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Abstract.
Background: Altered social behavior is one of the symptoms of Alzheimer’s disease (AD) that results in social withdrawal
and loneliness and provides a major burden on patients and their relatives. Furthermore, loneliness is associated with an
increased risk to develop AD and related dementias.
Objective: We aimed to investigate if altered social behavior is an early indicator of amyloid-� (A�) pathology in J20 mice,
and if co-housing with wild type (WT) mice can positively influence this social phenotype.
Methods: The social phenotype of group-housed mice was assessed using an automated behavioral scoring system for
longitudinal recordings. Female mice were housed in a same-genotype (4 J20 or WT mice per colony) or mixed-genotype (2
J20 mice + 2 WT mice) colony. At 10 weeks of age, their behavior was assessed for five consecutive days.
Results: J20 mice showed increased locomotor activity and social sniffing, and reduced social contact compared to WT
mice housed in same-genotype colonies. Mixed-genotype housing reduced the social sniffing duration of J20 mice, increased
social contact frequency of J20 mice, and increased nest hide by WT mice.
Conclusion: Thus, altered social behavior can be used as an early indicator of A�-pathology in female J20 mice. Additionally,
when co-housed with WT mice, their social sniffing phenotype is not expressed and their social contact phenotype is reduced.
Our findings highlight the presence of a social phenotype in the early stages of AD and indicate a role for social environment
variation in the expression of social behavior of WT and J20 mice.
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INTRODUCTION

Alzheimer’s disease (AD) is one of the most com-
mon forms of dementia, resulting in progressive loss
of cognitive functioning. No effective treatment is
available yet, but several environmental and lifestyle
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factors have been identified that may modulate the
risk and/or progression of the disease [1–3]. One
group of modifiable lifestyle factors associated with
AD risk and progression are social health factors (e.g.,
the frequency of social contact, social support, and
the feeling of loneliness) [4–7]. Balouch et al. showed
that with declining cognition, AD patients have fewer
close friends [4]. In addition, several epidemiolog-
ical studies have found loneliness to be associated
with an increased risk of AD and related dementia
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[5–7]. Likewise, social isolation of aged mice with
AD pathology promoted cognitive dysfunction and
AD-related pathology [8].

AD is, among others, characterized by extra-
cellular amyloid-� (A�) plaques and intracellular
neurofibrillary tau tangles in the brain, starting in
the medial temporal lobe after which it affects other
cortical and subcortical brain regions. Early detec-
tion of the disorder can improve disease management
and the quality of life of the patient and their fam-
ily. However, the slowly progressing pathology is
present years before any overt symptoms become
apparent. Besides problems in cognitive functions
including memory, attention, and orientation, patients
with dementia often experience behavioral and psy-
chological symptoms [9]. These include problems
with face recognition [10], emotion recognition [11],
apathy [12], and social functioning in everyday sit-
uations (e.g., initiating contact, expressing opinions)
[11]. Thus, aberrant social behavior is both a risk
factor and a symptom of AD.

In the current study, we aim to characterize the
early social deficits in a mouse model for AD
(J20 mice) [13] and to study the impact of the
social environment on the behavioral phenotype
of these mice. The social behavioral phenotype of
mice can be determined by examining the differ-
ences in overall social engagement, as reflected, for
example, by the time that mice exhibit social con-
tact. We hypothesized that J20 mice display altered
social behavior (e.g., reduced social engagement, as
reflected by reduced social contact and increased
leaving behavior) compared to wild-type (WT) mice
and that mixed-genotype housing affects the pheno-
type. Female mice were used in this study, because
AD is more common in females [14] and females
are more affected by stress [15], including social
stress [16]. J20 mice overexpress the human amy-
loid precursor protein (hAPP) carrying two familiar
AD mutations (Indiana and Swedish mutation) under
the control of the PDGF�-promotor. As a result, cog-
nitive decline has typically been detected from 4–5
months of age [17–19], and A� plaques are present
from the age of 5–7 months [18]. To date, little is
known about their behavioral phenotype at a younger
age (<3 months). Moreover, social behavior has not
been investigated in J20 mice yet.

Prior studies investigating social behavior in
mouse models for AD are limited. Yet, altered social
behavior has been observed in several different AD
mouse models. For example, Filali et al. (2011) found
reduced sociability of 6-month-old male APP-PS1

mice during the Three Chamber Task [20]. Watt et al.
(2020) observed reduced sociability in a model for tau
pathology (male Tau58/2 mice) [21]. Furthermore,
Pietropaolo et al. (2012) found altered social behav-
ior in 3-month-old female APP-PS1 and Tg2576 mice
[22]. However, these studies used a simple behavioral
task (i.e., Three Chamber Task) only studying limited
aspects of social behavior in artificial settings [20,
22]. In the current study, longitudinal behavioral mea-
surements were performed in group-housed young
(10-week-old) WT and J20 mice, using the Behav-
ioral Assessment RFID-Integrated Social Tracking
Arena (BARISTA) system [23, 24]. The BARISTA
system allows for automatic scoring of a wide range
of behaviors in detail for individual mice that are
group housed, using a combination of RFID data
and video tracking and an objective algorithm with
minimal interference of the researchers.

