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Abstract

Inbred mouse strains have been used preferentially for behavioral testing over outbred 

counterparts, even though outbred mice reflect the genetic diversity in the human population 

better. Here, we compare the sociability of widely available outbred CD1 mice with the commonly 

used inbred C57BL/6J (C57) mice in the one-chamber social interaction test and the three-

chamber sociability test. In the one-chamber task, intra-strain pairs of juvenile, non-littermate, 

male CD1 or C57 mice display a series of social and aggressive behaviors. While CD1 and C57 

pairs spend equal amount of time socializing, CD1 pairs spend significantly more time engaged in 

aggressive behaviors than C57 mice. In the three-chamber task, sociability of C57 mice was less 

dependent on acclimation paradigms than CD1 mice. Following acclimation to all three chambers, 

both groups of age-matched male mice spent more time in the chamber containing a stranger 

mouse than in the empty chamber, suggesting that CD1 mice are sociable like C57 mice. However, 

the observed power suggests that it is easier to achieve statistical significance with C57 than CD1 

mice. Because the stranger mouse could be considered as a novel object, we assessed for a novelty 

effect by adding an object. CD1 mice spend more time in the chamber with a stranger mouse than 

that a novel object, suggesting that their preference is social in nature. Thus, outbred CD1 mice are 

as appropriate as inbred C57 mice for studying social behavior using either the single or the three-

chamber test using a specific acclimation paradigm.
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1. Introduction

Behavioral studies are commonly performed with strains of inbred versus outbred mice to 

reduce variability [1]. This is also thought to limit the number of animals to be used. 

However, examining the effects of genetic manipulations or drug treatments on behavior 

using inbred mice may be overestimated with respect to extrapolation of the results to 

humans because it does not account for inter-individual variability. Data obtained with 

inbred mice may thus need to be reproduced with outbred stocks. Alternatively, experiments 

may be carried out directly in outbred mice, such as commonly used CD1 mice. A major 

advantage of the outbred stocks is that they are excellent breeders and have large litters, 

which can accommodate several genotypes or treatments per litter (mean of 12 for CD1 [2]). 

In addition, some of the CD1 mouse behavior resemble that of wild mice [3], and they also 

have good visual acuity despite being albinos [4;5].

In this study, we set out to examine whether outbred CD1 mice are as suitable as C57BL/6J 

(C57) mice, a commonly used inbred strain, in social behavior testing. We focused our study 

on male mice to avoid variability related to the estrous cycle that would require additional 

accommodation with female mice[6–8]. Although the three-chamber sociability test has 

lately become the gold standard to examine social deficits in mice [9;10], a more classical 

single chamber task may be more sensitive in detecting social deficits (changes in social 

behavior) [11]. It is an overstatement to argue that these tests truly capture the range and 

nuance of the full spectrum of human social behavior, which includes a large spectrum of 

behavior and deficits that are common features in autism, schizophrenia, and depression. 

However, these tasks are the most accepted tests to examine impaired social interactions. In 

addition, the three-chamber sociability test allows for automatic analysis and quantification 

and thus removes personal biases compared to the one-chamber social interaction test. We 

found that CD1 mice display appropriate social behavior in the one-chamber and the three-

chamber socialization tests using a specific habituation paradigm, suggesting that outbred 

CD1 mice can be used to examine the impact of drug treatments or genetic manipulations on 

social interactions.

2. Methods

Animals

Research protocols were approved by the Yale University Institutional Animal Care and Use 

Committee and experiments were carried out in accordance with the approved guidelines. 

Experiments were performed on 4–5 weeks old (three-chamber) and 5–6 weeks old (free 

social interaction) male CD1 (Charles River Laboratories) and C57BL/6Ncrl (Charles River 

Laboratories) mice. Mice were weaned and housed in groups of 3–5 in standard vented-rack 

cages in a 12:12 hour light:dark cycle with food and water available ad libitum. Behavioral 

experiments were conducted in a dedicated procedure room. All mice were habituated to the 

test room for at least 1 hour prior to the start of behavioral tasks.

