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Abstract

One of the core symptoms of autism spectrum disorder (ASD) is impaired social inter-

action. Currently, no pharmacotherapies exist for this symptom due to complex bio-

logical underpinnings and distinct genetic models which fail to represent the broad

disease spectrum. One convincing hypothesis explaining social deficits in human ASD

patients is amotivation, however it is unknown whether mouse models of ASD repre-

sent this condition. Here we used two highly trusted ASD mouse models (male

Shank3-deficient [Shank3+/ΔC] mice modeling the monogenic etiology of ASD, and

inbred BTBR mice [both male and female] modeling the idiopathic and highly poly-

genic pathology for ASD) to evaluate the level of motivation to engage in a social

interaction. In the behavioral paradigms utilized, a social stimulus was placed in the

open arm of the elevated plus maze (EPM), or the light compartment of the light-dark

box (LDB). To engage in a social interaction, mice were thus required to endure

innately aversive conditions (open areas, height, and/or light). In the modified EPM

paradigm, both Shank3+/ΔC and BTBR mice demonstrated decreased open-arm

engagement with a social stimulus but not a novel object, suggesting reduced incen-

tive to engage in a social interaction in these models. However, these deficits were

not expressed under the less severe aversive pressures of the LDB. Collectively, we

show that ASD mouse models exhibit diminished social interaction incentive, and

provide a new investigation strategy facilitating the study of the neurobiological

mechanisms underlying social reward and motivation deficits in neuropsychiatric

disorders.
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1 | INTRODUCTION

Autism spectrum disorder (ASD) is a complex heterogeneous neu-

rodevelopmental disorder characterized by impaired communication

and social interaction, repetitive behaviors, and restricted interests.

ASD is a collection of clinically described disorders that affects 1 in

every 59 children in the United States1 and presents an urgent public

health need, with the annual estimated cost of treatment and care

for individuals with ASD in the US reaching $11.5-60.9 billion.2,3

Though social-skill interventions have been used among Asperger's

syndrome and high functioning ASD patients,4,5 no effective

pharmacotherapeutic strategies exist for the social deficits in ASD6

due to the broad genetic etiology and resulting limitations of existing

animal models.
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Strong genetic factors contribute to the etiology of ASD.7

Large-scale genetic studies have revealed several susceptibility

genes or copy number variations that are highly associated with

the diagnosis of ASD cases, such as SHANK-family genes8,9 and

16p11.2 deletions.10 These studies promote our understanding of

the genetic basis of autism and facilitate the development of ani-

mal models that reflect genetic polymorphisms linked to

autism.11,12 Many animal models focus on the monogenic heritable

ASD conditions caused by loss-of-function mutations, such as the

SHANK3 gene that encodes a scaffolding protein at glutamatergic

synapses.13 SHANK3 haploinsufficiency is one of the most pene-

trant monogenic causes of autism.14 Mice lacking the murine

ortholog of the human SHANK3 gene exhibit selective deficits in

social interactions and repetitive behaviors reminiscent of ASD in

humans. In the 3-chamber social preference test, Shank3-deficient

(Shank3+/ΔC) mice demonstrate a significantly lower preference for

social stimuli than wild-type (WT) mice.15-17 Additionally, the

BTBR T+Itpr3tf/J (BTBR) inbred mouse strain exhibits a variety of

behavioral abnormalities that model ASD symptoms,18,19 including

impaired social behavior and pronounced repetitive behaviors.

Though the genetic background of BTBR mice is complex and

poorly understood, BTBR mice carry single nucleotide polymor-

phisms in several autism candidate genes,18 and are a trusted ASD

model which imitates the idiopathic and highly polygenic pathol-

ogy for ASD.