For the first time, an in-depth characterization of
the social phenotype of young (10-week-old) female
J20 mice was assessed in a time window prior to the
known onset of cognitive and AD brain pathology.
Here, we show that social deficits can be used as
an early indicator of A�PP pathology, and that the
social phenotype is affected by the composition of
the group.

MATERIALS AND METHODS

Animals

In-house-bred female J20 mice and their female
WT littermates (C57Bl6) were weaned at 3 weeks
of age and distributed over cages at 4 weeks of age
[13]. A power analysis based on a previous study
from Bove et al. using longitudinal social behavioral
recordings was performed to determine the required
number of animals, resulting in 8 cages per exper-
imental group [23]. Since J20 animals are at risk
of sudden premature death [19, 25, 26], extra cages
were included in the groups containing J20 mice.
Four breeding rounds were performed to obtain the
required number of animals, each resulting in two
experimental batches of four cages each. Within each
breeding round, each cage got a random cage number
(ColonyID), with cages 1–4 being batch 1 and cages
5–8 batch 2, etc. Cage distribution was stratified by
litter, age, and genotype to create same-genotype (4
WTsame mice or 4 J20same mice) and mixed-genotype
cages (2 J20mix mice co-housed with 2 WTmix) of
age-matched mice from different litters. Each group
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Fig. 1. The BARISTA system with bedding on top of the RFID plate (black plate at the bottom). A) The BARISTA with the translucent
cover on top of the arena. The white and infrared LED strips (red arrowheads) attached along the sides of the cover ensure equal illumination
of the open space. Four smaller nest boxes and one bigger nest box are shown at the bottom of the picture. B) The BARISTA without the lid,
showing the entrances of the nest boxes at the top of the picture and the food hoppers on the left side and the water bottles on the right side.

of mice in a cage is referred to as a colony, and
each colony consists of four mice. Mice remained
in the same colony during the entire experiment. Due
to the sudden early death of J20 mice, one J20same
cage and 4 mixed-genotype cages were excluded
before the start of the experiment. Technical prob-
lems during the recording of the experiment (sudden
shutdown of the recording computer and missing
RFID data due to an unknown hardware problem)
led to the exclusion of one WTsame colony, leaving
n = 7 cages WTsame, n = 11 cages with J20same, and
n = 8 cages with mixed-genotypes for data analysis.
Mice were housed in Makrolon type III cages with
bedding (Aspen), shredded cardboard nesting mate-
rial, a cardboard tube, and food and water available
ad libitum. Mice were maintained under a 12:12-
h light/dark cycle with lights off at 12:00 (during
winter time) or 13:00 (during daylight saving time),
with controlled temperature (21 ± 2◦C) and humid-
ity (55 ± 10%). All animal handling was conducted
while wearing gloves. All animal procedures were in
accordance with the Ethical Committee of the Uni-
versity of Groningen and were in accordance with the
ARRIVE guidelines.

The genotype was determined by PCR analysis of
DNA extracted from ear clips at the age of 3 weeks
(internal control forward primer oIMR8744 5’-CA
AATGTTGCTTGTCTGGTG, internal control
reverse primer oIMR8745 5’- GTCAGTCGAGTG
CACAGTTT, transgene forward primer oIMR
2044 5’-GGTGAGTTTGTAAGTGATGCC, oIMR
2045 transgene reverse primer 5’-TCTTCTTCTT
CCACCTCAGC). The genotype was reconfirmed
using the same method on new ear clip material

after terminating the animals at the end of the
experiment.

RFID chip implantation

In order to track and identify the mice
in the BARISTA, a sterile and ISO-compliant
(ISO11784/85 FDX-B) Radio Frequency Identifica-
tion (RFID) chip (12 mm long, 2.12 mm diameter)
was implanted in the dorsal/caudal flank of each
mouse [27]. At 9 weeks of age, mice were shortly
anesthetized by isoflurane and the skin around the
implantation site was cleaned with chlorhexidine
alcohol. By using a specialized syringe with a hollow
needle, the RFID chip was injected subcutaneously
right under the median of the dorsal/caudal part of
the mouse.

