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Introduction
The social environment is an important health factor for all 

social species including rats, which are among the most used 
research subjects.57 Compatible and stable social groups are 
crucial for animal welfare,17 but changes in housing densities 
may be necessary due to aggression, sickness, or  experimental 
requirements (to obtain accurate measurements, to avoid 
damage to monitoring apparatus). Given the importance of 
reproducibility and translational validity in biomedical research, 
we performed a systematic assessment of changes in social 
housing on experimental outcomes.66 Our study examined 
the behavioral consequences of a reduced social group (RSG), 
how long such changes persisted and whether the behavioral 
effects of RSG differ from those of social isolation (SI). Existing 
literature mainly focuses on acclimatization after transporta-
tion and indicates that an acclimation period of at least 3 d is 
necessary for stabilization, based on physiologic parameters10 
while acclimation of home-cage behavioral parameters (a return 
to before-transportation levels) takes approximately 2 wk in 
Wistar rats.4

A bias toward using young animals has been reported in the 
literature.33,42 However, the use of young animals can reduce 

the scientific validity of the findings, as in some cases the use of 
older animals may be more appropriate.23,33 Brain maturation 
processes in rats suggest that they can be considered adult only 
after 3 mo of age.45 Also, the level of testosterone, one of the  
major sex hormones involved in the regulation of socio- 
emotional behavior15 stabilizes in rats at 3 mo of age.7

Grouping of rats before they reach puberty may avoid or mini-
mize problems of aggression between unfamiliar individuals.31 
Moreover, a study on male Wistar rats showed that housing rats 
in groups of 3 or 4 per cage had the fewest physiologic effects.34 
Directive 2010/63/EU17 recommended a floor area 350 cm2 per 
rats weighing 300 to 400 g is and 450 cm2 for rats weighing 400 
to 600 g, which means that rats weighing around 400 g and shar-
ing the same cage (enclosure size 800 cm2) over a long period 
could be housed either in a stable group (to give priority to 
stable social structures, as indicated by the Directive 2010/63/
EU17) or 2 per cage (especially if they are destined for use in 
a long-term experiment, which implies an additional increase 
in body weight). However, an important question is whether, 
and if so, when rats that experience RSG will be suitable for 
inclusion in experiments.

Clear recommendations are not available regarding minimal 
acclimatization periods after changing the number of animals 
per cage. Animals respond behaviorally and physiologically to 
adapt to changing environments and challenges, such as social 
interactions. Maintaining stability through change (allostasis) 
is a fundamental process through which organisms actively 
adjust to predictable and unpredictable events,43 with the  
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emotional brain being essential in allostasis.35 However, as 
already indicated,4 applying the concept of allostasis would 
result in a different view on acclimatization periods, shifting 
anticipation from a return to baseline levels to stabilization of 
parameters at potentially different levels.

On the other hand, some recommendations are that rats 
should be housed individually only when approved by 
the  Animal Ethics Committee of the institution based on 
 compelling evidence for the need to house rats in this way.2 
Isolation studies using rodents are undoubtedly important 
in biomedical research,19 as are studies that try to define 
the best conditions for the animal welfare.6 In studies that 
intentionally use SI, the neurobehavioral outcomes must be 
closely evaluated because the type of housing is an important 
experimental variable. Actually, all studies should consider 
the effects of housing condition on neurobehavioral outcomes. 
Even if single housing is supported by a harm-benefit analy-
ses,40 the question is how housing conditions contribute to 
the complexity of the model and perhaps affect the external 
validity or generalization of data, such that the model is dif-
ferent than planned.41 For example, studies in mice and rats 
reveal that isolation housing of juvenile animals may result in 
neurologic adaptations that promote locomotor sensitization 
and potentiate drug-taking,13,20 while adult animals may be 
largely untested in this context. In rodents, increased locomo-
tor activity in a novel environment reflects sensation seeking 
and is used in preclinical studies to examine the role of be-
havioral or personality traits in the acquisition of drug-taking 
behavior, specifically psychostimulants.12,36 Behavior in a novel 
environment should predict responsiveness to d-amphetamine 
(AMPH) in rats.18 However, differences in the behavioral re-
sponse to AMPH can exist without measurable differences in 
the baseline activity; this outcome could be puzzling because 
it may give the impression that housing conditions do not in-
terfere with the study outcomes. Moreover, one study suggests 
that SI for 1, 2, or 3 wk does not cause behavioral abnormalities 
in adult male rats, as none of the experimental groups showed 
statistically significant behavioral changes in comparison with 
a control group kept under standard conditions.26 However, 
without considering the role of the animal personality in 
susceptibility to social changes, we cannot define the period 
of SI necessary to produce behavioral changes in an animal.