While both Shank3+/ΔC and BTBR mice exhibit decreased social

interaction, it remains unclear whether this is related to changes in

the hedonic impact of social reward, or rather impaired incentive

motivation, which has been implicated in reward processing.20 In

the current study, we aimed to assess whether the incentive of

social interaction is impaired in these ASD mouse models by merg-

ing the elevated plus maze (EPM) and light-dark box (LDB) behav-

ioral tests with elements of social interaction tests. As rodents

prefer dark, enclosed areas, the elevated and well-lit open arms of

the EPM and the light-chamber of the LDB represent highly aver-

sive environments for mice. Thus, mice typically exhibit a strong

preference for the enclosed arms in the EPM, and the dark com-

partment of the LDB.21,22 Here, we placed a social stimulus (age-

and sex-matched WT mouse) into the aversive component of each

behavioral paradigm—the open arm of the EPM, or the light cham-

ber of the LDB—to assess whether WT mice and ASD mouse

models were equally motivated to enter the aversive environment

in order to engage in a social interaction. We found that both

Shank3+/ΔC and BTBR mice exhibited selective reductions in social

engagement in the modified EPM protocol, suggesting that the

widely observed social deficits in these ASD models are partially

mediated by a reduction of social interaction incentive. Further-

more, these deficits were not expressed in Shank3+/ΔC or BTBR

mice in the modified LDB protocol, which presents a less aversive

barrier to interaction, indicating that the relative aversive strength

of the interaction barrier is critical for revealing deficits in social

interaction incentive in ASD models.

2 | MATERIALS AND METHODS

2.1 | Animals

Mice expressing C-terminal (exon 21)-deleted Shank3 (Shank3tm1.1Pfw/

J) with significant loss of full-length Shank3 expression were pur-

chased from the Jackson Laboratory (Bar Harbor, ME, Stock

#018398). These mice were backcrossed at least five generations to

C57BL/6J mice at the Jackson Laboratory. Upon arrival at our labora-

tory, these mice were backcrossed three more generations to

C57BL/6J mice (Jackson Laboratory, Stock #: 000664) before any

experimental use. All subsequent breeding, genotyping, and colony

maintenance were performed in-house as previously described.15

Heterozygous Shank3+/ΔC mice were crossed to produce litters con-

taining WT, heterozygous Shank3+/ΔC, and homozygous Shank3+/ΔC

offspring, which were identified via in-house genotyping. Genotyping

of these mice was determined by polymerase chain reaction (PCR) on

their tail genomic DNA. The primers used in genotyping were the

wild-type reverse primer (50-ATG TCC TGT TGC AGG TAG GG-30),

the common forward primer (50-GTG TCC CCT CAT TGA TGT TG-30),

and the mutant reverse primer (50-CTC TGC CAC CTT CTG CCT AC-

30). Only heterozygous Shank3+/ΔC mice (6-8 weeks old, male) and

age-matched WT littermates (male) were used in this study. Female

Shank3+/ΔC mice lack autism-like social deficits, so they (along with

female WT animals) were not used. BTBR T+Itpr3tf/J (BTBR) mice

were obtained from The Jackson Laboratory (Stock #: 002282) and

bred in house. Both male and female BTBR mice (6-8 weeks old) were

used for all experiments described. Mice of all genotypes were group-

housed (2-4 per cage) with littermates of the same gender.

Shank3+/ΔC mice were housed with littermates of any genotype

(WT or Shank3+/ΔC); BTBR mice were housed only with BTBR litter-

mates. All mice were maintained on a 12-hour light/dark cycle. All the

behavior tests were conducted during light cycle. Researchers were

blind to genotypes during experiments. All animal studies were per-

formed with the approval of the Institutional Animal Care and Use

Committee of the State University of New York at Buffalo.

2.2 | Brain tissue lysate preparation and western blot

Mice were sacrificed by rapid decapitation, and brains were removed

and sliced into 1-mm-thick sections using a brain matrix (Zivic instru-

ments, Pittsburgh, PA, stock #: BSMAS001-1), and 2-mm-diameter tis-

sue punches from the prefrontal cortex were collected and rapidly

frozen on dry ice. Then punched tissues were homogenized in 25 mM

Tris (pH 8.0) and 0.25 M sucrose buffer as previously described.23

Total protein was extracted, and 30 μg samples was loaded onto 7.5%

Tris-SDS polyacrylamide gels for electrophoresis separation, then

transferred to nitrocellulose membranes and blocked with 5% nonfat

milk in PBS. Membranes were incubated overnight at 4�C with pri-

mary antibodies diluted in blocking buffer (5% skim milk, Sigma,

1153630500), including: mouse anti-shank3 (1:500, NeuroMab, Davis,

CA, Cat. #: 75-344, clone N367/62), mouse anti-tubulin (1:10 000,

Sigma, St. Louis, MO, Cat. #: T9026). Membranes were incubated with
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ECL HRP-conjugated secondary antibodies (1:2000; GE healthcare

Life Science, Pittsburgh, PA, stock #: NA9310) for 1 hour at room

temperature. The blots were imaged using the Gel Dox system (Bio-

Rad, Hercules, CA) and quantified by densitometry using Image

J. Tubulin was used as a loading control.

2.3 | Behavioral testing

For all behavioral testing, each test animal was exposed to all three

trial types described (baseline, object-, and social incentive trials) on

three separate days, with a 24-hour interval. Animals were first tested

in the baseline trial, and the order of the object and social incentive

trials was counterbalanced over the subsequent 2 days to prevent

practice effects. In order to avoid fatigue or anxiety-related differ-

ences in animal performance in the EPM and LDB tests, separate and

independent groups of WT, Shank3+/ΔC and BTBR mice were used in

each respective model (one group for all three EPM trials, and a sepa-

rate group for all three LDB trials).