Social behavior assessment

Social behavior was assessed using the Behav-
ioral Automated RFID-Integrated Social Tracking
Arena (BARISTA), which consisted of an open arena
(60 × 80 cm, 50 cm high walls) with 4 small nest-
ing boxes (7 × 7 × 7 cm) and one bigger nesting box
(10 × 10 × 10 cm) (Fig. 1) [24]. The nest boxes were
made of opaque PVC and were connected to the open
arena via short tunnels (Ø 4 × 7 cm). The open arena
was covered with a translucent Perspex cover. White
and red LEDs were attached to all sides of the cover
to ensure equal illumination of the open arena. Light
conditions were matched to that of the regular hous-
ing room. Two food hoppers and two water bottles
are placed on the sides of the open arena to provide
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Table 1
Detector settings of Social Scan used for automated behavioral recognition

Social contact

Distance between center-point of mice <2 cm
Approach

Distance between mice <100 cm
Moving direction (angle) of mouse 1 <45◦
Distance traveled by mouse 1 towards mouse 2 >7 cm
Velocity of mouse 1 >4 cm/s

Leave
Distance between mice <100 cm
Moving direction (angle) of mouse 1 <45◦
Distance to be traveled by mouse 1 away from mouse 2 >14 cm
Velocity of mouse 1 >4 cm/s

Follow
Distance between mice <30 cm
Moving direction (angle) of mouse 1 <45◦
Moving direction (angle) of mouse 2 >90◦
Distance to be traveled by mouse 1 and mouse 2 >7 cm
Velocity of mice >4 cm/s

Social sniffing
Distance between mice <3.5 cm
Minimum duration 0.33 s

Social contact refers to the physical contact of a mouse with one or more other mice.
Approach, leave, and follow behaviors are measured based on movement of one mouse
towards or away from another mouse. Social sniffing includes all sniffing of another
animal at any location of the body. All these behaviors were only measured in the arena
and not in the nest boxes.

ad libitum access to food and water during the exper-
iment. The arena, including the cover and nest boxes,
was custom-made at Boehringer Ingelheim according
to the design of Peleh et al. [24]. The floor of the open
arena was covered with bedding (Aspen). A cam-
era (Basler acA1300-60gmNIR GigE monochrome
camera) with an IR pass filter (850 nm) was mounted
above the BARISTA to record the behavior. The arena
was placed on top of an RFID detection plate contain-
ing 24 RFID coils to register RFID chips, allowing
identification of the animals. Behaviors in the open
arena were automatically assessed with Social Scan
(CleverSys Inc., Reston, VA, USA) (Table 1) based
on the RFID-supported video tracking, resulting in
unbiased and consistent scoring of behaviors. Four
BARISTA set-ups were located in the experimental
room (60–90 cm apart from each other) and were
used simultaneously. The testing order was based
on experimental batch order, starting with batch 1.
When the mice were 10 weeks old, each colony was
housed and recorded in a BARISTA arena for five
consecutive days. Mice were left undisturbed, except
for short daily welfare and room checks during the
second half of the light phase. The recording was
started at the first hour of the dark phase and mice are
placed in the BARISTA around 15 minutes before.
After 120 hours of recording, mice were taken out of

the BARISTA and placed back in their original home
cage.

Considering the fact that social behavior depends
on activity and J20 mice display hyperactivity [18,
19, 28], we started with determining which social
behavioral read-outs depend less on motor activity
levels. From this analysis, we determined that social
contact duration, social sniffing duration, and nest
hide duration are less dependent on motor activity
levels and, therefore, constitute our main read-outs
for social behavior (Supplementary Figure 1).

Data analysis

The first 24 hours of the recording were consid-
ered a habituation period and were therefore excluded
from the analyses. All the analyses were performed
on data from the habitual activity phase of this noc-
turnal species (dark phase) from days 2–5 (following
adaptation to the novel environment).

For the behavioral read-outs (distance moved,
social contact, social sniffing duration, and nest hide
duration), the total time spent on these behaviors was
calculated per hour for each mouse. The mean cumu-
lative duration with SEM of the different behaviors
of each animal was plotted per hour using R Studio
[29] and the ggplot2 package [30].
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In order to determine the effect of genotype and
group composition on behavior, the mean total time
spent on each behavior per active phase was used
for the analysis. This data was analyzed using Lin-
ear mixed-effect Modeling with the lmerTest package
for R [31]. The models were built based on the
hypothesis and experimental design and the assump-
tions were checked. First, the effect of genotype was
assessed in the same-genotype colonies. Genotype
and time (active phase 2–5) were included in the
model as fixed effects. The time mice spent in the
arena (ArenaTime) and distance moved (Distance-
Moved) covariates were added to the model if this led
to a significant improvement of the model. ColonyID
and MouseID were included as random effects
with MouseID nested within ColonyID. Different
behavioral measures were entered as the dependent
variable. Distance moved, social contact (duration
and frequency), and sniffing were log-transformed
to approach a normal distribution. The specifications
for model 1 were as follows:

DistanceMoved ∼ Genotype + Time + ArenaTime
+ (1|ColonyID/MouseID)

SocialContact Duration ∼ Genotype + Time +
ArenaTime + DistanceMoved + (1|ColonyID/
MouseID)