Considering all the above, the present study aimed to assess 
changes in behavior and body weight of mature (4 mo old) adult 
male Wistar Han rats, which are widely used in toxicology and 
carcinogenicity studies29, as a result of RSG (due to removal of 
one rat from a cage with 3 rats) and SI (the removed rat), dur-
ing the 2 wk after the social alterations. Changes in activity and 
center-avoidance behavior in an inescapable open arena (OA) 
and weight gain were measured on day 0, day 7, and day 14 
(D0, D7, and D14) after social changes. Motor response to AMPH 
(1.5 mg/kg), which produces a behaviorally aroused state that 
can be predicted by an animal’s responsivity to  novelty,18 was 
assessed on D14. A within-subject design was used to increase 
statistical power. Because the behavior of mature adult animals 
is not influenced by developmental events and senescence, 
weekly monitoring of the behavioral response of mature 
adult RSG and SI rats to the same environment should reflect 
alterations in animals’ perception of and responsiveness to the 
testing environment after the changed housing conditions. 
We hypothesized that RSG rats would normalize exploratory 
behavior within 2 wk after the social alteration, while SI rats 
would show maladaptive characteristics due to the inability to 
overcome the new social environment.

Materials and Methods
Animals. The experiment used 4-mo-old and experimentally 

naïve male Wistar Han rats that had been bred and housed at 
the Institute for Biologic Research–Siniša Stanković. The rats 
were from 8 different litters, and the litter was an experimental 
unit. Three 7-wk-old males from the same litter were randomly 
chosen for housing in the same cage in which they lived until 
4 mo of age. We applied the recommendation of the Directive 
2010/63/EU17 that, if in long-term studies the space available 
per animal falls below those indicated in the Directive 2010/63/
EU,17 priority should be given to maintaining a stable social 
structure. All animal procedures were in compliance with the 
Directive 2010/63/EU and were approved by the Ethical Com-
mittee of the Institute (Number 01 to 247) and by the National 
Ethics Research Committee (323-07-02030/2021-05).

The total number of rats used in this experiment was 24, of 
which 16 underwent behavioral testing (n = 8 per experimental 
group, 2 experimental groups). The sample size was chosen 
to obtain sufficiently informative results while also using the 
lowest number of animals based on previous experience with 
the proposed tests.9,47,64

The rats were housed under the following conditions: a room 
temperature of 22 ± 1 °C, relative humidity 50 ± 5%, 12:12-h 
light/dark cycle with lights (diffuse lighting, 20-50 lux light 
level along the cages on the shelves) on at 0700, cages 425 (L) × 
265 (W) × 180 (H) mm with enclosure size of 800 cm2 (European 
standard Type 3H, ZOONLAB, Castrop-Rauxel, Germany) 
made from transparent plastic, autoclaved wood shavings as 
bedding material (native spruce and fir; PREMIUMSPAN®, 
HVT Hobelspanverarbeitung GmbH, Dittersdorf/Thüringen, 
Germany) provided in sufficient quantity to cover the floor to a 
depth of 2 cm, chow (commercial pellets produced on demand, 
Gebi Doo, Cantavir, Serbia; protein 20%, fat 4%, fiber 5.5%, 
detailed content given in reference 50)and tap water provided 
ad libitum. Environmental enrichment was not provided as it 
could influence brain neurochemistry and behavior of the rats,60 
thus requiring the use of additional controls for the experimental 
paradigm and potentially providing a source of increased data 
variability.63 The rats were free of all viral, bacterial, and para-
sitic pathogens listed in the Federation of European Laboratory 
Animal Science Associations (FELASA) guidelines. They were 
observed every day and were without observable signs of ill-
ness and distress. The study did not include humane endpoints.