Hsieh et al. Page 2

Neurosci Lett. Author manuscript; available in PMC 2018 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Behavioral tests

Two cohorts of age-matched, sexually naïve juvenile mice were used for testing: one cohort 

for free social interaction in a one-chamber test and a second cohort for the three-chamber 

sociability test. Tests were conducted between the hours of 09:00 and 14:00 and, unless 

otherwise noted, the room was brightly lit with a modest and constant white background 

noise (60 dB). Investigators could not be blinded to the mouse strain due to the difference in 

coat colors, but the three-chamber sociability test was performed with ANY-maze video 

tracking software (Stoelting, Wood Dale, IL, USA) using an overhead video camera system 

to automate behavioral testing and provide unbiased data analyses. The one-chamber social 

interaction test requires manual scoring and was analyzed by an individual with no 

knowledge of the questions. All components of the behavioral apparatuses were wiped 

thoroughly with 1.5% NaClO followed by double distilled water between tests to disinfect 

and eliminate olfactory cues between mice.

One-chamber social interaction test—Each mouse (5–6 week-old) was individually 

acclimated in the same social arena (43 cm long x 22 cm wide x 21 cm tall) for 10 min while 

basal activity is being monitored. After each pair of non-littermate mice has been 

independently acclimated, they are placed together in the arena for 10 min. Mouse behavior 

was video-recorded with two high-definition IP cameras (MegaVideo AV2115DNAIv1, 

Arecont Vision, Glendale, CA, USA) at a 20 Hz acquisition rate. Cameras were mounted 

directly above as well as to the side the chamber, with a 30° angle, to obtain complete 

coverage of the mouse behavior. Videos were recorded using Blue Iris video security 

software full version and the behavior was viewed using VLC media player (freeware). 

Behavior was manually scored using the following criteria: nose-to-nose sniffing, following, 

body sniffing, and anogenital sniffing, and the following aggressive criteria: posturing, 

mounting, rough grooming, and fighting.

Three-chamber sociability test—4–5 week-old male mice were tested in a modified 

three-chambered social choice task as described previously [9;10]. The three-chambered 

apparatus consisted of an opaque rectangular plexiglass box (60 cm long x 44 cm wide x 40 

cm tall) divided into three compartments (44 cm long x 20 cm wide) by clear plexiglass 

walls with small, retractable entryways. Each side chamber contained an inverted wire cup 

(10.5 cm tall x 10.5 cm diameter bottom x 7.6 cm diameter top, 1 cm bar spacing). We used 

two 10 min-long phases of the task: (1) habituation and (2) socialization. During habituation, 

the test mouse was allowed to either explore the middle chamber only (version 1) or freely 

explore the entire apparatus, with the side chambers containing only empty cups (version 2). 

During socialization, a stranger mouse was placed under a cup in one side while the other 

remained empty and a test mouse was allowed to then freely explore the apparatus. To 

segregate social behavior from novelty seeking bias in the chamber preference using 

habituation version 2, we added a novel object of similar size and color to the stanger mouse 

in one of the chambers. To mitigate innate chamber bias in test mice, strangers are randomly 

introduced in either chamber in an alternating pattern. Activity in each chamber and in close 

proximity to either the mouse or cup (front 25% of the mouse <1 inch margin around the 

cup) was recorded. Socialization index was calculated as the time in the mouse chamber 

divided by total time in the mouse chamber and cup zone (15 cm diameter including the 
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cup). All stranger mice were non-littermate, age and strain-matched male mice that had been 

previously habituated to being under the cup.