SocialContact Frequency ∼ Genotype + Time +
ArenaTime + DistanceMoved + (1|ColonyID/
MouseID)

SocialSniffing ∼ Genotype + Time + ArenaTime
+ DistanceMoved + (1|ColonyID/MouseID)

NestHide ∼ Genotype + Time + (1|ColonyID/
MouseID)

Second, the effect of the group composition on the
genotype was assessed, by examining the interaction
between genotype and group composition (same-
genotype or mixed-genotype colony) using model 2:

DistanceMoved ∼ Genotype*GroupComposition
+ Time + ArenaTime + (1|ColonyID/MouseID)

SocialContact Duration ∼ Genotype*Group
Composition + Time + ArenaTime + DistanceMoved
+ (1|ColonyID/MouseID)

SocialContact Frequency ∼ Genotype*Group
Composition + Time + ArenaTime + DistanceMoved
+ (1|ColonyID/MouseID)

SocialSniffing ∼ Genotype*GroupComposition +
Time + ArenaTime + DistanceMoved + (1|ColonyID/
MouseID)

NestHide ∼ Genotype*GroupComposition + Time
+ (1|ColonyID/MouseID)

For both models, treatment contrasts were
applied to non-ordered variables (i.e., Genotype and
GroupComposition) with ‘WT’ and ‘same-genotype
housing’ being the control conditions. Polynomial
contrast was applied to ordered variables (i.e., Time).
Type-III ANOVA with Satterthwaite’s method was
used to generate p-values for mixed models, to test the
significance of the fixed effects and their interaction.
Post-hoc pairwise comparisons were performed on
model 2 using Tukey correction for multiple testing.

The median bout duration of social contact in
same-genotype colonies was calculated per colony
using the data from the active period of day 2–5.
The mean median bout duration of social contact
was compared between WT and J20 mice colonies
using Type-III ANOVA with Satterthwaite’s method
on a linear mixed effect model: medianSocialContact
Genotype + Time + (1|ColonyID).

For social sniffing, the duration of a different-
genotype social sniffing (a WT mouse sniffing a J20
mouse, or vice versa) relative to a same-genotype
social sniffing (a WT mouse sniffing a WT mouse,
or a J20 mouse sniffing a J20 mouse) was calculated
for each dark phase (dark phase 2–5), consider-
ing the 4x higher occurrence of different-genotype
interaction compared to same-genotype interaction
by dividing those values by 4. The social sniffing
within and between genotypes were statistically ana-
lyzed using a two-sided Wilcoxon signed-rank test,
by comparing the same-genotype social sniffing with
different-genotype social sniffing for each dark phase
separately.

RESULTS

Increased locomotor activity in J20 mice

Behavioral read-outs can be affected by the motor
activity levels of an animal, as many behaviors require
movement. From our data, the distance moved was
used as a proxy for an animal’s locomotor activ-
ity. It is well established from previous research
that J20 mice, irrespective of their genetic back-
ground, display hyperactivity [18, 19, 28]. Our data
showed that 10-week-old J20 mice display signif-
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Fig. 2. Social behavior of mice from same-genotype colonies. A–E) Longitudinal recording of social behaviors in same-genotype colonies.
The mean cumulative duration/frequency of the behavior per mouse is plotted over time. Error bands represent the standard error of the mean.
The black and white bars at the x-axis represent dark- and light phase, respectively. J20same mice display increased distance moved, reduced
social contact duration and frequency, and increased social sniffing compared to WTsame mice. For the results of the statistical analyses, see
Tables 2 and 3. F) A boxplot of the mean median bout duration of social contact in same-genotype colonies during the analyzed time frames
(dark phase 2–5). The mean median bout duration of social contact per dark phase in same-genotype colonies.

icantly elevated activity levels compared to WT
mice (� = 0.499, 95% CI[0.301, 0.697], p < 0.0001)
(Fig. 2A and Tables 2 and 3). Therefore, we started
by examining how the social behavior read-outs cor-
related with distance moved by creating a correlation
matrix (Supplementary Figure 1). From this matrix, it
became apparent that most behavioral read-outs have
a strong positive correlation with distance moved,
which hardens disentangling social behavioral dif-
ferences between animals when their activity level
differs. However, social contact, sniffing, and nest
hide are less dependent on distance moved and are
therefore considered the most direct measures of

social behavior in the J20 mouse model. The remain-
ing social behaviors are plotted in Supplementary
Figure 2 (same-genotype colonies) and Supplemen-
tary Figure 3 (mixed-genotype colonies).