Experimental procedure. A schematic of the experimental de-
sign is shown in Figure 1. At 4 mo of age (mature adult stage in 
rodents), rats originating from 8 different litters and housed in 
8 cages (3 animals from the same litter per cage) were weighed 
and then evaluated for their spontaneous exploratory response 
in an inescapable open arena (OA) as a novel environment 
(D0). After this initial behavioral testing, 1 rat was randomly 
chosen and removed from each cage for single housing (that is 
social isolation, SI) while the other 2 remained in the reduced 
social group (RSG). In the RSG rats, 1 per cage was randomly 
selected for all individual behavioral tests; this rat was labeled 
using a nontoxic permanent marker on the tail. The cages were 
placed side by side and rats could smell, see, and hear rats in 
other cages, but could interact socially only in the group cages. 
On D7, rats were again weighed and tested in the OA. On D14 
they were also weighed and tested in the OA; the latter test also 
provided the intrasession habituation for subsequent challenge 
with AMPH.

Rats were tested 3 times at 7-d intervals. The elapsed time 
between initial exposure and re-exposure gave the rats a greater 
opportunity to forget the experience of OA.38 Rearing activity,  
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which was our critical behavioral measure of habituation, 
should indicate whether a rat was habituated to the OA at the 
time of re-exposure.56,62

Before each testing, the rats were habituated (in home cages) 
to the testing room (sound isolated, temperature 22 ± 1 °C; light 
intensity averaged 150 lx) for at least 30 min. During the testing, 
the frequency and duration of human presence were equal for 
both experimental groups, with only one qualified person being 
in direct contact with the rats, thus preventing experimenter 
identity from being a source of data variability. Cage cleaning 
was never performed before behavioral testing.

Data collection in the OA test was automatic; blinding was 
applied to the analysis of the data. Outcome measures of the 
study were behavioral and body weight changes. No criteria 
were used to exclude rats, and all obtained data were included 
in the analysis (each analysis had n = 8 animals per group). 
Having all grouped rats coming from the same litter ensured 
that individual values in each experimental group were derived 
from independent samples. A within-subject design was used 
to allow each subject to be its own control. This type of design 
controls for extraneous participant variables, making it easier 
to detect the relationship between independent and dependent 
variables than with between-subject design.

Monitoring of behavioral response to the inescapable open 
arena. Exploratory activity was examined under the assumption 
that in satiated rats, it reflects the need to reduce environmental 
uncertainty32 and can also indicate a positive emotional state 
with relevance to animal welfare8. All behavioral testing took 
place between 900 and 1400 to avoid influences of diurnal 
changes in plasma corticosterone levels.

The testing was done using Opto-Varimex cages (Columbus 
Instruments, Columbus, OH; 44.2 × 43.2 × 20 cm) that were 
linked online to an IBM-PC-compatible computer, as previously 
reported.47 The equipment includes 2 experimental arenas, 
which allows parallel testing of rats from 2 experimental groups. 
Data were analyzed using Auto-Track software (Columbus 
Instruments). The Auto-Track interface collects data from the 
Opto-Varimex unit every 1/10th of a second and categorizes the 

activity. The Auto-Track interface can detect movements in 16 
(4 × 4) equal fictional squares, calculating the number of entries 
and time spent in the central zone (the 4 middle squares).

After termination of the 20-min exploratory period in the 
open arena, tested rats were returned to their home cages con-
sistent with their previous housing condition, and arenas were 
cleaned and deodorized with a 20% ethanol cleaning solution 
to erase any smells that might interfere with the behavior of 
the next rat.

Monitoring of animals’ body weight and weight gain. Body 
weight provided an objective physiologic and welfare indica-
tor.28 Rats were weighed on an electronic balance on D0, D7, and 
D14, one hour before behavioral testing. Each rat was confined 
in a perforated chamber that had been tared on the scale before 
placement of the rat. Weight gain was calculated by subtracting 
baseline weight (weight at D0) from the weights recorded on 
D7 and D14.