For all social-incentive trials for both Shank3+/ΔC and BTBR mice,

an unfamiliar age- and sex-matched WT mouse (C57BL/6J) was used

as the social stimulus. For all object-incentive trials, a 1.500 × 1.500

wooden block (square wood block by ArtMinds; Michaels.com) was

used as the novel object. For all object- and social-incentive trials,

either the object or social stimulus was placed under an inverted pen-

cil cup (spectrum diversified galaxy pencil holder, chrome; Amazon.

com) with a water bottle placed on top to prevent the test mouse

from climbing the cup. The mice used as the social stimuli were ran-

domized across experimental groups and between animals.

2.3.1 | Elevated plus maze

The test mouse was placed into the center (facing into a closed arm)

of a plus-shaped apparatus with four arms (300 wide × 15.500 long), two

of which were enclosed with 1100 tall opaque walls, while the two

open arms did not have walls. Testing was conducted in a brightly lit

room, with the open arms illuminated by overhead lighting (200 lx)

and the closed arms/center shielded from light by upright walls (3 lx),

consistent with suggested lighting levels for the EPM.22,24 For the

modified protocols included in this study (object incentive trial/social

incentive trial), either a novel object (wooden block) or a social stimu-

lus (randomly selected, unfamiliar age- and sex-matched WT mouse)

was placed in one open arm of the maze under an inverted pencil cup

with a water bottle placed on top to prevent the test mouse from

climbing the cup. The other arm was kept empty for each trial to serve

as an internal control sensitive to changes in the animal's baseline

open arm entry. The open arm in which the stimulus was placed was

alternated between tests to control for the potential preference for

either open arm. For each trial type, the test animal was allowed to

explore for 5 minutes, and the amount of time spent in each open arm

was manually quantified by a genotype-blind researcher. For scoring

purposes, animals were considered to be in the open arm when all

four paws were touching the floor of that arm. Each test animal was

exposed to all three trial types described (baseline, object-, and social

incentive trials) on three separate days, with a 24-hour interval. Ani-

mals were first tested in the baseline trial, and the order of the object

and social incentive trials was counterbalanced over the subsequent

2 days in order to avoid practice effects.

2.3.2 | Light/dark box

The LDB used in the current study is comprised of two

13.7500 × 10.37500 × 13.500 compartments joined by a 300 × 500 door-

way. The walls of one compartment (the light box) are made of trans-

parent glass to allow the area to be illuminated by overhead lighting

(200 lx), while the walls of the other compartment (dark box) are

opaque black to prevent the transmission of light and ensure darkness

within the compartment (3 lx). The lighting levels used here are con-

sistent with reported experimental guidelines.25 The test animal was

placed into the dark box and allowed 5 minutes to explore the appara-

tus. The amount of time spent exploring the light box (defined as all

four paws inside the light box) was manually quantified by a

genotype-blind researcher. In the modified object incentive and social

incentive trials, either a novel object (wooden block) or a social stimu-

lus (randomly selected, unfamiliar age- and sex-matched WT mouse),

respectively, was placed in the center of the light box, under an

inverted pencil cup with a water bottle placed on top to prevent the

test mouse from climbing the cup.

2.4 | Statistical analysis

Data analyses were performed with Graphpad 6 (Graphpad Software,

Inc., La Jolla, CA) and Minitab 18. Experiments with two groups were

analyzed using two-tailed Students t tests. Experiments with more

than two groups were subjected to two-way ANOVA followed by

post hoc Bonferroni tests for multiple comparisons. Experiments with

three factors were analyzed by three-way ANOVA followed by post

hoc Bonferroni tests for multiple comparisons. Sample sizes were

based on power analyses with current sample size providing a power

of 0.95 for P < .05, which were similar to those reported previously.17

Data in figures are presented as mean ± SEM. F values, degrees of

freedom, and P values for all ANOVAs, as well as t values and degrees

of freedom for t tests, are included within the text for all statistical

analyses performed.