Statistics

Analysis was performed on N indicating the number of animals. Data were presented in 

GraphPad Prism 6. Statistical significance was determined using paired Student t-test when 

comparing time spent in stranger versus empty chamber or cup, within a single strain. Two 

way ANOVA followed by Tukey post-test was used in two variable comparisons, such as 

time spent engaging in behavior or in chamber, between two strains of mice. Significance 

was set at P < 0.05 for significance. Data are presented as mean ± standard error of the mean 

(SEM).

Post-hoc power analysis—The observed effect size or Cohen’s d (see equation below), 

for the three-chamber sociability test was computed using the average time spent in the 

stranger versus the empty chamber and their respective standard deviation in the paired t-

test. Observed power was estimated using the following equations, Cohen’s d effect size, 

number of subjects, and target confidence level (P-value).

Cohen's d effect size for a t-test: 

Beta function: 

Gamma function: 

Lower incomplete beta function: 

Noncentral t-distribution cumulative distribution function:

Noncentral t-distribution noncentrality parameter: 

Regularized lower incomplete beta function: 

3. Results

The one-chamber social interaction test has classically been the test of choice for its 

simplicity and perhaps its sensitivity over other social tests [11]. We thus first compared the 

sociability of outbred CD1 mice to that of inbred C57 mice in the one-chamber test, where 

individuals are free to initiate and reciprocate interactions with the other animal in the arena 
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for 10 mins. 4 behaviors were classified as social interactions - nose to nose, anogenital, and 

body sniffing, and following - and 4 as aggressive interactions - posturing, mounting, rough 

grooming, and fighting (Fig. 1A). When considering social interactions, CD1 mice spent on 

average the same amount of time socializing in the same number of bouts as C57 mice did 

(CD1: 45.0 ± 9.1 sec in 30.3 ± 3.9 bouts of interactions, N=10 and C57: 43.2 ± 10.4 sec in 

30.4 ± 4.2 bouts, N=10, Fig. 1B and C). Consistent with previous reports ( [12] for review 

and references), CD1 mice spent on average more time engaged in aggressive behavior than 

C57 mice (CD1: 128.2 ± 22.0 sec in 25.4 ± 3.2 bouts, N=10; C57: 24.6 ± 16.1 sec in 4.1 

± 2.8 bouts, N=10, one-way ANOVA, P < 0.001, F(3,36)=9.12 (time) and P < 0.001, 

F(3,36)=12.17 (incidence), Fig. 1B and C). CD1 mice also spent more time engaged in 

aggressive than social behaviors (P < 0.001, Fig. 1B) but share similar incident rate between 

social and aggressive interactions (Fig. 1C). Among the different types of scored aggressive 

behaviors, posturing and fighting in CD1s stand out most significantly over C57 mice 

(posturing: P < 0.0001, fighting: P<0.05 by two-way ANOVA; Fig. 1D). Together, these data 

suggest that CD1s are as social as inbred strain of mice, but that aggressive behaviors need 

to be taken into account when designing the one-chamber social task or alternatively use 

another task, such as the three-chamber test of sociability.

To assess sociability without the confound from aggressive behaviors in CD1 mice, we used 

the three-chamber sociability task, which is now broadly used for testing mouse sociability 

[9;10]. The task consists of habituation and socialization. These phases are illustrated in an 

experimental schematic in Fig. 2A. There are two published variations of the test with 

different habituation regimens that work equally well in C57 animals [13–16]. The first 

version allows the subject animal to habituate only in the middle chamber without access to 

side chambers, while the second version allows the animal to freely explore all three 

chambers, including the empty cups, one of which would later hold a stranger animal.

Using the first version of the test, we found that C57 mice spent significantly more time in 

the chamber where the stranger mouse was kept compared to the chamber with an empty 

cup (N=15 mice, P<0.05, two way ANOVA, Fig. 2B), as previously published [13–16]. In 

addition, C57 mice spent more time in close proximity to the cup containing the stranger 

mouse (N=15 mice, P<0.05, two way ANOVA, Fig. 2C). However, CD1 mice spent equal 

amounts of time in the chamber with stranger 1 compared to the chamber with an empty cup 

(N=14 mice, Fig. 2B), suggesting that CD1 mice display a deficient social preference 

towards stranger mice compared to C57 mice using version one of the three-chamber social 

task. The lack of social preference prompted us to assess CD1 mice with the second 

habituation version of the task.