Monitoring of AMPH-induced behavioral response. The behav-
iorally activating effects of AMPH were examined because this 
drug produces an unconditional, behaviorally aroused state in 
mammals1 and previous findings indicate that behavior in the 
novel environment predicts responsiveness to AMPH.18

After completing the 20-min exploratory period in the open 
arena at D14, rats were injected intraperitoneally with AMPH 
(Sigma-ALDRICH Chemie, Germany) at a dose of 1.5 mg/kg.  
This dose is within the dose range that produces a well-
described behavioral pattern including hyperlocomotion 
and rearing.49 The drug was dissolved in saline (0.9% NaCl) 
at a concentration of 1.5 mg/mL and was dosed at 1 mL/kg. 
 Assessment of the behavioral response began immediately after 
the rats were returned to the arenas (Opto-Varimex cages) and 
lasted for 100 min. Data were classified and collected automati-
cally, as described above.

Statistical analysis. The data were presented as means ± SD, 
with individual data plots along the column bars, and were 
statistically analyzed using Statistica 6.0 software (StatSoft). The 
normality of data sets was estimated by Shapiro-Wilk’s test. The 
accepted level of significance was P < 0.05.

Figure 1. Schematic presentation of the experimental design.
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As some data sets did not have a normal distribution, the 
results obtained in behavioral tests were analyzed using non-
parametric statistics: Friedman test was followed by pairwise 
Wilcoxon signed-rank tests (if appropriate) for repeated meas-
ures across time; independent groups were compared using 
Mann-Whitney U test. The results of the Wilcoxon test are 
subjected to Holm correction to determine which of the partial 
tests were effectively significant24 and only those that met the 
criteria were considered in the results section.

The parameters analyzed in the OA were locomotor activity, 
vertical activity, time spent in the central zone, and the number 
of entries in the central zone. Changes in total counts were 
analyzed for each parameter. In addition, activity during the 
first and last 5 min of the test session was considered to indicate 
intra-session habituation, as an indication of adaptability (that 
is, the reduction in activity that occurred in a single exposure 
to the OA).38

Body weight data were analyzed using repeated measure 
ANOVA with the housing condition and the experimental day 
(repeated measure) as factors, followed by a post hoc Tukey 
test. Between-group differences in weight gain over particular 
time points were analyzed using a t test for independent sam-
ples, and within-group changes were assessed using a t test for 
dependent samples.

Results
Activity of mature adult male rats in the OA within 2 wk after 

social change. Locomotor activity counts in the OA showed 
significant changes across examined period (D0, D7, and D14) 
in both the RSG (χ22 = 9.000, P < 0.011) and SI (χ22 = 9.250,  
P < 0.010) groups (Figure 2A). For the RSG group, the Wilcoxon test 
revealed a significant difference between D0 and D7 (Figure 2A;  
* P = 0.012) that returned to baseline at D14 (* P = 0.327). For the 
SI rats, the Wilcoxon test revealed a significant difference between 

D0 and D7 (Figure 2A; * P = 0.012) and D0 and D14 (Figure 2A; 
* P = 0.017). No difference was detected between the RSG and 
SI groups either in the initial testing or at the end of the study 
(Figure 2A ; D0: P = 0.208; D14: P = 0.115, U test).

Vertical activity counts in the OA did not change signifi-
cantly across the tests period in either the RSG or the SI groups  
(Figure 2B; Friedman test: χ22 = 2.774, P < 0.250 and χ22 = 3.250, 
P < 0.197, respectively). No difference was detected between 
the groups on either D0 or D14 (Figure 2B; D0: P = 0.916; D14: 
P = 0.958).

The small graphs embedded in Figures 2A and 2B show 
changes in locomotor and vertical activity, respectively, during 
the monitoring period (20 min). Comparison of activity during 
the first 5 min and last 5 min enables the assessment of within-
session habituation (adaptive response). Regarding locomotor 
activity, both groups showed within-session habituation in all 
test sessions (the small graph embedded within Figure 2A; D0, 
D7, and D14, # P = 0.012, Wilcoxon test). Both groups of rats 
also showed within-session habituation of vertical activity in 
all test sessions (the small graph embedded within Figure 2B; 
D0, D7, and D14, # P ≤ 0.017, Wilcoxon test).

Center avoidance behavior of mature adult male rats in the 
OA during the 2 wk period after social change. Total time spent 
in the central zone of the OA did not change significantly across 
test sessions in the RSG (χ22 = 1.000, P < 0.606) as compared with 
the SI rats (χ22 = 12.452, P < 0.002) (Figure 3A). For the SI group, 
the Wilcoxon test revealed a significant difference between 
D0 and D7 and D0 and D14 (Figure 3A; * P = 0.012 for both 
comparisons). No difference was found between the RSG and 
SI rats in total time spent in the central zone during the initial 
testing (Figure 3A; D0: P = 0.916) but a difference was evident 
at D14 (Figure 3A; P = & 0.031).