3 | RESULTS

3.1 | Shank3+/ΔC and BTBR mouse models of ASD
exhibit diminished social interaction incentive in a
modified EPM protocol

We first confirmed the genotype of Shank3-deficient (Shank3+/ΔC)

mice (Figure 1A). WT mice showed a PCR product with a size of

399 bp, whereas homozygous Shank3-deficient mice showed a

500 bp PCR product. Both PCR products (399 bp and 500 bp) were

present in Shank3+/ΔC mice, and a clear decrease of Shank3 protein

level was found (Figure. 1B, n = 4-5 per group, t(7) = 4.07, P = .005,
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t test). In order to evaluate whether the social deficits widely

exhibited by the Shank3-deficient (Shank3+/ΔC) and BTBR mouse

models of ASD are related to a reduction in the drive for social

engagement, we designed a modified protocol of the EPM. In the orig-

inal EPM testing format, a test mouse is placed into the center of the

maze, and is allotted 5 minutes to explore any of the four arms

(Figure 2A, baseline trial). Since rodents express an innate preference

for dark, enclosed areas, the two open arms represent an aversive

environment for mice. Thus, mice typically demonstrate a strong pref-

erence for the enclosed arms, and the amount of time spent exploring

the open arms is thought to serve as a measure of anxiety-related

behavior; specifically, reduced open-arm exploration time is thought

to represent elevated anxiety-like behavior.22 Since the open arms of

the EPM represent an aversive environment, we wondered if we

could gauge an animal's drive to interact with an object or social stim-

ulus via their willingness to enter the open arm and endure exposure

to an innately aversive environment. Therefore, animals were tested

in two modified formats of the EPM in which one open arm contained

either a novel object (wooden block) (Figure 2B, object incentive trial)

or a social stimulus (age- and sex-matched WT mouse) (Figure 2C,

social incentive trial). The opposing open arm was left empty for each

trial, serving as an internal control for the animal's baseline drive to

enter the open arm.

We first tested Shank3+/ΔC and WT control mice in the three

EPM trial types described. In the baseline trial, Shank3+/ΔC did not dif-

fer from WT mice in the total amount of time spent exploring the

open arms (Figure 3A, left, t(23) = 0.28, P = .78, t test). Additionally,

neither group demonstrated a preference for either open arm

(Figure 3A, right, n = 12-13 per group, F1,46 (interaction) = 0.47, P = .50,

F1,46 (arm side) = 1.76, P = .19, F1,34 (genotype) = 0.11, P = .74, two-way

ANOVA). To assess the incentive value of a novel object, WT and

Shank3+/ΔC animals were tested in the object incentive trial, in which

a novel object was placed in one open arm. WT and Shank3+/ΔC mice

did not differ in the amount of time spent exploring either the object-

containing arm or the empty arm (Figure 3B, n = 12 per group, F1,44

(interaction) = 0.83, P = .37, F1,44 (object vs empty arm) = 3.06, P = .09, F1,34

(genotype) = 1.3, P = .26, two-way ANOVA). The difference between the

amount of time spent exploring the object-containing arm relative to

the empty arm (object arm time − empty arm time) also did not differ

between WT and Shank3+/ΔC mice (WT: 12.07 ± 4.8 seconds,

Shank3+/ΔC: 3.8 ± 1.9 seconds, t(22) = 1.61, P = .12). However, in the

social incentive trial, in which a social stimulus was placed in one open

arm of the EPM, WT mice spent significantly more time exploring the

social-stimulus-containing arm than the empty arm, whereas

Shank3+/ΔC mice did not exhibit a preference for the arm containing

the social stimulus, and spent significantly less time than WT animals

exploring the social arm (Figure 3C, n = 12 per group, F1,44 (interac-

tion) = 8.30, P = .006, F1,44 (social vs empty arm) = 5.48, P = .02, F1,44
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F IGURE 1 Genotype confirmation for Shank3+/ΔC mice.
(A) Representative genotyping results (PCR) for wild-type (WT),

homozygous Shank3-deficient (Shank3ΔC/ΔC) and heterozygous
Shank3-deficient (Shank3+/ΔC) mice. (B,C) Representative western
blot image and bar graph showing Shank3 protein level in total
protein lysate from prefrontal cortex of WT and Shank3+/ΔC mice

(B)Baseline Trial Social Incentive TrialObject Incentive Trial(A) (C)

