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Abstract

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by social
communication deficits and other behavioral abnormalities. The three-chamber social preference
test is often used to assess social deficits in mouse models of ASD. However, varying and often
contradicting phenotypic descriptions of ASD mouse models can be found in the scientific
literature, and the substantial variability in the methods used by researchers to assess social deficits
in mice could be a contributing factor. Here we describe a standardized three-chamber social
preference protocol, which is sensitive and reliable at detecting social preference deficits in several
mouse models of ASD. This protocol comprises three phases that can all be completed within one
day. The test mouse is first habituated to the apparatus containing two empty cups in the side
chambers, followed by the pre-test phase in which the mouse can interact with two identical
inanimate objects placed in the cups. During the test phase, the mouse is allowed to interact with a
social stimulus (an unfamiliar wild-type mouse) contained in one cup, and a novel non-social
stimulus contained in the other cup. The protocol is thus designed to assess preference between
social and non-social stimuli under conditions of equal salience. The broad implementation of the
3-chamber social preference protocol presented here should improve the accuracy and consistency
of assessments for social preference deficits associated with ASD and other psychiatric disorders.

EDITORIAL SUMMARY

A standardized three-chamber social preference protocol, which is sensitive and reliable at
detecting social preference deficits in several mouse models of autism spectrum disorder, is
described.
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INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by reduced
or impaired social interaction, repetitive behaviors and/or restricted interests. ASD has been
linked to a broad range of etiologies; >50% of ASD cases are thought to be caused by
genetic variation!, and genetic screenings have led to the identification and implication of
numerous high-risk genes in ASD pathogenesis2. Transgenic mouse models carrying
mutations in high-risk ASD genes or genetic loci, such as Shank3-deficiencies3# or 16p11.2
copy number variations (CNVs; i.e. deletion/duplication)®®, display ASD-related behavioral
phenotypes’11, and represent powerful tools for elucidating neurobiological mechanisms
that drive ASD pathogenesis.

Behavioral assays sensitive to social deficits are necessary for phenotypic verification of
ASD models and for evaluation of therapeutic intervention strategies. The three-chamber
social preference test, which assesses the animal’s preference for a social stimulus over a
non-social stimulus, is one of the most commonly used methods for evaluating sociability in
mouse models of ASD2. However, numerous modifications have been made to this assay
since it was initially described, resulting in an array of separate and distinct protocols across
the ASD literature with dispersed usage®13-23, The variety of testing methods has
contributed to discrepancies between studies in the phenotypic descriptions of several ASD
mouse models, with varying conclusions depending upon the protocol used. For example,
opposing phenotypes (i.e. the presence or absence of social preference deficits) have been
reported in ShankZ'~ micel®17 Shank34=9 mice20.24, and Shank3C/AC mice’ 1819 with
differing protocols used across studies. These findings suggest that the different three-
chamber social preference test methodologies used may have differing sensitivities for
detection of social deficits. To encourage consistent and reliable phenotyping of ASD-
related social deficits in mice, we describe here a 3-chamber social preference test protocol
that offers robust detection of social preference deficits, and demonstrates enhanced
sensitivity relative to a commonly used alternative approach.

Comparison between the social preference test variants

The three-chamber social preference assay we describe here evaluates the test mouse’s
preference for interacting with a social (S) stimulus versus a non-social (NS) stimulus
(termed as “3-phase S-NS” protocol). First, the test mouse is habituated to a 3-chamber
apparatus containing two empty cups, to reduce the salience of these objects (Habituation
Phase). Next, two identical objects (paper balls) are placed within the cups, to familiarize the
animal with the presence of objects contained within the cups (Pre-test Phase). Finally, a
social stimulus (an age- and sex-matched wild-type mouse) is introduced under one cup and
a novel non-social stimulus (wooden block) is placed under the other cup (Test Phase). The
amount of time spent interacting with either stimulus is recorded in order to assess the
animal’s level of preference for the social stimulus over the non-social stimulus. This “3-
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phase S-NS” method is designed with the intention to minimize variability caused by
novelty-driven interactions with the cup and reliably isolate the animal’s interest level
towards a social stimulus versus a non-social stimulus. This protocol and similar protocols
have been effective in identifying social preference deficits in several ASD mouse models,
including Shank3-deficient mice, such as Shank3*2C mice”®, Shank3CAC micel® and
Shank3*~° mice20, Shank2 knockout micel®, forebrain Cu/3-deficient mice (Cul3")25, and
16p11.2 duplication mice (16p11.2dP/*)11,

The “3-phase S-NS” protocol represents a modification of a widely used 3-chamber social
testing method12:26, In this alternative variant, the test mouse is first habituated to an empty
3-chamber apparatus (Habituation Phase). In the subsequent Test Phase, two cups are placed
on opposing sides of the apparatus, one containing an age- and sex-matched wild-type
mouse and the other being empty. Since this protocol compares the mouse’s interaction with
a social stimulus (S) versus an empty cup (E), it is referred as the “2-phase S-E” method.
Numerous variations of this method also exist. One commonly used method24.27-30 js
identical to the “2-phase S-E” method, but includes an additional habituation phase to only
the center chamber before habituation to the entire apparatus. In another protocol1315:22 the
test mouse is only habituated the center chamber before the test phase. Another method
habituates the test mouse to the apparatus containing two empty cups, and in the subsequent
test phase, one cup contains a social stimulus, while the other remains empty14.17.18,

