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Autism spectrum disorders (ASD) are complex heterogeneouseurodevelopmental
disorders of an unclear etiology, and no cure currently exis. Prior studies have
demonstrated that the black and tan, brachyury (BTBR) T Itpr3tf/J mouse strain
displays a behavioral phenotype with ASD-like features. BBR TC Itpr3tf/J mice (referred
to simply as BTBR) display de cits in social functioning, kek of communication ability,
and engagement in stereotyped behavior. Despite extensivéehavioral phenotypic
characterization, little is known about the genes and prot@s responsible for the
presentation of the ASD-like phenotype in the BTBR mouse maal. In this study,
we employed bioinformatics techniques to gain a wide-scaleunderstanding of the
transcriptomic and proteomic changes associated with the SD-like phenotype in BTBR
mice. We found a number of genes and proteins to be signi carly altered in BTBR
mice compared to C57BL/6J (B6) control mice controls such asBDNF, Shank3, and
ERKZ, which are highly relevant to prior investigations of3D. Furthermore, we identi ed
distinct functional pathways altered in BTBR mice comparedo B6 controls that have
been previously shown to be altered in both mouse models of AS, some human
clinical populations, and have been suggested as a possibletiological mechanism
of ASD, including ‘axon guidance” and “regulation of actin cytoskeleton.”In addition,
our wide-scale bioinformatics approach also discovered seeral previously unidenti ed
genes and proteins associated with the ASD phenotype in BTBRmice, such as
Caskinl, suggesting that bioinformatics could be an avenuéy which novel therapeutic
targets for ASD are uncovered. As a result, we believe thatfiormed use of synergistic
bioinformatics applications represents an invaluable tddor elucidating the etiology of
complex disorders like ASD.
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INTRODUCTION 2017). While the autistic-like behavioral phenotype of the BTBR
mouse has been studied intensively, and preliminary genetic
Autism  spectrum  disorders  (ASDs) are  compleXinvestigations of the di erences between BTBR and B6 have bee
neurodevelopmental disorders characterized by alteregbported (/icFarlane et al., 2008; Jones-Davis et al., 2013; Jasien
functionality across two symptom domains: (1) social andet al., 201) the precise transcriptomic and proteomic brain
communication de cits; and (2) stereotyped repetitive bebes  ajterations underlying some of these ASD behavioral pheresty
with restricted interests American Psychiatric Association, remain unclear.
2000. Currently, more than 1 in 100 children in the United  The specic genomic and transcriptomic mediators of the
States are diagnosed with an ASa(zeer and Ghaziuddin, autistic phenotype are 0n|y now being revea]e‘kd)r(es_DaviS
2012; therefore, understanding the origins of these disorders et a|., 2013: Jasien et al., 2D TPo enhance our understanding
a pressing health concern. Gene mutations have been found & the BTBR mouse strain and to gain further insight into the
play a large role in the onset of ASBIfrahams and Geschwind, ynderlying mechanisms of ASD, we conducted transcriptomic
2009. Yet while the heritability of ASD is high (nearly 90% and quantitative proteomic analyses on cortical and hippocdmpa
by some estimatesSantangelo and Tsatsanis, 2JjJ0genetic tissues collected from BTBR mice, since these two brainsgi

mutations known to result in the appearance of the ASDhave been strongly associated with ASBuady, 2003; Nadler
phenotype have been identied in only 30% of all ASD casegt al., 2005

(Sakai et al., 20)1While several potential causes of ASD have
been suggestedChugani, 2004; Geschwind and Levitt, 2007;
Pizzarelli and Cherubini, 2011: Zou et al., 2011 Choudietgl., MATERIALS AND METHODS
2019, the exact etiology of ASD has yet to be elucidateet §ico . . .
and Bourgeron, 2006; Abrahams and Geschwind, 2008 Animal Care and Tissue Collection