F IGURE 2 Graphic illustrating the three elevated plus maze (EPM) protocols used in the current study. (A) Baseline trial, in which both open
arms are left empty. (B) Object incentive trial, in which a novel object (wooden block) is placed under an inverted pencil cup in one open arm of
the EPM. (C) Social incentive trial, in which a social stimulus (age- and sex-matched WT mouse) is placed under an inverted pencil cup in one open
arm of the EPM
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(genotype) = 11.44, P = .0015, two-way ANOVA). In addition, the differ-

ence between the amount of time spent exploring the social-stimulus-

containing arm relative to the empty arm (social arm time − empty

arm time) was significantly greater for WT animals (WT: 20.62

± 4.7 seconds, Shank3+/ΔC: −2.14 ± 3.5 seconds, t(22) = 3.9,

P = .0008), suggesting that WT animals have a significantly greater

preference for the social-stimulus-containing arm over the empty arm

than Shank3+/ΔC mice.

To quantify the animal's level of motivation to explore the

stimulus-containing-arm, we calculated a “stimulus incentive index”

(SII) for each trial which represents the animal's preference for the

stimulus-containing-arm vs the empty arm (calculated as: [time in

stimulus-containing-arm − time in empty arm]/total time in both open

arms). In the object incentive trial, WT and Shank3+/ΔC mice exhibited

a similar and positive SII, indicating that both groups display a prefer-

ence for the object-containing-arm, and that the presence of the

object enhances the drive for both WT and Shank3+/ΔC mice to enter

that arm of the maze relative to an empty open arm (Figure 3D,

n = 12 per group). However in the social incentive trial, Shank3+/ΔC

mice demonstrated a negative SII that was significantly lower than

that of WT mice, suggesting that the incentive to engage in a social

interaction is significantly reduced in Shank3+/ΔC mice (Figure 3D,

n = 12 per group, F1,44 (interaction) = 15.15, P = .0003, F1,44 (trial

type) = 3.86, P = .06, F1,44 (genotype) = 12.14, P = .0011, two-way

ANOVA). Notably, Shank3+/ΔC mice demonstrated a significantly

lower SII in the social incentive trial than in the object incentive trial,

indicating that the incentive to interact with a novel object exceeds

the incentive to interact with a social stimulus in Shank3+/ΔC mice.

Collectively, these data indicate that the aversive value presented by

the open arm of the EPM is sufficient to deter Shank3+/ΔC mice, but

not WT mice, from pursuing a social interaction, and that the incen-

tive of social engagement is diminished in Shank3+/ΔC mice.

To determine whether the modified EPM paradigm used here was

sensitive to social incentive deficits in other ASD models, we next

attempted to replicate these findings in BTBR mice. Since ASD-like

deficits in BTBR mice are caused by an unclear genetic background

and BTBR mice do not have a distinct wild-type counterpart, experi-

ments with BTBR mice were conducted without WT controls, and all

statistical comparisons were performed between open-arm side and

trial type. BTBR mice did not show any preference for either open

arm of the EPM in the baseline trial (Figure 4A, n = 10 per group,

t(9) = 0.53, P = .61, paired t test). In the object incentive trial, BTBR

mice demonstrated a significant preference for the object-containing-

arm (Figure 4B, n = 10 per group, t(9) = 2.94, P = .017, paired t test),

however, BTBR mice did not show a preference for either arm in the

social incentive trial (Figure 4C, n = 10 per group, t(9) = 0.35, P = .73,

paired t test). Correspondingly, the SII was significantly lower in the

social incentive trial than in the object incentive trial (Figure 4D,

n = 10 per group, t(9) = 3.95, P = .003, paired t test), indicating that the

incentive to engage in a social interaction is reduced in BTBR mice.

3.2 | Diminished social interaction incentive in ASD
models is not revealed under less aversive barrier
conditions

We next questioned whether the diminished incentive for social inter-

action in Shank3+/ΔC and BTBR mice was selectively evoked by the

aversive pressures of the modified EPM paradigm, or if this deficit
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F IGURE 3 Shank3+/ΔC mice exhibit diminished social interaction incentive in a modified elevated plus maze (EPM) protocol. (A) Bar graph
(mean ± SEM) showing the total amount of time wild type (WT) and Shank3 deficient (Shank3+/ΔC) mice spent exploring both open arms of the
EPM (left), and the amount of time spent exploring each individual arm (right) in the baseline trial. (B) Bar graph (mean ± SEM) showing the
amount of time WT and Shank3+/ΔC mice spent exploring the object-containing arm and the empty arm in the object incentive trial. (C) Bar graph
(mean ± SEM) showing the amount of time WT and Shank3+/ΔC mice spent exploring the social-stimulus-containing arm and empty arm in the
social incentive trial. (D) Bar graph (mean ± SEM) showing the stimulus incentive index for WT and Shank3+/ΔC mice in the object incentive trial
(left) and the social incentive trial (right). ***P < .0001, **P < .01, two-way ANOVA post hoc t test
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was pervasive and present under all conditions. To determine if the