A number of papers have been published indicating that the “3-phase S-NS” protocol
displays greater sensitivity to detect social deficits in ASD models than the “2-phase S-E”
approach. Schmeisser et al.1” reported normal social interaction time and social preference
in ShankZ '~ mice tested with the S-E approach. In contrast, Won et al.1 used an S-NS 3-
chamber social preference protocol, and found that Shank2/~ mice spent significantly less
time than WT animals interacting with the social stimulus. Additionally, homozygous mice
with the deletion of Shank3exon 4-9 (Shank324=9) were reported to display significant
deficits in social preference when tested with the S-NS protocol2%; however, a separate study
reported normal social preference in Shank3?4~9 mice when tested with an S-E protocol?4.
Furthermore, one study using an S-E approach reported the lack of 3-chamber social
preference deficits in $hank3*C/AC mice!8, whereas multiple studies using the 3-phase S-NS
approach did find robust social deficits in Shank3*C/AC mice”:19 and male Shank3'AC
mice’ 831,

The findings that disruption of Shank3is linked to autism in humans34:32:33 and leads to
social impairments in macaques3*35 are consistent with the social deficits phenotypes in
Shank3-deficient mice’:8:15.19.20.31.36 byt are in disagreement with the normal sociability in
several lines of Shank3 mutant mice detected with the S-E approach182437, These results
indicate that 3-chamber social preference protocols utilizing a novel object placed under a
cup, rather than an empty cup alone, are more sensitive to social preference deficits in ASD
models. The “3-phase S-NS” protocol can also be used to examine social abnormalities
relevant to the negative symptoms of schizophrenia, as shown previously with a three-armed
platform containing empty wire cages on two arms38. The design of this method coincides
with the protocol described here, in which the wire cup functions only as a component of the
testing apparatus, while an inanimate object (a Lego mouse) was used as the non-social cue
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during the test phase. The results of ourselves and others suggest the “3-phase S-NS” 3-
chamber social preference protocol has much improved sensitivity and robustness in
revealing ASD-related social deficits.

Using the 3-chamber S-NS approach, we did not observe social preference deficits in the
mouse model of Phelan-McDermid Syndrome (PMS) with a complete deletion of Shank3,
consistent with prior reports on its normal social interest3® and social preference?. While it
is hard to explain this apparently distinct mouse phenotype from human and monkey studies,
one possibility is the compensatory effects of other Shank family members in Shank3-
deleted mice. While behavioral methods are critical in phenotypic characterization, the
choice of mouse lines is also a key determining factor4L.

In this study, we found that the “2-phase S-E” protocol failed to detect social deficits in
several mouse models of ASD. Nevertheless, we do not claim that this method is completely
ineffective. Several studies following the S-E method or similar protocols have identified
social preference deficits in ASD models, such as Shank38~'~ micel®, Pten conditional
knockout mice*2, and mice with homozygous deletion of the ASD-associated genes
Neuroligin-43 and CntnapZ2’. However, another study using the same S-E protocol reported
the lack of social deficits in Cntnap2 knockout mice®0, suggesting that the S-E protocol may
be prone to substantial variability. Thus, despite the capability of the S-E method to detect
social preference deficits, it may be less sensitive to social deficits in mouse models that
recapitulate ASD humans with haploinsufficiency of risk genes.

The negative results seen with the “2-phase S-E” method could be due to inherent design
problems. The empty cup presented as the non-social stimulus also serves as a component of
the social stimulus, as an identical cup is used to house the wild-type mouse. This may result
in an inherent bias in favor of the social stimulus that contains both a novel social stimulus
(mouse) and a novel non-social stimulus (cup), and is thus more salient than the non-social
stimulus containing a cup alone. This inherent bias for the social stimulus driven by the
design of the “2-phase S-E” protocol may mask the presence of social deficits in ASD
models tested with this method. In addition, due to the lack of habituation to the empty cup,
the test mouse is prone to engage in extended investigation of the cup, which may affect
interaction time with either the social or non-social stimulus, promoting unplanned and
unpreventable variability in sociability tests. We therefore encourage the use of the “3-phase
S-NS” protocol, in order to improve the sensitivity, robustness and consistency of
phenotypic screenings in mouse models of ASD.

Applications

To date, the three-chamber social preference protocol presented here has been used
predominantly for phenotyping of social deficits in transgenic mouse models of
ASD:11.16.19.20.25 and evaluating the effectiveness of treatment strategies®-31:36, However,
this protocol may be appropriately applied in other contexts, including environmentally-
induced models of ASD#344, animals affected by physical or emotional stress*?, functional
studies of neurocircuitry controlling sociability, etc.

Nat Protoc. Author manuscript; available in PMC 2021 May 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reinetal.