The total number of entrances to the central zone of the OA 
did not change significantly across the monitoring period in 

Figure 2. Exploratory behavior of mature adult male Wistar Han rats in the inescapable open arena on days 0, 7 and 14 after social change. Rats 
were tested before their social status changed (experimental day [D] 0), at D7 and at D14 after reduced social grouping (RSG) and social isola-
tion (SI). The data are represented as mean ± SD, with individual data plotted along the column bars (8 rats per group). (A) Locomotor activity 
counts for a 20-min monitoring period. Inserted line graphs show changes in locomotor activity during this time. (B) Vertical activity counts for 
a 20-min monitoring period. Inserted line graphs show changes in vertical activity during this time. * P < 0.05 compared with D0 of the same 
group, Wilcoxon test; # P < 0.05 compared with the first 5 min of the observation period in the same group, Wilcoxon test.
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the RSG (χ22 = 1.000, P < 0.606) but did change in the SI rats  
(χ22 = 7.032, P < 0.029) group (Figure 3B). However, the out-
comes of the Wilcoxon test for the SI group did not pass the 
criteria of Holm correction and were considered insignificant. 
No difference was detected between the RSG and SI rats in the 
total number of entrances to the central zone during the initial 
testing (Figure 3B; D0: P = 0.916) but a difference was found at 
D14 (Figure 3B; & P = 0.046).

The small graphs embedded within Figures 3A and 3B show 
the dynamics of changes in the activities of the rats in the central 
zone during the 20 min monitoring period. Comparison of the 
activity of rats during the first 5 min and the last 5 min allows 
assessment of within-session habituation (adaptive response). In 
all test sessions (D0, D7, and D14), the RSG rats showed within-
session habituation in the time spent in the central zone of the 
OA (the small graph embedded within Figure 3A; # P ≤ 0.028, 
Wilcoxon test). However, although the SI rats had within-session 
habituation in time spent in the central zone of the OA at D0 (the 
small graph embedded within Figure 3A; # P = 0.012, Wilcoxon 
test), they lost this ability after isolation (D7: P = 0.685; D14: 
P = 0.173). In all test sessions (D0, D7, and D14), the RSG rats 
showed within-session habituation in the number of entrances 
to the central zone of the OA (the small graph embedded within 
Figure 3B; # P ≤ 0.042, Wilcoxon test). However, although the SI 
rats had within-session habituation in the number of entrances 
to the central zone of the OA at D0 (the small graph embedded 
within Figure 3B; # P = 0.012, Wilcoxon test), they lost this ability 
after isolation (D7: P = 0.589; D14: P = 0.075).

Body weight and weight gain of mature adult male rats during 
2 wk after social change. The ANOVA of body weight of both 
RSG and SI rats during 2 wk study (Figure 4A) revealed no 
significant influence of social change (F1, 14 = 1.187, P = 0.294) 
but a significant influence of time (F2, 28 = 59.282, P < 0.001) and 
social change x time (F2, 28 = 6.534, P = 0.005). Posthoc analysis 

(Tukey HSD test) revealed a difference between D0 and D7 
(Figure 4A; * P = 0.003), D0 and D14 (Figure 4A; * P < 0.001) 
and D7 and D14 (Figure 4A; $ P < 0.001) for the SI group, while 
for the RSG group a difference was present only between D0 
and D14 (Figure 4A; * P < 0.001; D0 vs. D7 P = 0.112; D7 vs. D14 
P = 0.156). Between-groups differences (RSG vs. SI) were not 
obtained either in the initial time point (D0: P = 0.999) or at the 
end of the examined period (D14: P = 0.927).

A significant increase in weight gain during the 2 wk after 
social change occurred in both RSG and SI rats (Figure 4B; # P < 
0.001, t test for dependent samples). At D14, the SI group gained 
more weight than the RSG group (Figure 4B; & P = 0.017; t test 
for independent samples).