An early social phenotype in J20same mice

Already at 10 weeks of age, J20same mice showed
different social behavior compared to WTsame mice
(Fig. 2B–F & Table 2: model 1). Social contact
duration (� = –0.5299, 95% CI[–0.7054, –0.3543],
p < 0.0001, Fig. 2C) and frequency (� = –0.4493,
95% CI[–0.6357, –0.2624], p = 0.0003, Fig. 2D)
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Table 2
Model output of the effect of genotype and the interaction effect of genotype and group composition on behavior

Distance moved
� Estimate 95% CI F p

Factors lower upper

model 1 Genotype (J20) 0.49890 0.30091 0.69670 24.1570 <0.0001∗∗∗
model 2 Genotype (J20) 0.23510 0.09683 0.37333 37.2710 <0.0001∗∗∗

Group composition (mixed) –0.05001 –0.23942 0.13940 0.8758 0.35954
Interaction: Genotype * Group composition –0.2580 –0.03029 –0.48578 4.6801 0.03561∗

Social contact duration
� Estimate 95% CI F p

lower upper
model 1 Genotype (J20) –0.52990 –0.705456 –0.354390 34.6060 <0.0001∗∗∗
model 2 Genotype (J20) –0.08300 –0.146863 –0.005228 28.3926 <0.0001∗∗∗

Group composition (mixed) 0.18900 –0.020558 0.393048 0.2472 0.62398
Interaction: Genotype * Group composition –0.47780 –0.691569 –0.246690 16.1957 0.00042∗∗∗

Social contact frequency
� Estimate 95% CI F p

lower upper
model 1 Genotype (J20) –0.44930 –0.635661 –0.262450 22.005 0.00028∗∗∗
model 2 Genotype (J20) –0.11710 –0.182626 –0.052331 32.2837 <0.0001∗∗∗

Group composition (mixed) 0.27240 0.105541 0.439057 2.2407 0.14862
Interaction: Genotype * Group composition –0.31130 –0.492493 –0.129815 10.7211 0.00279∗∗

Social sniffing
� Estimate 95% CI F p

lower upper
model 1 Genotype (J20) 0.40210 0.135306 0.663733 8.6962 0.000419∗∗∗
model 2 Genotype (J20) 0.02783 –0.123502 0.179021 8.7999 0.004686∗∗

Group composition (mixed) –0.38430 –0.595878 –0.172801 5.1143 0.033877∗
Interaction: Genotype * Group composition –0.34070 –0.593880 –0.087600 6.6023 0.01345∗

Nest Hide
� Estimate 95% CI F p

lower upper
model 1 Genotype (J20) 182.19 –149.499 513.876 1.1430 0.301
model 2 Genotype (J20) 37.17 –72.028 146.337 1.1521 0.2281

Group composition (mixed) 344.76 28.347 661.176 7.9251 0.01008∗
Interaction: Genotype * Group composition 145.85 –194.854 486.538 0.6680 0.421

The table shows the regression coefficients (� estimate) and 95% Confidence Interval (CI) from the model, and the F-value and p-value of
the ANOVA test. Stars indicate the significance levels of the p-values (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001). All estimates and CIs are on log
scale, except the estimates of Nest Hide.

were significantly reduced in J20same mice. Fur-
ther analyses revealed that the median bout duration
of social contact was higher in WTsame colonies
compared to J20same colonies (� = –0.4415, 95%
CI[–0.643082, –0.236461], p < 0.001, Fig. 2F). Fur-
thermore, sniffing duration was elevated in J20same
mice compared to WTsame mice (� = 0.4021, 95%
CI[0.1353 – 0.6637], p = 0.0004, Fig. 2E). WTsame
and J20same mice spent similar amounts of time in
the open arena, as nest hide did not differ significantly
between these groups (F = 1.143, p = 0.301).

Group composition variation altered individual
social behavioral phenotypes

To investigate the effect of the social environment
(i.e., group composition) on the social phenotype of

J20 mice, social behavior of mice in mixed-genotype
colonies was assessed and compared with behavior
of mice from same-genotype colonies (Fig. 3A–E &
Table 2: model 2 & Table 3).

Social contact duration was affected by geno-
type (main effect Genotype[J20]: � = –0.0830, 95%
CI[–0.1469, –0.0052], p < 0.0001) and this effect
depended on group composition (interaction effect:
� = –0.4778, 95% CI[–0.6916, –0.2467, p = 0.0004)
(Fig. 3C). Post-hoc comparison showed that social
contact duration was lower in J20 mice compared
to WT mice in same-genotype colonies (post-
hoc Tukey: p < 0.0001), but not in mixed-genotype
colonies (post-hoc Tukey: p = 0.147). Social con-
tact frequency was affected by genotype (main
effect Genotype[J20] � = –0.1171, 95% CI[–0.1826,
–0.0523], p < 0.0001) and this effect depended on
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Table 3
Results of the post-hoc comparisons of model 2 with Tukey correction

Distance moved
Estimate SE p

J20mix - WTmix 0.235 0.0701 0.0044∗∗
J20mix - J20same –0.05 0.0993 0.9582
WTmix - WTsame 0.208 0.1073 0.2117
J20same - WTsame 0.493 0.0965 <0.0001∗∗∗