Limitations

Page 5

The described three-chamber sociability test (“3-phase S-NS”) offers robust sensitivity to the
measurement of social preference, however, not all socially-affected animals are guaranteed
to exhibit deficits. Mice carrying deletion of 16p11.2 fail to display three-chamber social
preference deficits30, despite impairments in several other measurements of sociability,
including social approach!047 male-female reciprocal social interactions*8, and ultrasonic
vocalizations*®. Therefore, this approach appears to be sensitive to context-specific deficits
in preference for a social over a non-social stimulus, and should not be considered as a
definitive indicator of the overall presence or absence of social deficits.

Sensory abnormalities are present in a large portion of children with ASD®0, and several
mouse models of ASD exhibit various sensory phenotypes®L. It is possible that sensory
deficits may affect performances in social behavioral assays. However, 16p11.2 deletion
mice, which are deaf and have reduced ultrasonic vocalizations*9, display normal social
preference in 3-chamber sociability tests3, consistent with our findings here. Therefore, the
presence of sensory deficits is not ensured to affect the social preference test. Nevertheless,
it is encouraged to examine visual, auditory and olfactory integrity.

Relative to “2-phase S-E” protocols, the method described here (“3-phase S-NS”) involves
more rodent handling. However, taking the test mouse out of the apparatus while cleaning
and replacing objects between trials will be less disruptive to the animal’s behavior.
Nevertheless, all animals should be handled gently to minimize stress.

EXPERIMENTAL DESIGN

Choice of mouse strain.

This protocol is suitable for assessing social preference in all strains of mice. However,
controls should be wild-type animals of the same strain, as baseline sociability may differ
between mouse strains. Locomaotion differences or motor deficits could be a confounding
factor impacting test results. Animals of all ages may be tested, but controls must be age-
matched, as sociability declines when animals get older>2:53, We have reliably used this
protocol on juvenile to adult animals (5-6 weeks old to 4-5 months old). For all
experiments, WT littermates should be used as control groups. Unfamiliar age-, strain-, and
sex-matched WT mice should be used as the social stimulus. The use of genetically-altered
or otherwise socially-impaired mice as the social stimulus may affect the sociability of the
test mouse. Generally, two separate groups of mice should be used as the test mice and the
stimulus mice. However, if mouse availability is limited, test mice (only WT) may be used
as the social stimulus after they have completed their testing. All animals should be group-
housed before testing of sociability as single housing of animals will induce isolation stress
and affect sociability. If highly variable social behavior is observed among animals within a
single genotype, experiments should include more than 10 animals in the group, from at
least three cohorts, in order to draw accurate conclusions regarding social preference
differences between groups. Group sizes should be properly determined to avoid using too
few or too many mice — see ARRIVE guidelines for details®®.
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The protocol described here has been designed and optimized for use in mice. However, the
three-chamber social preference test has also been performed in rats®®. We thus think this
protocol could be adapted for rats, with the use of an appropriately sized, larger apparatus.

MATERIALS

Animals

. Test mice: This protocol may be used for testing commercially obtained mice
(e.g. purchased from the Jackson Laboratory) or newly created mouse lines by
research laboratories. CAUTION: Mice used as controls must be of the same
strain as the test group. All animals tested and compared must be similar in age,
as interaction time with the social stimulus typically decreases as animals age.
This protocol has been used reliably in juvenile to adult animals (5-6 weeks old
to 4-5 months old). Mice are maintained on a 12-hour light (6:00 am — 6:00 pm)/
dark (6:00 pm — 6:00 am) cycle. They should be group-housed with gender-
matched conspecifics (2—4 mice per cage) and provided with standard
enrichment. All experiments must receive approval from the relevant institutional
review board and be conducted in accordance with local and national regulations.
We obtained permission from State University of New York at Buffalo
Institutional Animal Care and Use Committee (IACUC) to undertake the studies
shown here. CRITICAL: Animals that display major deficits in locomotion
should not be used for this assay.

. Social stimulus mice: The mice used as the social stimulus must be age-, sex-,
and strain-matched to test mice. CRITICAL.: Using social stimulus mice that
differ from test mice on any of these parameters could impact test results.
CRITICAL: Do not use socially-impaired mice (such as transgenic ASD models)
as the social stimulus - this may reduce the amount of time the test mouse spends
interacting with the social stimulus. The stimulus mouse should be unfamiliar to
the test mice; do not use cage-mates of the test mice.

Reagents

. 75% ethanol (Decon Laboratories; #DSP-MD.43) diluted in ddH,0. CRITICAL.:
We use ethanol for cleaning the testing apparatus and objects between tests
because it evaporates quickly and effectively removes odor. CAUTION: Ethanol
can carry some odors and may have a fixative action on the molecules that are
present in urines and feces. A more thorough solution is to soak and wash with
soap, rinse and dry.