AMPH-induced locomotor and rearing activity of mature 
adult male rats at 2 wk after the social change. AMPH-induced 
locomotor activity was not different between RSG and SI rats 
either at specific time points of the monitoring period (Figure 
5A, left) or in the summary values (Figure 5A, right; U = 25, 
P = 0.462, U test). AMPH-induced rearing activity differed in 
RSG and SI animals periodically during the monitoring period 
(Figure 5B, left; U ≤ 13, P ≤ 0.046) and in the summary values 
(Figure 5B, right; U = 9, P = 0.016, U test).

Discussion
Understanding the impact of routine procedures on animal 

physiology and behavior is a prerequisite for improving data 
reliability and optimizing the number of animals used in experi-
ments. The current study makes its contribution by emphasizing 
that RSG in mature adult male rats transiently reduces locomo-
tor activity during OA exploration, which returns to a baseline 
level after 2 wk, while SI consistently affects locomotor activity, 
center-avoidance behavior, and AMPH-induced rearing behav-
ior and weight gain after 2 wk of isolation. Although the lack 
of a socially intact group of rats limits the interpretation of this 

Figure 3. Center avoidance behavior of mature adult male Wistar Han rats in the inescapable open arena on days 0, 7 and 14 after social change. 
Testing was performed before the social status of the rats was changed (experimental day [D] 0), at D7 and at D14 after reduced social grouping 
(RSG) and in social isolation (SI). The data are represented as mean ± SD, with individual data plotted along the column bars (8 rats per group). 
(A) Total time spent in the central zone of the arena during a 20-min monitoring period. Inserted line graphs show changes in the parameter 
during this period. (B) Total number of entries in the central zone during a 20-min monitoring period. Inserted line graphs show changes in 
this parameter during this time. * P < 0.05 compared with D0 of the same group, Wilcoxon test; # P < 0.05 compared with the first 5 min of the 
observation period in the same group, Wilcoxon test; & P < 0.05 compared with the same day of the RSG group, U test.
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study, our obtained results indicate that using socially disrupted 
rats could interfere with research findings.

Exploration is a basic need and a potential positive emotional 
state indicator that is relevant to animal welfare.8 Exploratory 
behavior in rats is characterized by increased locomotion and 
rearing. Characteristics of the individual animals can be assessed 
by examining differences in exploratory behavior.44 In the pre-
sent study, a detailed analysis of locomotor and vertical activity 
revealed that RSG and SI conditions influence these responses in 
a specific way. Precisely, neither the RSG nor SI affected rearing, 

which is a hippocampus-dependent39 and stress-sensitive 
behavior.61 Because rearing is a critical behavioral measure 
of habituation,56,62 our findings suggest that the rats did 
not habituate to the OA as a result of repeated testing. On 
the other hand, locomotor activity in the OA was lower in 
both the RSG and SI rats as compared with their initial test 
in the same setting, with the proviso that this effect was 
temporary in the RSG rats and their locomotor response 
to OA returned to the baseline (D0 level) at D14. The cur-
rent study also showed that, regardless of the reduction 
of total locomotor activity, neither RSG or SI affected the 
adaptability of either the horizontal or vertical responses 
to the OA as rats from both groups showed intrasession 
habituation (that is, significant decreases over the testing 
period in all test sessions38). Because locomotor activity 
in satiated rats represents information-gathering behavior 
directed toward reducing environmental uncertainty32 
and possibly a search for an escape,18 our findings sug-
gest that socially disrupted mature adult male rats have 
decreased interest in environmental uncertainty, while 
intra-session habituation, as an indication of adaptabil-
ity,38 is generally preserved.

A lower locomotor response to spatial novelty due to 
changed social conditions could be a consequence of 1) 
reduced motivation to explore, due to the less rewarding 
effect of novelty (a novelty signal from the hippocampus 

activates mesencephalic dopaminergic neurons in the sub-
stantia nigra/ventral tegmental area [SN/VTA] and enhances 
exploratory activity through the engagement of neural reward 
systems),37,65 2) increased anxiety in response to novelty (the 
interplay between brain circuits controlling the exploratory 
drive on one hand and the avoidance response on the other is 
crucial for the overall exploratory response) because activation 
of anxiety-associated regions may reduce exploratory drive and 
negatively affect exploratory activity.44