Given the heterogeneous nature of ASD, mouse models hafdl experimental animal procedures were approved by the
proven to be particularly useful and reliable in elucidatimgt Animal Care and Use Committee of the National Institute
etiology of these disorder&y et al., 2011; Spooren et al., 20120n Aging. All mice used were either male BTBRCMprtf/J
Tsai et al., 2012; Silverman and Crawley, J00he strain in Mice (4 months of age) or male control B6 C57BL6J mice (4
particular, called the black and tan, brachyury, has beemvsho Months of age) which were housed in the National Institute of
to be an especially relevant animal model of A&DI{var et al., Mental Health animal facility on a 12-h light and dark cycle
2007; Moy et al., 2007BTBR TC Itpr3tf/J is an inbred strain from 6 am. to 6 p.m. Animals received food and watet
of the black and tan, brachyury mice. This inbred strain hadibitum throughout the duration of the study. Animals were
not only been useful in ASD research, but has been used afthanized using iso urane anesthesia at 4 months of age
model for type 2 diabetesC(ee et al., 2005due to its natural and whole hippocampal and cortical tissues were collected by
insulin resistance. Extensive behavioral charactedmatif the ~Microdissection on a pre-chilled (€) metal plate performed by
BTBR mouse model has revealed low sociability compared f@{rained researcher. Body weight data was collected imatedgli
C57BL/6J (B6) miceplivar et al., 2007; McFarlane et al., 2008 prior to euthanization for each animal. To prepare tissues for
B6 is a standard inbred strain that shows normal social biensyv further analyses (protein or microarray) hemi hippocampi or
and low repetitive behaviors and is, therefore, frequentigdi cortices were further sliced on the pre-chilled plate using a pre
as a good control comparison to BTBBivar et al., 2007; chilled sterile razor blade to generate a crude tissue homaige
Moy et al., 2007, 2008; McFarlane et al., 2008; Pobbe et dihese tissues were subsequently snap frozen on dry ice and
2010; Defensor et al., 2011: Pearson et al., 2011; Scattini e stored at 80 C until used for further analyses. Trunk blood was
2011, 2013; Wéhr et al., 2011; Silverman et al., 2012,)201gollected from each animal, blood was centrifuged at 3000 rpm
Many other hallmark symptoms of ASD have also been observdlr 30 min at 4 C and plasma was subsequently collected. Animal
in the BTBR mouse; moreover, behavioral phenotypes that afée and experimental procedures followed NIH guidelines and
representative of both ASD symptomatic domains, including lo Were approved by the National Institute on Aging Animal Care
sociability compared to B6 strain8¢livar et al., 2007; Moy et al., @nd Use Committee (protocol numbers 432-LCI-2015, and 433-
2007, resistance to changé/py et al., 2007, 200g8increased LCI-2015).
display of repetitive self-grooming behaviétdbbe et al., 20)0
display of other repetitive behavior®¢arson et al., 20),land ldenti cation and quanti cation of
reduced display of territorial scent markingvohr et al., 201)L. signi cantly Altered genes
Furthermore, unusual vocalizations have also been extelysi RNA was isolated from microdissected hippocampus and cortex
characterized in BTBR mic&(attonietal., 2008, 20laswellas  from three individual animals in each experimental group (B6
instances of social avoidance and gaze aver@@lhethsor et al., control and BTBR, hippocampus and COI'IEX) using a Qiagen
RNeasy mini kit according the manufacturer's instructions
Abbreviations: Agk, acylglycerol kinase; ASD, autism spectrum disorder; B6(Qiagen, Inc., Valencia, CA). Therefore, three individaaiays
ol e BTG ikt choury 1P e bendefor both cortex and hippocampus were performed for cach
que{nti cation; KEGG, Kyoto Enc’yclopedia of Genes and Genorh&$; Latent g.en.mype' BTBR and B6 Con.tm" Total RNA was used to generate
Semantic Indexing; PCR, polymerase chain reaction; Rock2, Ritwiated biotin-labeled cRNA by using the lllumina TotalPrep RNA
coiled-coil containing protein kinase 2; Wfs 1, Wolframin syndrome 1 Ampli cation Kit (Ambion; Austin, TX, cat #IL1791). A total
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of 0.75mg of biotin-labeled cRNA was hybridized at 83 for  dataset of less than 0.05 (hypergeometric test of signieanc
16 h to llluminas Sentrix MouseRef-8 Expression Bead-Chipsor Kyoto Encyclopedia of Genes and Genomes (KEGG)
(lllumina, San Diego, CA). The arrays were washed and biickepathway analysis, the degree of enrichment R was calculated
and the labeled cRNA was detected by staining with streptavidi and expressed as a hybrid score as followd O/E where
Cy3. The arrays were scanned with an lllumina BeadStatio® is the observed gene number and E is the expected
500 Genetic Analysis Systems scanner and the image data weyene number in the KEGG pathwaj-values were assigned
extracted using the lllumina BeadStudio software, Verssdh to pathways withR > 1 to indicate the signicance of
Microarray data were analyzed using DIANE 6.0, a spreadsheeinrichment. For IPA canonical pathway analysis, the enriehin
based microarray analysis program based on the SAS JMPPp@bability (expressed as a negative1lpgf the probability)
system. Raw microarray data were subjected to ltering and and enrichment ratio are indicated in the specic data tables
normalization and tested for signi cant changes as desttib and represent the direct primary output of the full signaling
previously (in et al., 2012 In brief, average values of the mode (Metabolic and Cellular Signaling) of pathway analysis.
replicate spots of each transcript on the microarray werén addition, Venn diagrams were also constructed to identify
normalized by global normalization. The correction factsas common and uniquely altered genes between hippocampus and
calculated by dividing the sum of intensities of each sampleortex, using VennPlex(ai et al., 2013 Word frequency

by the average of all the samples. The normalized values wearalysis was performed with the online WriteWords application
calculated by multiplying average intensities of each mRNA wi (www.writewords.org.uk/word_count.asp).