Equipment
. Three-chambered apparatus. The apparatus we use has the following
specifications: 102 cm (L) x 47 cm (W) x 45 cm (H). The walls of the apparatus
are made of transparent plexiglass. The two side chambers that the stimuli are
placed in measure 33 cm (L) x 47 cm (W). CRITICAL: The three-chamber
apparatus with side chambers should be large enough to permit the test mouse to
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explore the area outside of the cup is used. The use of a small three-chamber
apparatus with limited exploration space in each side chamber may affect the
measurement of the test animal’s social behaviors. Our apparatus is larger than
many commercially available 3-chamber apparatuses (e.g. Ugo basile; San Diego
Instruments), which have side chambers of approximately 20 cm (L) x 40 cm
(W). This shorter chamber permits less space for exploration in the outside area
surrounding the cup, which may interfere with accurate measurement of the time
spent interacting with the social stimulus contained inside the cup.

Cup or capsule to house the social or nonsocial stimulus. We use a wire pencil
cup (color: chrome, made of sturdy steel), 10.2 cm (diameter) x 10.8 cm
(height), with approximately 1 cm gaps between bars, sufficient for animal
interaction and sniffing (Spectrum Diversified Galaxy Pencil Holder;
Spectrumdiversified.com), for containing the social and nonsocial stimuli.
CRITICAL: We recommend users keep an extra set of cups, so that one set may
be cleaned, while the other is in use.

Glass hottle or other object to be placed on top of the cup to prevent the test
mouse from climbing. We use the 250 mL glass bottle (PYREX Reusable Media
Storage Bottles; Fishersci.com).

Inanimate object to be placed within the cup as the non-social stimulus. We use a
square wooden block (L: 2.5 cm). Other objects, such as Lego structures of
simple shapes, can also be used.

Two identical inanimate objects to use in the pre-test phase. Paper balls, which
are simple to prepare and readily available, can be used. CRITICAL: The paper
towel is crumpled by hand with clean gloves to avoid transferring animal odor to
the paper ball.

Digital camcorder to record for subsequent scoring or re-scoring of the test
animal’s behavior.

Video tracking and analysis softwares. We use Anymaze (Stoelting Co, Wood
Dale, IL). Other animal tracking softwares, such as EthoVision XT by Noldus,
idTracker, can also be used.

Habituation (10 minutes)

1.

Bring the test mice to the behavioral room and allow to habituate for at least one
hour, with the room set to the testing conditions. CRITICAL: Overhead lighting
should be minimized to avoid anxiogenic effects that may affect social
interaction time. Brightness should be measured in the center of all three
chambers to ensure that the apparatus is evenly lit. Brightness should ideally be
maintained at <50 lux. TROUBLESHOOTING.

Place two clean, empty inverted pencil cups into the three-chamber apparatus,
each centered approximately halfway between the midline and the far wall.
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CRITICAL: The testing apparatus and cups should be cleaned and free of debris
prior to starting any new test. CRITICAL: Place a clean, empty 250mL glass
bottle upright atop each cup to prevent the test mouse from climbing the cup.
The bottle placed atop each cup should be identical in size, shape and color.

Gently place the test mouse into the center of the apparatus. Start a timer and
allow 10 minutes for the animal to explore freely while habituating to the
apparatus and empty cups. CAUTION: When transferring the test mouse from
its home cage to the testing apparatus, the animal should be handled gently,
preferably carried on one arm or the home cage lid. Do not suspend the animal
by its tail while carrying. Tests preceded by rough handling may be affected by
animal stress.

Remove the test mouse from the apparatus and gently return to its home cage for
5-min break.

Wipe down the apparatus and cups/bottles with 75% ethanol to remove any
residual odors that may affect subsequent tests.

PAUSEPOINT At this stage, the animals can be returned to their home cages and the
remaining trials may be optionally carried out on the following day. If this is done, on the
next day, repeat step 1 before proceeding with the following procedure.

Pre-test (10 minutes)
6.

Prepare two clean paper balls and place one under each inverted pencil cup. The
two paper balls used should be of the same variety, as they are intended to
represent identical objects. The paper balls should be placed in the center of the
cup. When placing the cups into the chambers, leave enough space between the
cup and the outer wall of the apparatus for the test mouse to explore the full
periphery of the cup. CAUTION: Use clean gloves when crumpling and placing
the paper balls under the pencil cups. Transferring odors onto the paper balls
may affect the pre-test trial.

Gently place the test mouse into the apparatus. Start a timer and allow 10
minutes for the animal to familiarize with the presence of the objects contained
within the cups.

Remove the test mouse from the apparatus and gently return to its home cage for
5-min break.

Remove the paper balls and wipe down the apparatus, cups and bottles with 75%
ethanol to remove any residual odors that may affect subsequent tests.

Social Preference Test (10 minutes)

10.

Place an age-, sex-, and strain-matched unfamiliar WT mouse under one cup, to
serve as the social stimulus. Rough handling of the stimulus mouse may
negatively affect social interactions with the test mouse; handle gently when
placing the stimulus mouse into the cup. CRITICAL: The stimulus mouse must
be unfamiliar to the test mouse; do not use cage-mates. The mouse used as the
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social stimulus should be interchanged regularly when conducting multiple tests
to avoid exhaustion or social fatigue of the stimulus mouse.