Figure 4. Body weight and weight gain in mature adult male Wistar Han rats on days 0, 7, and 14 after social change. Weights were measured 
before social change (experimental day [D] 0), at D7 and at D14 after reduced social grouping (RSG), and social isolation (SI). The data are shown 
as mean ± SD, with individual data plotted along the column bars (8 rats per group). (A) Body weight of rats during 2 wk after social changes.  
* P < 0.05 compared D0 of the same group, $P < 0.05 compared with D7 of the same group, Tukey test. (B) Body weight gain, calculated by  
subtracting baseline weight (that is weight at the D0) from the weight recorded on D7and D14. # P < 0.05 compared with D7 of the same group, 
t test for dependent samples; & P < 0.05 compared with the same day of the RSG group, t test for independent samples.

Figure 5. AMPH-induced locomotor (A) and vertical (B) activity of ma-
ture adult male Wistar Han rats on day 14 after social change. The data are 
shown as means ± SD of the examined parameters over a 100 min observa-
tion period after AMPH injection (left parts of the graphs), and as mean ± 
SD with individual data plotted along the column bars for activity counts 
(right parts of the graphs). AMPH was given at a dose of 1.5 mg/kg IP. Each 
group was comprised of 8 rats. RSG, reduced social group; SI, social isola-
tion. * P < 0.05 compared with the RSG group, U test.
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Previous findings have shown that locomotion alone is an 
unreliable indicator of emotionality, as both hypolocomotion 
and hyperlocomotion could express highly emotional behav-
ior.3,21 In the present study, we used a relatively small open 
arena to obtain a good measure of locomotor activity, but SI rats 
also showed changes in time spent in the central zone, which 
is typically found in large arenas (for a discussion please see 
references 59,64). Previous findings obtained using comparably 
sized fields highlighted thigmotaxic behavior as an indicator of 
emotionality in rats.9,55,64 Although center avoidance in the open 
field is commonly considered an anxiety-like behavior, this sim-
plified interpretation has been criticized as being insufficiently 
validated (for an extensive discussion on this topic please see 
reference 27). However, anxiety has only a moderate effect on 
the behavior of rodents in open areas, given that the effect of 
anxiolytic drugs on rodent thigmotactic behavior is limited.52 
Center-avoidance behavior is a defensive behavior that might 
occur with a certain degree of anxiety.27 Therefore, based on 
the findings of the present study, we conclude that isolation 
housing in mature adult male rats promotes center-avoidance 
behavior and abolishes the adaptive profile of this response over 
test sessions (that is, intensifies avoidance behavior as an active 
choice).5 Other assumptions and interpretations of the results 
could be unreliable given the limited amount of information 
available in this study.

Overall, the absence of a within-subject design and initial (D0) 
behavioral measurement may obscure the recognition that 1 wk 
of life in isolation can affect locomotor and center-avoidance 
behavior of mature adult male Wistar Han rats in OA. The 
RSG rats returned OA behavior to the baseline level 2 wk after 
social change, which means that they can then be validly used 
in experiments. Therefore, we compared responses of the RSG 
and SI rats at D14 time point. This comparison revealed that the 
SI rats, as compared with RSG rats, show increased OA-related 
center-avoidance behavior (i.e. less activity in the central zone), 
without significant differences in locomotor activity, suggesting 
that center-avoidance behavior is a more reliable indicator of 
maladaptive behavior promoted by isolation housing, at least in 
mature adult male rats. In addition to time point D14, responses 
of the RSG and SI rats were also compared at D0 time point 
to verify equivalent behavioral characteristics of both groups 
before social disruption.

The behaviorally activating effects of AMPH were examined 
in the present study because this drug produces an uncon-
ditional, behaviorally aroused state1 and behavior in the OA 
should predict responsiveness to AMPH.12,18 On D14 after 
social change, we saw less rearing activity without changes in 
locomotor activity in the SI as compared with RSG rats after 
AMPH challenge. However, locomotor and rearing activities in 
the OA did not show between-group differences immediately 
before the AMPH challenge, suggesting that nonpharmaco-
logical stimulation may not always be sufficient for correct 
assessment of the behavioral phenotype of rats. A reduction in 
AMPH-induced vertical activity without changes in locomotor 
activity, observed in the present study of SI compared with RSG 
rats 2 wk after the social change, has not been widely reported 
in the literature. A previous study67 showed that a selective re-
duction in AMPH-induced vertical activity without alterations 
in total distance traveled is related to the stimulation of GABAB 
receptors in areas of the brain that mediate the rewarding and 
activating effects of psychostimulants.67 The possibility that 
in mature adult male rats SI promotes selective activation of 
GABAB receptors in the motive circuit remains to be examined 
in further studies. Nevertheless, the results of the present study 