When given the chance to explore all three chambers and cups in the arena during the 

habituation phase, both CD1 and C57 mice showed similar track paths (Fig. 3A) and 

preference toward the stranger mouse (Fig. 3B and C). Both CD1 and C57 mice spent 

significantly more time in the chamber where the stranger mouse was kept than the chamber 

with an empty cup (N=15 mice for each group, P<0.01 for C57 and P<0.05 for CD1, two 

way ANOVA, Fig. 3B). Furthermore, both strains spent more time investigating the cup 

containing the stranger mouse than the empty cup (N=15 mice, P<0.01 for C57 and P<0.05 

for CD1, two way ANOVA, Fig. 3C). Thus, by using a different habituation protocol, CD1 

Hsieh et al. Page 5

Neurosci Lett. Author manuscript; available in PMC 2018 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mice showed a similar preference towards the stranger mouse compared to the object (empty 

cup) as C57 mice. Together, these data suggest that CD1s are as appropriate as C57s when 

using in the three-chamber sociability test with habituation to all three chambers.

Variability has always been a major concern in using outbred animals for behavior testing. 

While CD1s appear to share a similar variability to C57s in their preference in time spent in 

chamber with the stranger mouse, the significance levels of the two differ. To properly assess 

and compare the statistical powers of these two mouse strains, we performed a post-hoc 

effect size and power analysis on the three-chamber data acquired with habituation 2 (Fig. 

3D). The effect size (Cohen’s d) computed using average time an animal spent in each 

chamber and their respective standard deviations (C57s: stranger , SD=90.6, empty 

, SD=85.1; CD1s: stranger , SD=103.2, empty , SD=56.4) 

showed that C57 mice confer a greater Cohen’s d than CD1 mice (1.689 and 1.103, 

repectively). The observed power in our three-chamber study, estimated using effect and 

sample size (N=15), suggests that it is easier to achieve statistical significance at P<0.05 

with C57 than CD1 mice (83% and 47% power, respectively, Fig. 3D).

Using the habituation paradigm 2, CD1 may perceive the stranger mouse as a novel object 

considering that CD1 mice are innately curious. To test this hypothesis, we asked CD1 

animals to freely choose between a novel object similar in size, mass, and color as the 

stranger mouse (Fig. 3E) in a modified three-chamber sociability test. With habituation 2, 

CD1s spend more time in the chamber with the stranger mouse than in the chamber with the 

novel object (N=14, P<0.05, paired t-test, Fig. 3F-H), suggesting that the underlying nature 

of CD1’s preference of stranger over empty chamber is based on social preference, 

notnovelty.

4. Discussion

Our novel finding is that juvenile male outbred CD1 mice display similarly suitable 

behaviors as inbred C57 mice in the two social tests as long as a specific habituation 

pragrigm is used for one of the tests. Neverthtless, although both inbred and outbred strains 

achieved statistical significance with 15 animals, the inbred strain requires fewer animals 

than their outbred counterparts in the three-chamber sociability task based on the observed 

power.