deficit was dependent upon the severity of the aversive pressure

imposed by the barrier to interaction (ie, open space/bright light/ele-

vation in the open arm of the EPM), we designed a modified LDB par-

adigm which paralleled the modified EPM protocol. The LDB test

measures anxiety-like behavior by gauging the animal's propensity to

explore a brightly illuminated—and thus aversive—chamber relative to

a dark compartment.21 In the modified LDB test used here, the ani-

mal's intent to enter the aversive, brightly-lit light chamber of the LDB

was used to measure the drive to interact with an object or social

stimulus. Like the open arm of the EPM, the light chamber of the LDB

is well-lit, however the light chamber of the LDB is not elevated and is

enclosed by transparent walls, both of which are in contrast to the

open arm of the EPM. Therefore, the light chamber lacks two key

aversive features presented by the open arm (elevation and exposure),

and thus presents a less aversive barrier to interaction relative to the

EPM paradigm. In the three trial types used here, the light chamber

contained either nothing (Figure 5A, baseline trial), a wooden block

under an inverted pencil cup (Figure 5B, object incentive trial), or a

social stimulus under an inverted pencil cup (Figure 5C, social incen-

tive trial), and the amount of time spent exploring the light and dark

chambers was measured.

We first compared WT and Shank3+/ΔC mice in the modified LDB

paradigm. In both the object- and social incentive trials, WT and

Shank3+/ΔC mice spent significantly more time in the light box (and

less time in the dark box) than in the baseline trial, however WT and

Shank3+/ΔC mice did not differ in the amount of time spent in the light

box or dark box during any of the three trials (Figure 6A, n = 10-11

per group, F1,114 (genotype) = 0.0, P > .999, F2,114 (trial type) = 0.0,

P > .999, F1,114 (box side) = 4.03, P = .047, three-way ANOVA). Addi-

tionally, the “stimulus enhancement index” (SEI)—which, due to the

lack of an internal control such as the empty arm in EPM, was
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F IGURE 4 BTBR mice exhibit diminished social interaction incentive in a modified elevated plus maze (EPM) protocol. (A) Bar graph (mean
± SEM) showing the total amount of time BTBR mice spent exploring both open arms of the EPM (left), and the amount of time spent exploring
each individual arm (right) in the baseline trial. (B) Bar graph (mean ± SEM) showing the amount of time BTBR mice spent exploring the object-
containing arm and the empty arm in the object incentive trial. *P < .05, t test. (C) Bar graph (mean ± SEM) showing the amount of time BTBR
mice spent exploring the social-stimulus-containing arm and empty arm in the social incentive trial. (D) Bar graph (mean ± SEM) showing the
stimulus incentive index for BTBR mice in the object incentive trial (left) and the social incentive trial (right). **P < .01, t test

Baseline Trial Social Incentive TrialObject Incentive Trial(A) (B) (C)

F IGURE 5 Graphic illustrating the three light-dark box protocols used in the current study. (A) Baseline trial, in which the light chamber is left
empty. (B) Object incentive trial, in which a novel object (wooden block) is placed under an inverted pencil cup in the light chamber. (C) Social
incentive trial, in which a social stimulus (age- and sex-matched WT mouse) is placed under an inverted pencil cup in the light chamber
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calculated differently from the SII used prior (calculated as: [time in

light-box during given trial type − time in light-box during baseline

trial]/time in light-box in baseline trial) did not differ between WT and

Shank3+/ΔC mice in either the object- or social incentive trial

(Figure 6B, n = 10-11 per group, F1,38 (genotype) = 0.53, P = .47, F1,38

(trial type) = 1.86, P = .18, two-way ANOVA), indicating that the reduced

incentive of social engagement in Shank3+/ΔC mice is veiled under less

severe aversive conditions.

We next tested BTBR mice in the modified LDB paradigm. BTBR

mice spent significantly more time exploring the light box in both the

object- and social incentive trials than in the baseline trial (Figure 7A,

n = 10 per group, F2,18 (interaction) = 22.52, P < .0001, F2,18 (trial type) = 1.0,

P = .39, F
1,9 (box side)

= 9.23, P = .01, two-way ANOVA). Additionally, the

SEI for the object- and social incentive trials did not differ in BTBR

mice (Figure 7B, n = 10 per group, t(9) = 0.05, P = .96), indicating that

BTBR mice were similarly driven by both an object and a social stimu-

lus to explore the light chamber of the LDB.