11. Place a wooden block or another unfamiliar, inanimate object under the other
cup to serve as the non-social stimulus. CRITICAL: The location of the social or
non-social stimulus in either side chamber should be counterbalanced between
tests.

12. Place the test mouse into the apparatus containing the social- and non-social
stimuli. Start a timer and allow the mouse to explore for 10 minutes. The amount
of time spent interacting with the social stimulus and the non-social stimulus
should be recorded. This can be done manually by an experimentally blind
researcher, or automatically by video tracking software such as Anymaze.

13. Return the test mouse and stimulus mouse to their respective home cages.

14. Remove the object and wipe down the apparatus and cups/bottles with 75%
ethanol to remove any residual odors that may affect subsequent tests.

(Optional) Social Novelty Test (10 minutes)

Timing

15. Replace the non-social object from the previous trial with an unfamiliar WT
mouse (age-, sex-, and strain-matched) as the “novel” social stimulus.

16. Place the test mouse into the apparatus containing the novel and familiar social
stimuli. Start a timer and allow the animal to explore for 10 minutes. Record the
amount of time spent interacting with each stimulus either manually or digitally.

17. Return the test mouse and both stimulus mice to their respective home cages.

18.  Wipe down the apparatus and cups/media bottles with 75% ethanol to remove
any residual odors which may affect subsequent tests.

Animals need to be transferred to the behavioral room at least 60 minutes prior to testing.
This protocol requires ~40 minutes to perform per animal if all 3 trials are undertaken (three
10-min testing trials, with two 5-min intervals between trials for animal resting and
apparatus cleaning). The 10-min habituation trial may optionally be completed one day
before the pre-test and social preference test. When performing repeated measures on the
same animals, allow at least three days between assays. It takes ~25 minutes for each animal
in subsequent days (habituation phase omitted, two 10-min testing trials, with one 5-min
interval).

Troubleshooting

Lighting.—The lighting of the testing room may affect sociability. Social interaction time
is typically reduced when animals are tested in brighter conditions. If overhead lighting
cannot be dimmed, a standing lamp may be used to light the room. However, the lamp must
be kept at a safe distance from the testing chamber so as not to induce anxiogenic effects.
The lighting must be consistent across all areas of the 3-chamber apparatus to prevent
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animal preference for darker locations or chambers. In unevenly lit testing conditions, the
animal will prefer dimmer areas, which could affect testing results.

Animal testing and scoring.—Sometimes the test animal climbs the cup and remains at
the top of the cup without interacting with the stimulus. Additionally, the software may fail
to constantly track the test animal. In such cases, manual counting is more accurate (see
Scoring Methods for details).

Expected values.—When tested with the “3-phase S-NS” protocol, the average social
interaction time for WT mice (of either sex, 6-8 weeks old) typically falls between ~125-
150 seconds for a 10-minute testing session, though this may vary between 100-200 seconds
depending on the strain and age of animals tested. The average non-social interaction time is
typically between ~25-50 seconds. The average social preference index for WT mice
(C57BL6 background) should be 0.4-0.8. However, mice commonly exhibit natural
variability in behavioral tendencies, even within a single strain or genotype, so values may
fall within a broader range than this. Due to this expected spectrum of social behaviors, it is
emphasized that comparisons must be made between group averages, which include data
from a sufficiently large number of mice of either genotype, and from several litters. If any
animal presents a value that is determined to be a statistically significant outlier, this animal
may be removed from the analysis.

Housing Effects.—All test mice should be group-housed, as single-housing can produce
severe detrimental effects on sociability and other behaviors due to social isolation stress6.
Furthermore, housing mice with conspecifics of different genotypes can affect social
behavior. Mouse models of ASD may be more likely to assume submissive roles in social
hierarchies, as demonstrated in neuroligin-3 deficient (V/gn3'-) mice>?, which may produce
defeat-related social deficits. Indeed, male MV/gn?'- mice housed with WT animals display
more severe social deficits than those housed with genotype-matched conspecifics®’.
Interestingly, raising WT mice with AV/gn?!~ mice also compromises sociability of WT. The
negative impact of mixed-genotype housing on social behavior has been similarly reported
in 16p11.2*/~ mice®8. There is also a report showing that enhancing environmental
enrichment within animal housing improves sociability in valproic acid-exposed autism
model mice>®. These findings highlight the importance of carefully controlling housing
conditions in order to produce accurate measurements of social behavior in ASD models.

Scoring Methods

Scoring can be undertaken manually or using automated behavior tracking software. The key
information is the duration of direct interactions of the test mouse with the social or non-
social stimulus. We usually use automated scoring of the three-chamber social preference
test with Anymaze behavior tracking software (Stoelting, Wood Dale, IL). The area directly
surrounding the cup is designated as a zone of interest, and the amount of time spent in the
zone by the test mouse is measured. This method of scoring therefore measures the amount
of time the test animal spends in close proximity to the cup (distance of animal head to cup
edge: <3.5 cm), rather than specifically measuring time spent sniffing or engaging with the
social stimulus. Automated scoring may produce inaccurate conclusions, for example if

Nat Protoc. Author manuscript; available in PMC 2021 May 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reinetal.