Social contact duration
Estimate SE p

J20mix - WTmix –0.0761 0.0359 0.147
J20mix - J20same 0.1863 0.1083 0.3129
WTmix - WTsame –0.2828 0.118 0.0776
J20same - WTsame –0.5452 0.1109 <0.0001∗∗∗

Social contact frequency
Estimate SE p

J20mix - WTmix –0.1171 0.033 0.0022∗∗
J20mix - J20same 0.2724 0.0873 0.0098∗∗
WTmix - WTsame –0.0389 0.0951 0.9769
J20same - WTsame –0.4283 0.0896 <0.0001∗∗∗

Social sniffing
Estimate SE p

J20mix - WTmix 0.0278 0.0767 0.9837
J20mix - J20same –0.3843 0.1109 0.003∗∗
WTmix - WTsame –0.0436 0.12 0.9836
J20same - WTsame 0.3686 0.1088 0.0039∗∗

Nest Hide
Estimate SE p

J20mix - WTmix 37.2 55.3 0.9078
J20mix - J20same 344.8 165.6 0.1592
WTmix - WTsame 490.6 180.3 0.033∗
J20same - WTsame 183 169.7 0.7028

All estimates and standard errors (SE) are on log scale, except the estimates of Nest Hide. Stars
indicate the significance levels of the p-values (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001).

group composition (interaction effect: � = –0.3113,
95% CI[–0.4925, –0.1298], p = 0.0028) (Figs. 2D and
3D). The frequency of social contact was lower in
J20 mice compared to WT mice in both group com-
positions (post-hoc Tukey J20same versus WTsame,
p < 0.0001; J20mix versus WTmix, p = 0.002). Group
composition did not affect social contact duration of
J20 mice (post-hoc Tukey: p = 0.313), while social
contact frequency levels were elevated in J20mix
mice compared to J20same mice (post-hoc Tukey:
p = 0.0098).

Social sniffing duration was also affected by geno-
type (main effect Genotype[J20]: � = 0.0278, 95%
CI[–0.1235, 0.1790], p = 0.0047) and group com-
position (main effect Group composition[mixed]:
� = –0.3843, 95% CI[–0.5959, –0.1728], p = 0.034)
(Fig. 3E). Furthermore, an interaction effect between
genotype and group composition on sniffing duration
was found (� = –0.341, 95% CI[–0.5939, –0.0876],
p = 0.013). While J20same mice spent more time on
social sniffing compared to WTsame mice, this geno-

type effect was absent in the mixed-genotype colonies
(post-hoc Tukey: p = 0.984). J20mix mice spent less
time on social sniffing compared to J20same mice
(post-hoc Tukey: p = 0.003). The group composition
did not affect the social sniffing duration of WT mice
(post-hoc Tukey WTsame vs WTmix, p = 0.984).

Distance moved was affected by genotype (main
effect Genotype[J20]: � = 0.2351, 95% CI[0.0968,
0.3733], p < 0.0001) and this effect was modulated by
group composition (interaction effect: � = –0.2580,
95% CI[0.0303, 4.6801], p = 0.036). J20 mice dis-
played higher distance moved compared to WT
mice in same-genotype colonies (Fig. 2A, post-
hoc Tukey: p < 0.0001) and mixed-genotype colonies
(Fig. 3A, post-hoc Tukey: p = 0.004). Group com-
position did not affect the distance moved of J20
mice (post-hoc Tukey: p = 0.953) or WT mice
(post-hoc Tukey: p = 0.212). Time spent in the
nest boxes was influenced by group composition
(main effect group composition[mixed-genotype]:
� = 344.76, 95% CI[28.347–661,176], p = 0.010)
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Fig. 3. Social behavior of mice from mixed-genotype colonies A–E) Longitudinal recording of social behaviors in mixed-genotype colonies.
The mean cumulative duration/frequency of the behavior per mouse is plotted over time. Error bands represent the standard error of the
mean. The black and white bars at the x-axis represent dark- and light phase, respectively. J20mix mice display increased distance moved
a reduced social contact frequency compared to WTmix mice. For the results of the statistical analyses, see Tables 2 and 3. F) The mean
median bout duration of social contact between two J20 mice (orange), a WT and a J20 animal (turquoise), and two WT mice (blue) within
each colony. G) The relative duration of sniffing a mouse of the same genotype (J20 in orange, WT in blue) compared to the duration of
sniffing a mouse of a different genotype (dashed line). In none of the dark phases, the relative same-genotype sniffing was statistically higher
or lower compared to different-genotype sniffing.
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Fig. 4. Visual summary of the results. In contrast to WTsame mice, the J20 phenotype encompasses increased distance moved, reduced social
contact duration and frequency, and increased social sniffing duration. Mixed-genotype housing increased nest hide of WT mice, increased
the social contact frequency of J20 mice and reduced the social sniffing phenotype of J20 mice to a level that their sniffing duration is lower
compared to J20same mice and similar to that of WTmix mice.