Collectively, these data indicate that the incentive to engage in a

social interaction in Shank3+/ΔC and BTBR mice is selectively reduced

in the modified EPM paradigm, but not in the modified LDB paradigm,

suggesting that the expression of this behavioral phenotype in these

ASD models is specific to the aversive pressures presented by the

open arm of the EPM (bright light, open spaces, elevation) and that

the deterrent pressure imposed by the more mild aversive environ-

ment of the light chamber of the LDB is insufficient to dissuade

Shank3+/ΔC or BTBR mice from exploring a compartment containing a

social stimulus.

4 | DISCUSSION

Social deficits in Shank3+/ΔC15-17 and BTBR18,26,27 mice have been

reported by our lab and other labs, indicated by a reduced preference

for a social stimulus over a novel object in the 3-chamber social pref-

erence test. In order to determine whether reduced incentive of social

engagement may contribute to the observed social deficits, we

designed a new behavioral paradigm to quantitate a social incentive

index. Through the use of this novel behavioral model, we determined

that both Shank3+/ΔC and BTBR mice exhibit diminished motivational
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F IGURE 7 BTBR mice do not exhibit reduced social interaction
incentive when presented with a less aversive barrier to interaction.
(A) Bar graph (mean ± SEM) showing the amount of time BTBR mice

spent exploring the light and dark chambers of the light-dark box in
the baseline trial (left), in the object incentive trial (middle), and in the
social incentive trial (right). * indicates statistical difference from time
in light-box during the baseline trial. # indicates statistical difference
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two-way ANOVA post hoc t tests. (B) Bar graph (mean ± SEM)
showing the stimulus enhancement index for BTBR mice in the object
incentive trial (left) and social incentive trial (right)
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intent to interact with social stimuli, which may be an underlying fac-

tor contributing to the widely observed social deficits.

One way to evaluate the motivational value of a reward is to

increase the effort required to obtain the reinforcer.28,29 The progres-

sive ratio operant task is a well-recognized behavioral paradigm which

has been widely used to evaluate motivation for reinforcers like

sucrose, food, and addictive drugs.28 However, this paradigm requires

long-term training and the success rate of learning the paradigm for

mice with social deficits (such as BTBR mice) is only 50%,30 which

may be due to learning impairments in the context of social reward.30

Conditioned place preference (CPP) is another widely used method of

measuring motivation. However, socially deficient mice (BTBR31) are

likewise unable to develop CPP, which may also be due to an impaired

learning capacity.32 In our paradigm, we used a simplified strategy in

which the level of difficulty of obtaining a social reward was

increased. Since rodents express an innate preference for enclosed

and dark spaces, they typically avoid aversive environments such as

the open arm of EPM and the light compartment of the LDB. When a

novel object or social stimulus is introduced to such a nonpreferred

environment, mice must actively overcome the aversive pressures to

engage in a play- or social interaction. In the baseline EPM protocol,

Shank3+/ΔC mice showed no difference from WT mice, indicating that

Shank3+/ΔC mice do not express any anxiety phenotype which could

alter the social incentive index. Furthermore, Shank3+/ΔC and WT

mice expressed comparable open-arm engagement time with the

novel object in the object incentive trial, suggesting that Shank3+/ΔC

mice do not exhibit general incentivization deficits, but rather these

deficits are specific to social reward. Future studies should focus on

whether Shank3+/ΔC mice also express reward processing deficits for

other rewards such as food, water and drugs of abuse.

Our data also indicate diminished incentive for social interaction

in BTBR mice. Unlike WT and Shank3+/ΔC mice, BTBR mice showed a

notably strong preference for the novel object, indicating increased

novelty reward valence in BTBR mice which may correspond to the

elevated interest in restricted domains in human ASD patients.33

Other studies have indicated decreased motivation for other rewards

such as food in BTBR mice,30 suggesting a generalized decrease of

motivation in BTBR mice. This discrepancy may be due to the com-

plexity of test protocols and the impaired learning ability of the

tested mice.

