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RELAZIONE:  
 
To assess whether the long-term effects induced by social isolation stress (SIS) in adolescence are sex-

dependent, we subjected male and female adult rats to several behavioral tasks in adulthood. Specifically, 

separate groups of male and female rats assigned to SIS group will be removed from their home cage and 

singularly housed in a novel one for 2 hours per day for 7 consecutive days from post-natal day (PND 28 to 

34). After SIS procedure, SIS rats will be returned in the home cage with their conspecifics. The correspondent 

control (CTRL) rats will be left undisturbed in their home cages during SIS protocol in a separate room. To 

evaluate long-term behavioral effects induced by SIS in adolescence, separate cohorts of male and female 

adult rats (PND 90) were subjected to several behavioral tasks: elevated plus maze, acoustic startle response, 

marble burying, Morris water maze and auditory fear conditioning, as previously described1,2. 

Behavioral tasks:  

- Elevated plus maze 
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The elevated plus maze apparatus consisted of two open arms (50 × 10 cm) and two closed arms (50 × 10 

× 40 cm) that extended from a common central platform (10 × 10 cm). The apparatus, made of plexiglass 

(black floor and walls), was elevated to a height of 60 cm above the floor level. Rat’s behavior was recorded 

for 5 min by using a video camera positioned above the experimental apparatus and videos were analyzed 

with Observer XT 12 (Noldus Information Technology BV, Wageningen, The Netherlands) by observers 

blinded to the experimental conditions. Each rat was individually placed on the central platform facing a 

closed arm. Time spent in the open arms (%) and number of entries in the open arms were analyzed. After 

each session, rats were returned to their home cage, fecal boli were removed and the apparatus was 

cleaned with a 70% ethanol solution. 

- Acoustic startle response 

Rats were placed in a startle reflex apparatus (Med Associates, Fairfax, Vermont) for a 5 min 

acclimatization period with a 70 dB background noise, which continued during all the session. Each 

session consisted of 10 pulse trials (115 dB) with intertrial intervals selected randomly between 10 and 

15 s. Acoustic devices and startle cages were connected to a computer, which detected and analyzed all 

chamber variables using customized software (Med Associates, Fairfax, Vermont). The system allows 

recording and analysis of the signal generated by the animal movement through a high sensitivity weight 

transducer system. The maximal startle reflex response for each animal was calculated as the average of 

the responses to the 10 pulse trials. 

- Marble burying 

The marble burying test was conducted in a quadrangular arena (40 × 40 × 60 cm) made of plexiglass with 

clean sawdust covering the floor, under dim light condition. Twenty-five standard glass marbles (1.5 cm 

diameter, arranged in five rows of five marbles each) were placed uniformly over the surface. Individual 

rats were placed in the marble arena and activity was monitored for 30 min by a video camera placed 

above the arena. At the end of the session, animals were gently removed from the arena and returned to 

their home cage, and the number of marbles buried was counted. New bedding was used for each animal, 

and marbles were cleaned with 70% ethanol solution. 

- Morris water maze 

The experimental apparatus was a circular tank (1.83 m in diameter and 0.58 m in height) filled with water 

(23–24 °C) to a depth of 20 cm. The maze was located in a room containing many salient, visual, extra-

maze cues. During the spatial training a rectangular platform (20 x 25 cm) was placed at a fixed location 

25 cm away from the edge of the pool and 2.5 cm below the water surface. For spatial training, the rats 

were given four trials on each daily session for three consecutive days. On each trial, the animal was 

placed in the tank facing the wall at one of the 4 designated start positions and allowed to escape onto 

the hidden platform. If an animal failed to find the platform within 60 s during the first day of the training, 

it was manually guided to the platform. The rat was allowed to remain on the platform for 10 s and was 

then placed into a holding cage for 25 s until the start of the next trial. The time each animal spent to 
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reach the platform was recorded as the escape latency. Retention of the spatial training was assessed 24 

h after the last training session with a 60 s free-swim probe trial and a new starting position was used. 

Training and probe trials were videotaped, and an automated tracking system (Smart, Panlab, Barcelona, 

Spain) was used to analyze the swim path of each subject and calculate the initial latency to cross the 

platform location and the number of crossings through the platform location. The target and opposite 

quadrants were equidistant from the starting position on the probe trial. 

- Auditory fear conditioning 

All the phases of the auditory fear conditioning task were performed in the same operant chambers, 

located in sound-attenuating cubicles (Med Associates, Fairfax, Vermont). The floor of the chambers 

consisted of stainless-steel bars that delivered a scrambled electric footshock. On day 1, rats received 5 

habituation tones (30 s, 4 kHz, 75 dB; 3 min intertrial interval), immediately followed by 7 conditioning 

tones that co-terminated with footshocks (0.5 s, 0.65 mA). On day 2, rats were returned to the chambers 

for the extinction session, which consisted of 12 tones in the absence of footshock. On day 3, rats were 

returned to the chambers and presented with 8 tones in the absence of footshock to test for extinction 

retrieval. Freezing behavior, defined as the absence of all movements except for those related to 

breathing3, served as the measurement of fear and was monitored with digital video cameras. An 

experimenter blinded to the experimental conditions quantified the total time that rats spent freezing 

during the 30 s tone presentations by using a digital stopwatch. The percentage of time spent in freezing 

during the 30 s tone presentations was calculated as: [time spent in freezing during the tone presentation 

(s) / 30 s] x 100. For the conditioning session (day 1), the time spent in freezing during the first and the 

last tone presentation was represented, while for day 2 and 3 the average of percentage of time spent in 

freezing during all trials was represented. 