(Figs. 2B and 3B). Mixed-genotype housing resulted
in increased nest hide duration of WTmix mice com-
pared to WTsame mice (post-hoc Tukey: p = 0.033).
All statistical outcomes are stated in Tables 2 and 3
and a visual summary of the results is displayed in
Fig. 4.

Social interaction within mixed-genotype
colonies

Additionally, we examined within the mixed-
genotype colonies whether social interactions (social
contact or social sniffing) between mice of the
same genotype differed from that of interactions
with a mouse of a different genotype (Fig. 3F).
Social contact bout duration was significantly higher
between two WT mice, compared to the inter-
action between a WT and J20 mouse (p = 0.035)
or two J20 mice (p = 0.008). Furthermore, no dif-

ference in the relative occurrence of sniffing a
same-genotype mouse or different-genotype mouse
was found (Fig. 3G).

DISCUSSION

In this study, we show that 10-week-old female
hA�PP-transgenic J20 mice display a distinct social
phenotype compared to WT mice and that the compo-
sition of the social group affects the social behavior
of both J20 and WT mice (see also findings summary;
Fig. 4). This was achieved by performing longitudi-
nal behavioral recordings with the BARISTA system,
allowing automated and objective scoring of multiple
behavioral measures.

Aberrant social behavior is an early behavioral
phenotype in female J20 mice. The lower total time
spent in social contact, frequency of social contact,
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and lower median bout duration of social contact
of J20same mice compared to WTsame mice indi-
cates reduced sociability of J20same mice. Besides the
genotype differences in social contact when looking
at the 4-day period, we observed an effect of day. An
increase in social contact duration and frequency of
both WT and J20 mice in same- and mixed-genotype
colonies over the course of the 5 days of recording
was observed, which was not present in the other
read-outs. Possibly, habituation to the BARISTA
environment plays a role in this phenomenon, result-
ing in increased cuddling in the open arena compared
to the nest boxes.

Another proxy for sociability is social sniffing [32],
yet, J20same mice spent more time on social sniffing
compared to WTsame mice, which seems to contradict
the finding of reduced sociability based on reduced
social contact. Possibly, sniffing was increased as a
consequence of an altered cellular composition and
neurogenic activity in the olfactory bulb of J20 mice
[33]. Reduced olfactory functioning is an early hall-
mark of AD and has also been detected in many AD
mouse models [34], which is likely associated with
hAPP overexpression [33, 35]. The increased sniffing
time could thus be an indirect effect of lower smell
detection capacity or diminished olfactory memory
and may not directly reflect sociability.

The observed differences in social behavior of J20
mice compared to WT mice indicate that altered
social behavior is an early indicator of hAPP-
pathology, but the contribution of A� to this early
phenotype is unknown. While A� plaques start to
form by the age of 5–7 months [18], hAPP is over-
expressed from birth in the J20 mouse line [17–19].
Despite the correlation of protein depositions with
brain alterations in AD, accumulating evidence points
to soluble A� (sA�) oligomeric aggregates rather
than the insoluble depositions as the primary cause
of dementia-related brain pathology [36, 37]. Inter-
estingly, Mondragón-Rodríguez et al. (2018) did not
detect sA� in 30-day-old J20 mice, but did detect
increased levels of intracellular �-C-terminal frag-
ment (�-CTF), an early product of amyloidogenic
cleavage of hAPP by �-secretase [38]. Concur-
rently, these mice displayed network alterations in
the CA1/subiculum. In line with those observations,
other studies describe a role of this protein in the
pathogenesis of AD, irrespective of A� levels [39,
40]. �-CTF levels were found to be elevated in J20
mice until the age of 120 days [38], and may thus have
been elevated in the mice of our experiments as well,
possibly underlying the observed early phenotype.

The behavioral phenotype of young (<3 months
old) J20 mice has not been studied extensively. There-
fore, it remains to be determined how the observed
alterations in social behavior relate to the cognitive
deficits. While most studies perform cognitive tests
in J20 mice of >4 months of age [17–19], one study
found impaired memory in the novel object recog-
nition task in 2-3-month-old male J20 mice [28].
Given the substantial structural and functional over-
lap between the social and cognitive domain [41],
it is expected that social and cognitive deficits arise
conjointly. Indeed, many neurological and neuropsy-
chiatric disorders, including AD, present with social
and cognitive deficits [11, 42, 43]. To what extent
the functional consequences in each domain are
detectable may depend on the severity of the affected
brain region(s) and the assessment tools applied.