One may speculate that the reduction of social interaction incen-

tive in Shank3+/ΔC and BTBR mice in the modified EPM paradigm may

be driven by social anxiety (or social aversion/avoidance). Following

this explanation, the observed avoidance of social cues should be

unaffected by altering the level of environmental aversiveness. In con-

trast, WT and Shank3+/ΔC mice displayed a similar social enhancement

index in the social incentive trial of the LDB, suggesting that

Shank3+/ΔC mice do not exhibit avoidance (or aversion) of social con-

specifics under milder environmental conditions, and that the

observed deficits are dependent upon specific aversive pressures and

not resulting from intrinsic social aversion. We also hypothesize that

in order to express the social incentive deficits, the aversive pressures

imposed by the barrier to interaction must reach a certain threshold

of severity which is sufficient to deter animals with reduced incentive

of social engagement. Relative to the open arm of the EPM, the light

compartment of the LDB represents a more mildly aversive environ-

ment, presenting light as the lone aversive stimulus, in contrast to the

EPM open arm which is well-lit, elevated and exposed (without walls).

We thus speculate that the aversive pressure imposed by light expo-

sure alone in LDB is insufficient to suppress the drive for social

reward in Shank3+/ΔC and BTBR mice. There is an apparent contradic-

tion as Shank3+/ΔC mice display social withdrawal symptoms in the

social approach test17 where a social stimulus is presented in the mid-

dle of open chamber similar to the light compartment of LDB box,

while this deficit is not shown here. This may be due to the fact that,

unlike the LDB test, during the habituation phase of social approach

test animals become very familiar with the open arena to avoid open

space induced anxiety. Additionally, the social approach test quan-

tifies the amount of time the test mouse spends directly interacting

with the social cue, whereas here we quantified the amount of time

spent in the chamber with the social cue. However, due to the com-

plexity of social motivation, we do acknowledge the limitations of our

experimental design, in that the motivational component of social

interaction behavior cannot be thoroughly isolated and quantitated.

More sophisticated (but straightforward) experiments are needed to

directly measure the incentive value of social stimulus in mouse

models of ASD.

In the modified EPM protocols, Shank3+/ΔC and BTBR mice dis-

played a significantly lower SII in the social incentive trial than the

object incentive trial, suggesting that in these ASD models, the incen-

tive to engage in an interaction with a novel object may exceed that

of a social stimulus. However, the SII for WT animals did not differ

between the object- and social-incentive trials, which appears in con-

trast to 3-chamber social preference findings in which WT animals

routinely demonstrate a significant preference for the social stimulus

over a novel object.16,17 We theorize that the lack of difference

between the WT object- and social-stimulus incentive indexes is due

to differences in testing parameters between the traditional

3-chamber paradigm and the EPM models used here. Principally, the

3-chamber paradigm exposes the test mouse to a social stimulus and

a novel object simultaneously, forcing the test animal to actively

choose to interact with one stimulus over the other, which typically

results in a time distribution favoring the social stimulus over the

object. Here, WT animals were exposed to novel- and social-stimuli at

different times, precluding the need for the animal to establish prefer-

ence of one stimulus over the other.

The biological mechanisms involved in social motivation rely on

brain circuitry including the amygdala, ventral striatum, orbital, and

ventromedial prefrontal cortex,34 along with mesolimbic reward cir-

cuitry comprised of the nucleus accumbens and ventral tegmental

area.35 Synaptic dysfunction has been reported in the PFC16,17 and

VTA36 of Shank3+/ΔC mice, which may compromise social reward

processing. In BTBR mice, changes in the shape and localization of

many brain structures, including the hippocampus and amygdala37

may also diminish the regulation of social motivation.
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The molecular mechanisms underlying social motivation are

closely related to the neuropeptide oxytocin and its interaction with

dopamine.38,39 Dopamine in the mesocorticolimbic system influences

the assignment of motivational salience by impacting the drive toward

such rewards, without affecting the pleasure derived from the reward

itself.40,41 Oxytocin, which shares receptor localization sites with the

mesocorticolimbic dopamine system, acts with dopamine to specifi-

cally increase the salience of social stimuli.38,42,43 Oxytocin treatment

has been shown in clinical studies to improve social behavior in ASD

patients,44,45 and in preclinical studies to alleviate the social deficits in

Shank3+/ΔC46 and BTBR mice.47 Therefore, the social motivation defi-

cits observed here in these mouse models may be related to oxytocin

and the dopamine system. Future studies could focus on examining

this relationship.

In conclusion, we have used a simplified behavioral approach to

assess the incentive of a social interaction in ASD mouse models

(Shank3+/ΔC and BTBR), identifying diminished social interaction

incentive in both models, and providing a new strategy to facilitate

the investigation of neurobiological mechanisms for social reward and

motivation deficits underlying neuropsychiatric disorders.
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