Page 11

animals remain in the vicinity of the cup without interacting with the social or non-social
stimulus. For this reason, manual scoring may be required to verify the scores. Automated
scoring is also susceptible to software errors if the animal is not properly tracked. All videos
should therefore be reviewed to verify that the animal has been tracked well.

If manual scoring is performed, all scoring should be performed by a researcher blinded to
animal genotype and/or treatment. For manual scoring purposes, behaviors that are typically
counted as interactions include: directly interacting with the stimulus mouse or non-social
object between the wire bars of the pencil cup; sniffing the base of the cup containing the
stimulus; interacting with parts of the stimulus that are protruding from the cup, such as the
tail of the stimulus mouse; actively attending to (sniffing/facing) the stimulus while climbing
the cup. Behaviors that are not counted include: interacting with the bottle on top of the cup;
standing near the cup without attending to (sniffing/facing) the cup or the contained
stimulus; self-grooming in the proximity of the cup. While it is helpful to use clearly defined
scoring parameters, experimenters may differ in their assessment of behavior and therefore
produce different values. Thus, all videos generated within a single experiment should be
scored by the same experimenter to minimize human error. We recommend automated
scoring followed by manual correction, which gives the most accurate results. Supplemental
Videos 1 and 2 show examples of a WT and a Shank3-deficient mouse in the Social
Preference Test phase, with added commentary. Additionally, Supplemental Table 1 provides
a list of various observable behaviors throughout these two videos, and indicates how they
should be manually scored.

Statistical analysis

All behavioral testing should be performed on at least 3 independent cohorts. Interaction
time with the social stimulus (Ts) and non-social stimulus (Tys) is quantified. For
comparisons between WT vs mutant, a two-way ANOVA should be performed with
comparisons between all four values (Tg in WT, Tns in WT, Tg in mutant, Tys in mutant),
followed by post hoc Bonferroni tests for multiple comparisons within and between groups.
In addition, social preference indexes, Isp = (Ts-Tns)/(Ts+Tys), are compared between
groups using two-tailed Student’s t tests. All datasets should be tested for normality using
Shapiro-Wilk tests, and data that fail normality tests are compared with nonparametric tests,
such as the Mann-Whitney U test.

For a genotype where Tg is significantly greater than Ty, this represents the existence of
social preference. A genotype showing the significant reduction of both Tg and Igp relative
to the WT group warrants the interpretation that social deficits, including the impairment in
social engagement, social interest, social interaction, and social preference, are manifested.
If Tg is unchanged, and only Igp is significantly reduced (due to the increased Tys) in the
mutant group, it suggests the presence of relatively mild social abnormality, reflected by the
impairment in social preference.

Repeated Measures

The “3-phase S-NS” three-chamber social preference protocol can be performed repeatedly
on the same mice with consistent results. Several of our studies have included repeated
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testing at progressive intervals in control and treatment groups across time points, to test the
longitudinal therapeutic efficacy8:31:36, The “3-phase S-NS” protocol is well suited for
repeated testing, as a new object may be placed inside the cup in the test phase during
repeated measurements, thereby preserving the novelty of the non-social stimulus. This
represents an additional advantage of the “3-phase S-NS” protocol over the “2-phase S-E”
protocol, as the empty cup becomes familiar after a single test and cannot be considered a
novel non-social stimulus in subsequent testing unless different types of cups are used each
time.

When performing repeated testing with the 3-phase S-NS method, use a novel social
stimulus in subsequent tests following the initial assessment. Additionally, in subsequent
days following the initial testing, the habituation phase to the empty cups may be omitted,
and performing only two phases (pre-test and social preference) is sufficient.

Typical results seen using the “3-Phase S-NS” Social Preference Protocol

In this section, we discuss examples of results that have been obtained by following “3-
phase S-NS” protocol (Figure 1a), and demonstrate its sensitivity in detecting ASD-related
social preference deficits in several distinct transgenic mouse models of ASD. Detailed
statistical information for all data are included in Supplemental Table 2.

Shank3, which encodes a postsynaptic scaffolding protein located at glutamatergic synapses,
is among the strongest genetic risk factors for ASD3# and plays a causal role in Phelan-
McDermid Syndrome (PMS)80. Exon 21, the largest coding region of SHANK?3, has the
most variants and mutations in humans with ASD3:4:32:33 \We tested heterozygous mice
carrying exon 21-deleted Shank3 gene, which results in the truncated form of Shank3
protein lacking the C-terminal region (Shank3*/2€), mimicking the human ASD-linked
disruption of SHANK3exon 2132, The 6-8-week-old male Shank3*/AC mice spent
significantly less time than WT littermates investigating the social stimulus, and did not
exhibit a significant preference for the social stimulus over the nonsocial stimulus (Figure
1b, WT: 1= 8; Shank3*/AC: n=14, F1 49 (interaction) = 10.0, p < 0.01, two-way ANOVA).
Shank3*/2C mice correspondingly displayed a significantly lower social preference index
than WT mice (Figure 1c, {20) = 3.94, p< 0.01, unpaired #test), indicating social interaction
deficits. Two videos showing one male WT and one male Shank3*/2C mouse in the social
preference test phase with the “3-phase S-NS” method are included as Supplementary
Videos 1 and 2.