At this stage, we can only speculate on the causes
of the social phenotype changes as a function of group
composition variation. Of note is that the mixed-
genotype housing has behavioral consequences for
both WT and J20 mice and that these consequences
differ per genotype. Mixed-genotype housing alters
nest hiding behavior in the WT mice, while it mod-
ulates the original J20 genotype effect on social
contact frequency and social sniffing. We can think
of several causes for a change in social dynamics in
mixed-genotype colonies. First, the increased loco-
motor activity of J20 mice may affect WT mice in
such a way that WT mice hide more when being
housed with J20 mice due to, for example, increased
anxiety behavior. Kulesskayo et al. (2014) found
that female C57Bl/6 mice experienced more stress
from co-housing with DBA/2 mice compared to the
DBA/2 mice [44]. Second, a different social hierar-
chy may exist in mixed-genotype colonies compared
to same-genotype colonies. Likewise, Bodden et al.
(2020) showed that female C57Bl/6 mice displayed
more social avoidance and agonistic behaviors when
co-housed with DBA/2 mice, and more sociabil-
ity towards peers of their own strain [45]. Third,
the exposure to a more diverse social environment
(social enrichment) may stimulate (olfactory) neu-
rogenesis, which could underlie the absence of the
social sniffing phenotype in J20mix mice. Lastly, the
microbiome may play a role in changing behav-
ior in mixed-genotype colonies (for review, see:
[46, 47]). Microbiota exchange can occur through
coprophagy and grooming behavior. Furthermore, an
altered microbiome profile has been observed in AD
patients and APP/PS-1 mice [48, 49]. Interestingly,
specific alterations of the microbiome of Cntnap2–/–
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mice, a model for neurodevelopmental disorders,
could partially rescue their social deficits [50].

Improved sociability in mixed-housing conditions
has also been described for BTBR mice (a mouse
strain often studied in the context of autism) when
housed with C57Bl/6 mice [51]. Moreover, Hsiao et
al. [52] found that co-housing APP/PS-1 mice with
WT mice for 3 months could rescue cognitive decline
[52]. Follow-up studies are required to elucidate the
mechanism underlying changed behavior in mixed-
genotype colonies. Taken together, housing J20 mice
with WT mice seemed to contribute to the normaliza-
tion of social engagement to WT levels both for social
contact frequency and social sniffing, and modulation
of the social environment may constitute an inter-
esting intervention approach to improve behavioral
functioning.

Limitations

Of note is that all behaviors were only measured
in the open arena of the BARISTA, but not in the
nest boxes as their insides are invisible to the camera.
Nest hide during the active phase may be an indica-
tion of the level of anxiety and/or social withdrawal.
Unfortunately, the current BARISTA set-up does not
allow discrimination between social and solitary nest
hide. Therefore, the nest hide data could not be used
to assess social withdrawal. Furthermore, our study
was performed in only one gender, which limits
the translatability of the current results. Repeating
this experiment in male mice will provide additional
insights into the general relationship between social
functioning and AD-pathology.

Implications and conclusion

Successful treatment of AD requires early diag-
nosis and intervention. Our data showed that altered
social behavior is an early indicator of hAPP-
pathology in female J20 mice. Alterations in social
behavior have also been described in AD patients,
therefore, the presence of a social phenotype in J20
mice adds value to this mouse model. How this social
phenotype relates to the AD pathophysiology and
cognitive deficits in humans, remains to be inves-
tigated. Yet, a greater focus on social behavioral
changes of an individual may contribute to early diag-
nosis and a more accurate prognosis [53]. Moreover,
we have shown that the social environment can mod-
ulate the behavioral phenotype of both WT and J20
mice during an early stage of the pathology. This

strengthens the perspective for research modulating
the social environment of AD patients as a possible
intervention. Yet, ‘social environment’ is a broad term
and further research is required in order to define the
meaning of this concept for both humans and mice,
separately. After all, the social interaction and orga-
nization of humans differ from that of mice. Next,
knowledge of the mode of action underlying the inter-
action between the social environment and the social
phenotype is required in order to extrapolate results
from social environments of mice to humans.
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[45] Bodden C, Wewer M, Kästner N, Palme R, Kaiser S, Sachser
N, Richter SH (2021) Not all mice are alike: Mixed-strain
housing alters social behaviour. Physiol Behav 228, 113220.

[46] Sherwin E, Bordenstein SR, Quinn JL, Dinan TG, Cryan
JF (2019) Microbiota and the social brain. Science 366,
eaar2016.

[47] Vuong HE, Yano JM, Fung TC, Hsiao EY (2017) The micro-
biome and host behavior. Annu Rev Neurosci 40, 21-49.

[48] Varesi A, Pierella E, Romeo M, Piccini GB, Alfano C,
Bjørklund G, Oppong A, Ricevuti G, Esposito C, Chirum-
bolo S, Pascale A (2022) The potential role of gut microbiota
in Alzheimer’s disease: From diagnosis to treatment. Nutri-
ents 14, 668.
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(2021) Neuropsychiatric profile as a predictor of cognitive
decline in mild cognitive impairment. Front Aging Neurosci
13, 718949.