contrast previous findings that isolation housing brings the risk 
of neurologic adaptations that promote locomotor sensitization 
and potentiates drug-taking,13,20 highlighting the importance of 
animals’ age and, probably the duration of isolation housing 
when trying to define the consequences.

The present study showed a delicate relation between social 
change and body weight in mature adult male rats. Effects of 
separation were different in RSG and SI rats, as RSG rats did not 
show significant changes in body weight within a week after 
separation (D0 compared with D7), while SI animals showed 
an increase. Moreover, no significant difference in body weight 
was found in RSG rats between D7 and D14 (adaptation effect 
to the new housing condition) while SI rats showed an increase 
in body weight. Although a comparison of the body weights at 
given time points did not identify differences between groups, 
the analysis of weight gains showed that SI rats had gained 
more weight than RSG rats within 2 wk after social change. 
These findings emphasize that the analysis of the weight gain 
of RSG and SI rats during the period of interest can identify 
changes that cannot be observed by simply comparing the 
body weights at given time points. In social species, touch is 
a major rewarding sensory component of the composite social 
interaction stimulus.16 An increase in weight gain of SI rats may 
be due to their inability to derive rewards from social contacts, 
so they may eat more to satisfy a need that can be fulfilled in 
other ways during group housing. Several studies have found 
that isolated animals eat more and gain more weight than do 
socially housed animals.22,46,48,54

Our study has several limitations. We did not measure cor-
ticosterone levels. The original stress concept58 indicates that 
stress represents a nonspecific response to stressors and leads 
to the activation of the hypothalamo-pituitary-adrenocortical 
(HPA) axis and the release of glucocorticoids in the circula-
tion, with serum corticosterone levels in stressed animals as a 
widely accepted neuroendocrine marker of a stress response. 
Further research has shown that stress reactions are specific and 
that each type of stressor has its own ‘signature’25 and distinct 
pathways and mechanisms of regulation. As a result, variation 
in HPA activity and thus serum corticosterone levels highly de-
pend on the type of stress14 and duration of exposure to stress.53  
Accurate measurement of changes in corticosterone levels 
would require measurements several times during the day. 
However, handling animals to obtain fecal samples11,30,51 or tak-
ing blood or urine samples could affect the behavioral outcomes 
that were the primary purpose of the study and therefore we 
opted not to subject the rats to such analyses. The lack of the 
group of socially undisturbed adult male rats is also a limitation. 
For example, we cannot rule out the possibility that, given the 
increase in body weight, RSG rats may have gained too little 
weight. Our study also lacks behavioral measures from socially 
undisturbed adult male rats subjected to repeated testing, as 
well as the responses in other behavioral tests (for example, for 
anxiety and anhedonia). Therefore, the findings of this study 
are limited by the experimental design we used. Thanks to the 
constructive suggestions of an anonymous reviewer, we have 
tried to give a refined interpretation of our results.

In conclusion, understanding the effects of changes in social 
housing on the brain and behavior of rodents represents an 
important link between animal welfare science and the experi-
ment itself, as it can potentially help to reduce data variability 
and the number of animals used. The present study revealed 
that mature adult male Wistar Han rats are sensitive to changes 
in social housing and require 2 wk to accommodate to a RSG 
(from 3 to 2). Therefore, they should be used during this pe-
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riod if indicated by the experimental design. In contrast, SI 
rapidly and consistently influences exploratory and center 
avoidance behavior, weight gain, and AMPH-induced activ-
ity. These findings complicate the use of mature adult male SI 
rats in experiments that address behavioral, physiologic, and 
neuroactive compounds-induced dose-response psychomotor 
outcomes and do not otherwise consider the impact of housing 
conditions. The specificity of the current findings regarding 
strains and sex of laboratory rats remains to be assessed in 
further studies.
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