 

Results:  

- Elevated plus maze 

Two-way ANOVA for the percentage of the time spent in the open arms in male and female rats showed 

no significant effect of SIS (F(1,34) = 0.873; P = 0.357), sex (F(1,34) < 0.001; P = 0.982) but showed a significant 

effect of SIS x sex interaction (F(1,34) = 9.943; P = 0.003). Post hoc analysis revealed that male rats exposed 

to SIS spent less time in the open arms with respect to their control rats (P < 0.05). Two-way ANOVA for 

the percentage of the frequency of the open arms entries in male and female rats showed no significant 

effect of SIS (F(1,34) = 2.077; P = 0.159), sex (F(1,34) = 0.303; P = 0.586) but showed a significant effect of SIS 

x sex interaction (F(1,34) = 8.185; P = 0.007). Post hoc analysis revealed that male rats exposed to SIS had 

lower frequency of the open arms entries with respect to their control rats (P < 0.05). These results suggest 

that SIS during the adolescence induces the later development of an anxious-like behavior only in male 

rats in the elevate plus maze task. 
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- Acoustic startle response 

Two-way ANOVA for the mean startle amplitude in male and female rats showed significant effects of SIS 

(F(1,42) = 9.322; P = 0.004), sex (F(1,42) = 15.840; P = 0.0003) and SIS x sex interaction (F(1,42) = 9.591; P = 0.004). 

Post hoc analysis revealed that male rats exposed to SIS had higher mean startle amplitude compared to 

their control rats (P < 0.001). Further, SIS-male rats had higher mean startle amplitude than SIS-female 

rats (P < 0.0001). These results indicate that SIS exposure during the adolescence induces the later 

development of an anxious-like behavior only in male rats in the acoustic startle response task.  

- Marble burying task 

Two-way ANOVA for the number of marbles buried in male and female rats showed significant effects of 

SIS (F(1,35) = 5.214; P = 0.029) and sex (F(1,35) = 46.53; P < 0.0001) but no significant effect of SIS x sex 

interaction (F(1,35) = 0.1475; P = 0.703). Post hoc analysis revealed that female rats exposed to SIS buried a 

higher number of marbles compared to their control rats (P < 0.05). These results indicate that SIS 

exposure during the adolescence induces the later development of avoidance behavior only in female rats 

in the marble burying task.  

- Morris water maze task 

Repeated measures (RM) ANOVA for escape latency during spatial training of male and female rats 

revealed that all groups progressively learned to locate the platform across the 3 training days (P > 0.05). 

Two-way ANOVA for the initial latency to cross the platform location during the probe session of the 

Morris water maze task in male and female adult rats showed no significant effect of SIS (F(1,37) = 0.246; P 

= 0.623), sex (F(1,37) = 1.106; P = 0.300) and SIS x sex interaction (F(1,37) = 0.525; P = 0.473). Further, two-way 

ANOVA for the number of crossings through the platform location during the probe session of the Morris 

water maze task showed no significant effect of SIS (F(1,37) < 0.0001; P = 0.9798), sex (F(1,37) = 0.594; P = 

0.446) and SIS x sex interaction (F(1,37) = 0.784; P = 0.382). These results suggest that SIS exposure during 

the adolescence does not induce later alterations on spatial memory in adult male and female rats in the 

Morris water maze task.  

- Auditory fear conditioning task 

RM ANOVA for the percentage of freezing during the trials of the conditioning session (day 1) of the 

auditory fear conditioning task revealed that all groups progressively learned the tone-footshock (P > 

0.05). Two-way ANOVA for the percentage of time spent in freezing during the trials of the 

extinction/retrieval session (day 2) of the auditory fear conditioning task in adult male and female rats 

showed no significant effect of SIS (F(1,36) = 0.214; P = 0.646), sex (F(1,36) = 0.013; P = 0.918) and SIS x sex 

interaction (F(1,36) = 0.881; P = 0.354). Further, two-way ANOVA for the percentage of time spent in freezing 

during the trials of the recall session (day 3) of the auditory fear conditioning task in adult male and female 
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rats showed no significant effect of SIS (F(1,36) = 0.055; P = 0.816), significant effect of sex (F(1,36) = 4.189; P 

= 0.048) and no significant effects of SIS x sex interaction (F(1,36) = 2.454; P = 0.1260). These results indicate 

that SIS during the adolescence does not affect fear memory dynamics in male and female adult rats in 

the auditory fear conditioning task. 

 

Discussion:  

The present findings indicate that repeated brief periods of SIS during early adolescence profoundly affect 

behavior later in life in a sex-dependent manner. Specifically, we showed that SIS induces in male adult 

rats hyperarousal and anxiety, without affecting cognitive functions. Interestingly, in female adult rats 

exposed to SIS at adolescence only enhanced avoidance behavior was observed. 
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