in utero and during lactation have been studied in both humans and 
animals. Clinical studies revealed that exposure to antidepressants during pregnancy may cause physical prob-
lems in the newborn (e.g. hypertension, low body weight) [35] [36]. During lactation, SSRIs can be transmitted 
to infants via breast milk [37] [38]. Although a few studies have reported significant adverse effects on children  
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Figure 3. Behavioral comparison of saline-and clomipramine-exposed 
mice. (a) Results of the forced swimming test. Clomipramine-exposed 
mice showed a slight decrease in the ratio of time spent immobile. Inset 
shows the mean immobility ratio of bins 1 to 5. Each time bin represents 
one minute. (b) Results of the social interaction test. Clomipramine-ex- 
posed mice exhibited more affiliative behavior than saline-exposed mice. 
(c) Results of the classical fear conditioning test. There were no differ-
ences during the no_CS period, although the freezing rate of clomipra-
mine-exposed mice was significantly reduced in the CS period. Data 
represent mean + standard error of the mean (SEM) (main graph of (a), 
(c)). Bars represent median (inset of (a), (b)). SAL: saline-treated mice, 
CLO: clomipramine-exposed mice. 

 
after exposure to antidepressants via breast milk, most studies have focused on the pharmacokinetics of antide-
pressants in breast-feeding. Thus, the long-term effects of exposure to antidepressants during neurodevelopment 
on behaviors in adulthood are still unknown [39] [40]. Many studies have reported long-lasting and/or late onset 
effects of exposure during development to antidepressants among animals (i.e., neonatal antidepressant exposure 
syndrome: NADES) [40]-[42].  

NADES posits two fundamental questions in this field of research. The first is whether antidepressant expo-
sure in utero affects neurodevelopment and behavior. The second is whether functional changes caused by anti-
depressant exposure in utero or during lactation are associated with structural changes. Animal research thus far 
strongly suggests that antidepressant exposure in utero may affect neurodevelopment and subsequent adult be-
havior. However, few longitudinal clinical studies of this nature exist [43] [44]. It is necessary to elucidate 
whether the discrepancy in findings is influenced by differences in species or research methodology. Mice lack-
ing the serotonin transporter (SERT KO) exhibited abnormal social behavior [45] and anxiety-related behaviors 
[46]. Furthermore, the number and firing rate of serotoninergic neurons in the Dorsal Raphe Nucleus (DRN) 
were significantly diminished in SERT KO mice [47]. These results indicate that the disturbance of serotoniner-
gic neurotransmission during development may have long-term functional effects on structural and physiologi-
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cal changes in the brain. In addition, some studies have reported that an excess of 5-HT during neurodevelop-
ment may lead to behavioral and cellular changes associated with the paraventricular and central nuclei of 
amygdala, which are known to be integral in emotional behaviors exhibited by rats and mice [48] [50].  

In contrast to previous studies that chronically exposed animals to drugs, this study used a single excessive 
exposure to a variety of antidepressants. Therefore, the mechanisms that mediate behavioral change in this study 
may differ from those of previous studies because of this methodological discrepancy. However, a single dis-
turbance in glutamatergic [16] and cholinergic neurotransmission [18] during brain development resulted in both 
structural and/or behavioral changes in adulthood. Thus, any exposure to antidepressants during this sensitive 
period of brain development may exert a meaningful influence. Further structural, biochemical, and behavioral 
studies using antidepressants to characterize this sensitive period will be useful in the understanding of the neu-
ronal development and the pathogenesis of mental disorders.  
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