We then tested 6-8-week-old female Shank3*/2C mice with the “3-phase S-NS” method.
Unlike male Shank3*/AC mice, female Shank3*/AC spent significantly more time interacting
with the social stimulus than the non-social stimulus (Figure 1e, 7= 9 mice/group, F

1,32 (interaction) = 0.4, p> 0.5, two-way ANOVA), and exhibited a social preference index
similar to female WT animals (Figure 1f, #16) = 1.1, p> 0.2, unpaired #test). This suggests
that heterozygous Shank3exon 21-deletion confers sociability deficits that are restricted to
male mice, and the “3-phase S-NS” method is capable of isolating sex-specific deficits
within a single genotype.
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Copy number variations (CNVs) of the human 16p11.2 gene locus are among the strongest
genetic risk factors for ASD 2661, Mice carrying deletion or duplication of the 16p11.2
murine ortholog exhibit behavioral features of neurodevelopmental disorders including
ASD-related social deficits 10.11:47:49.62.63 \\je tested male and female 6-8-week-old
16p11.2 duplication mice (16p11.297*) and WT littermates using the 3-phase S-NS method,
and found that 16p11.29P™* mice spent significantly less time than WT animals interacting
with the social stimulus, and failed to display a significant preference for the social stimulus
over the non-social stimulus (Figure 1h, WT: 7= 10; 16p11.29°"*: n= 12, F1 4 (interaction) =
11.5, p< 0.01, two-way ANOVA). Correspondingly, the social preference index for
16p11.29P™* mice was significantly reduced relative to WT mice (Figure 1i, l20)=2.5, p<
0.05, unpaired #-test).

A previous characterization of 16p11.2 deletion mice (16p11.2*/~) found that they display
normal sociability when tested with the 2-phase S-E method 30, We thus tested 16p11.2*/~
mice (male and female 6—7-week-old) with the 3-phase S-NS method to determine whether
they may exhibit social deficits with this more sensitive approach. Similar to WT mice,
16p11.2*/~ mice spent significantly more time interacting with the social stimulus than the
non-social stimulus (Figure 1k, /7= 8 mice/group, £ 1, 28 (interaction) = 0.6, p= 0.4, two-way
ANOVA), and the social preference index was not significantly altered (Figure 1I, 7=8
mice/group, U= 24, p=0.43, Mann-Whitney U'test). These findings confirm that
16p11.2*"~ do not display 3-chamber social preference deficits, despite exhibiting
impairments in various other sociability assays 10:48:49.63,

We next tested 6-8-week-old male and female mice with forebrain-specific deletion of the
high-risk ASD gene Cu/3 (Cul3f-) 25, Unlike Cul3f controls, Cul3"- mice failed to show a
significant preference for the social over the nonsocial stimulus (Figure 1n, Cul3™f: n=10;
Cul3™: n=12, F1, 40 (interaction) = 16.2, £ < 0.001, two-way ANOVA), and exhibited a
significantly reduced social preference index (Figure 10, f0y = 7.2, p < 0.0001, unpaired -
test), indicating the presence of social deficits.

The dopamine D4 receptor (D4R) is implicated in schizophrenia (SZ) %4, and D4 receptor
knockout mice (D4KO) display hypersensitivity to psychomotor stimulants 5 and stress-
induced SZ-related phenotypes 66, However, sociability is unimpaired in these animals 6.
We thus utilized D4KO mice as a negative control to verify the reliability of the 3-phase S-
NS method in detecting social deficits without yielding false positives in socially unaffected
transgenic models. Similar to WT mice, D4KO mice spent significantly more time
interacting with the social stimulus than the non-social stimulus (Figure 1q, 7= 6 mice/
group, £ 1, 20 (interaction) = 0-2, p= 0.6, two-way ANOVA), and did not differ from WT
animals in their social preference index (Figure 1r, 4109y = 0.2, p= 0.9, unpaired #-est),
confirming the lack of social deficits in D4KO mice.

Collectively, these results indicate that the 3-phase S-NS protocol has robust sensitivity in
revealing social deficits in distinct mouse models of ASD (male Shank3*/AC, 16p11.2dp/*,
and Cul3f). Moreover, this method retains high reliability in confirming the lack of social
preference deficits in multiple mouse lines (female Shank3*/2C, 16p11.2*/~ and D4KO).
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As mentioned earlier, the “3-phase S-NS” protocol may optionally be augmented to assess
preference for a novel social stimulus over a familiar social stimulus. We do not include
example data from the social novelty preference phase here, and interested readers are
encouraged to refer to our previous papers on social novelty preference data for Shank3*/AC
and 16p11.297* ASD mouse models’:11,