Here we only used male C57 and CD1 mice. However, female mice display differences in 

their behavior, including social behavior, compared to male mice [17;18]. Considering that 

autism does not only affect male, it will be important to examine the social behavior of CD1 

females. This would, however, require careful accommodation of the estrous cycle on social 

behaviors since the it can affect mouse behavior in general[6–8]. We chose to use juvenile 

mice for several reasons. One reason is that several research groups perform genetic 

manipulations in embryonic mice using in utero electroporation and knockdown strategies 

that may only last 5–6 weeks after birth. A second reason is to reduce some of the financial 

burden of housing mice. A third reason is that with respect of autism and many psychiatric 

disorders, there is no need to study adult mice as autism or oher psychiatric disorders 

associated with social deficits manifess itself in infants or adolescents.
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Using a one-chamber social test, CD1 and C57 mice spent the same amount of time 

socializing. However, CD1 mice displayed more aggressive behavior than C57 mice. This 

provides a strong limitation in using this task for testing sociability. Nevertheless, it has been 

reported that castration can eliminate the aggressive behavior of CD1 mice and could be an 

option for using that social test [19].

Using the well-accepted three-chamber sociability task, we found that CD1 and C57 mice 

display differences in their social behavior. Following habituation to only the middle 

chamber, CD1 mice did not show social preference while C57 did. The lack of social 

preference using this habituation paradigm is unclear. Following habituation to all three 

chambers, both CD1 and C57 mice display similar social preference, however, reaching 

significance is easier with C57 than CD1 mice as expected for an inbred versus outbred 

strains. Because CD1 mice are curious by nature, we examined whether the stanger mouse 

would act as a novel object. We thus added a novel object in one side chamber and a stanger 

mouse in the other side chamber. Using this paradigm, CD1 mice still displayed preference 

to the stranger mouse as opposed to the novel object suggesting that their preference was 

social in nature.

In conclusion, our study reports that outbred CD1 mice are suitable for social testing using 

the one-chamber social test acknowledging the aggression limitation and the three-chamber 

sociability task using the habituation paradigm that invovles all three chambers. Considering 

that CD1 mice display a more representative variability as seen in the human population, we 

suggest that this stain of outbred mice be preferentially used for social testing when possible.
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Highlights

• Outbred CD1 mice are more aggressive than inbred C57BL/6J (C57) 

mice.

• CD1 mice are as appropriate as C57 mice for studying social behavior

• It is easier to achieve statistical significance with C57 than CD1 mice.
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Figure 1. CD1 and C57 spent equal amount of time in social behavior in the one-chamber social 
test, but spent more time in aggressive behaviors
(A) Snap-shots of the different aggressive and social behaviors. (B and C) Bar graphs of the 

time spent (B) and the frequency of interactions (incidence, C) in social (green) or 

aggressive (salmon) interactions for C57 (dark grey) and CD1 (light grey) mice. (D) Bar 

graphs of the time spent in each type of social and aggressive behavior for C57 and CD1 

mice. Bar: mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001 with one way ANOVA.
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Figure 2. CD1 and C57 mice differ in their sociability in the three-chamber social task following 
habituation only in the middle chamber
(A). Diagram of the three-chamber apparatus. (B and C) Using version 1 of the habituation 

protocol (only in middle chamber), bar graphs of the time spent in each side chamber (B) or 

in close proximity to the cup (C) containing a stranger mouse (dark) or being empty (light 

grey) for C57 and CD1 mice. *, P < 0.05, two way ANOVA, ns: not significant. Bar: mean ± 

SEM.
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Figure 3. CD1 and C57 mice display similar sociability in the three-chamber social task following 
habituation in all three chambers
(A) Track paths for CD1 and C57 mice using habituation version 2. (B and C) Bar graphs of 

the time spent in the chamber (B) or in close proximity of the cup (C) for C57 and CD1 mice 

using version 2 of the habituation protocol. **, P<0.01; *, P<0.05, two way ANOVA. (D) 
Graph of the observed power against the P value C57 and CD1 mice from data shown in B. 

(E) Photograph of a stanger mouse and the novel object used for the novelty test. (F) Track 

paths for CD1 mice using the three-chamber test with a novel object and a stanger CD1 
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mouse in the side chamber. (G and H) Bar graphs of the time spent in the chamber (G) or in 

close proximity of the cup (H) for CD1 mice. *, P<0.05, paired t-test. Bar: mean ± SEM.
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