Comparison with the “2-Phase S-E” Social Preference Protocol

To compare differences in sensitivity between the “3-phase S-NS” protocol and the widely-
used “2-phase S-E” protocol, we also tested the same mouse models of ASD with the “2-
phase S-E” protocol (Figure 2a). Using this testing method, male Shank3*/AC mice did not
differ from WT animals in the amount of time spent interacting with the social stimulus, and
showed a significant preference for the social stimulus over the empty cup (Figure 2b, WT: n
= 8; Shank3*/AC: n=14, F1 49 (interaction) = 2.4, p= 0.13, two-way ANOVA). Additionally,
the social preference index did not differ between male WT and Shank3*/AC mice (Figure
2¢, fpo) = 1.7, p=0.10, unpaired #test). These findings indicate that the “2-phase S-E”
protocol fails to reveal social preference deficits in male Shank3*/2C mice, contrary to the
findings from “3-phase S-NS” protocol (Figure 1b—d). Our results suggest that contradicting
phenotypic descriptions of Shank3-deficient mice in the existing literature may be due to
different testing methods.

Further testing of 16p11.29P* and Cul3"~ mice (male and female 6-8-week-old) with the “2-
phase S-E” protocol indicated that they spent significantly more time interacting with the
social stimulus than the empty cup (Figure 2e, WT: 7= 10, 16p11.29"*: p=12, F

1, 40 (interaction) = 1.7, p = 0.2, two-way ANOVA; Figure 2h, Cul3™: n=7, culs’: n=11, F
1, 32 (interaction) = 0.4, p= 0.5, two-way ANOVA), and their social preference indexes did not
differ from WT controls (Figure 2f, 4,0y = 0.07, p= 0.9, unpaired #test; Figure 2i, U= 33, p
= 0.65, Mann-Whitney U'test).

Collectively, these findings indicate that three distinct mouse models of ASD, which display
clear social deficits using “3-phase S-NS” protocol (male Shank3*/AC, 16p11.2dP"* and
cul3f), fail to show social preference deficits using the “2-phase S-E” protocol, suggesting
that the “3-phase S-NS” protocol offers higher sensitivity to detect social deficits in ASD
models. We thus propose that the adoption of this method should be prioritized to maximize
the accuracy of phenotypic behavioral screenings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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“3-phase S-NS” Protocol
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NS protocol. a, Graphic depicting the 3-phase S-NS protocol, consisting of a 10-minute
habituation phase to the apparatus containing two empty cups, a 10-minute pre-test phase in
which two identical objects (paper balls) are placed under the cups, and a 10-minute social
preference test phase in which one cup contains a social (S) stimulus (age- and sex-matched
WT mouse) and the other contains a non-social (NS) stimulus (wooden block). b, e, h, k, n,
g, Bar graphs showing the amount of time spent interacting with the social stimulus (S) or

Nat Protoc. Author manuscript; available in PMC 2021 May 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Reinetal.

Page 19

non-social stimulus (NS) in male WT vs. Shank3*/AC mice (b), female WT vs. Shank3*/AC
mice (e), WT vs. 16p11.297* mice (h), WT vs. 16p11.2*/~ mice (k), Cul3” vs. Cul3- mice
(n), and WT vs. D4KO mice (q). Both sexes were used in g, j, m, p. ¢, f, i, I, o, r, Bar graphs
comparing the social preference index of individual mouse lines. d, g, j, m, p,
Representative heat maps illustrating the topographical time distribution in social preference
tests of individual mouse lines. All data are presented as mean + S.E.M. For all figures, n.s.
not significant, *p < 0.05, **p < 0.01, ***p < 0.0001, S vs. NS; #p< 0.05, #p< 0.01, WT
vs. mutant (social time). Note, the results in panels b-d, h-j, and n-p are consistent with prior
findings in references 7, 8, 11, 25, 31 and 36. All animal studies were performed with the
approval of the Institutional Animal Care and Use Committee (IACUC) of the State
University of New York at Buffalo.
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Figure 2.
Social behavioral data obtained from several ASD mouse models using the 2-phase S-E

protocol. a, Graphic depicting the 2-phase S-E protocol, consisting of a 10-minute
habituation phase to the empty apparatus and a 10-minute social preference test phase in
which a social stimulus (age- and sex-matched WT mouse under cup) and non-social
stimulus (empty cup) are introduced. b, e, h, Bar graphs showing the amount of time spent
interacting with the social stimulus (S) or empty cup (E) in male WT vs. Shank3*/2C mice
(b), WT vs. 16p11.29P"+ mice (e), and Cul3"f vs. Cul3"~ mice (h). Both sexes were used in e

Nat Protoc. Author manuscript; available in PMC 2021 May 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Reinetal.

Page 21

and h. c, f, i, Bar graphs comparing the social preference index of individual mouse lines. d,
0, j, Representative heat maps illustrating the topographical time distribution in social
preference tests of individual mouse lines. All data are presented as mean + S.E.M. For all
figures, n.s. not significant, *p < 0.05, **p < 0.01, ***p < 0.0001. All animal studies were
performed with the approval of the Institutional Animal Care and Use Committee (IACUC)
of the State University of New York at Buffalo.
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