the correction factor. Raw intensity data for each experimen

were transformed to log, and used for the calculation of Z- Latent Semantic Indexing Analysis

scores. Signi cant changes in mMRNA expression were calcllaté atent semantic indexing (LSI)-based Genelndexer arsalyas

in the form of Z-ratios and/orZ-test values, by using Z-score performed as previously described{adwick et al., 20)0Hence
values in all calculations. Z-ratios constitute a measuréhe  we used Genelndexer software (www.computablegenomix.com,
change in transcript expression of a given gene from controMemphis, TN) to rank genes/proteins based on relevancy
group value, expressed in units of standard deviation from thto the input keyword queries using functional information
average change of all genes for that comparison. The Z-ratio Medline (Homayouni et al., 2005 Genelndexer contains

is a measure of fold change between comparisons, ang-the over 2 million Medline abstracts corresponding to over
values test for reproducibility of the intensity of a gene ago 21,000 mammalian genes. Genelndexer extracts both explicit
biological replicate arrays: Z-ratio (between condition Ada and implicit gene/protein-to-keyword relationships from
B) D z(A) - z(B)/SD deviation). Remaining genes were analyzethe literature using an information retrieval model called
by Two-way ANOVA to establish the statistical signi cance o LSl (Homayouni et al., 2005; Roy et al., 2011; Chen et al.,
di erential levels of expression between ages and genotyp@8133. This model ranks genes according to the strength of
(p < 0.05). Comparisons between Z-ratios test for equivalence tiie association with the keyword query, whereby a scere
signi cant changes between the BTBR groups and the control BB.2 typically indicates an explicit association (e.g., thedwo
groups. All transcript expression changes were assessedythrowactually appears in the gene abstracts) and a score between 0.1
comparison with control samples. A Z-ratio value of 1.50 and 0.2 typically indicates an implicit functional relatidmg
and/or aZ-test valugp < 0.05 were the signi cance thresholds (Homayouni et al., 2005 In brief, experimentally-derived
used in this study. Signi cantly-regulated transcripts we¢hen gene symbol lists (from either hippocampus or cortex) were
re ned by calculating the false discovery rate, which cotgr uploaded into Genelndexer. Using LSI, Genelndexer then
for the expected proportion of falsely rejected hypotheses, arzbrrelates the strength of association between speci mfact
including only those genes with false discovery r&t8.05. (genes/proteins)inthese datasets with user-de ned intgatmn
Hierarchical clustering and principal component analysis waserms (‘autism,;” “autistic disorder;” “autistic spectrum disentl
performed with the software package DIANE 6.0, a spreadshe¢ADHD,” “ASD,” “obsessive”fsenes/proteins with a signi cant
based microarray analysis program based on the SAS JMPtdrrelation (value> 0.1) were extracted and labeled (according

system. to their experimentally-derived identi ed expression patier
) _ o _ _ i.e., BTBR vs. B6 control) as either elevated (red) or desecka
Signaling Pathway Bioinformatics Analysis (green). Textrouslbased natural language processing analysis

Functional signaling pathway analyses were used to analym&s performed, as previously describ&thén et al., 2013b
signi cantly regulated transcript and protein data sets fromEssentially, Textrous! can perform the inverse function of
the control (B6) and BTBR mice. KEGG pathway analysi&Senelndexer by deriving signi cantly correlated natural
was performed using WebGestalt (http://bioinfo.vanderbiliu/ language nouns semantically-linked in multiple biomedical
webgestalt/) software, as previously descril&dh(ig et al., 2005; databases (PubMed Central Abstracts (http://www.ncbi.nlm.
Wang et al., 2013 Canonical signaling pathway analysis wasih.gov/pubmed/) including Online Mendelian Inheritance
performed using Ingenuity Pathway Analysis (IPA). Inclusio in Man (http://www.omim.org/) and Jackson Laboratories
criteria were set as follows: pathway groups needed to mebtouse Genomatics Mammalian Phenotypes Database (http:/
a minimum population of two transcripts/proteins from the www.informatics.jax.org/searches/MP_form.shtml)Textrous!
input experimental set, and also needed to possess a probabilfipssesses two modes of dataset analysis: (1) “colleativwdjich
signi cance of enrichment compared to a control backgroundwords correlating to all of the input data are derived; and (2)
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“individual,” in which the strongest individual input dateeun using a GE Amersham Molecular DynamicsTyphoon

correlations are reported. 9410 Phosphorimager with ImageQuant 5.2L software (GE
Healthcare, Pittsburgh, PA). ECF band intensity was mesasur
Real-time Polymerase Chain Reaction as uorescent units minus background per square pixel

Analysis ((FU-B)/p).

Real-time polymerase chain reaction (PCR) analysis waggparic Tags for Relative and Absolute
performed, as previously describefih(n et al., 2008 Brie 'y, Quanti cation Mass Spectrometry

to_tal RNA was extracted from the migrodissected (from thre%sobaric tags for relative and absolute quanti cation (AR)
mice -on each genotype) mouse hlppC.)C&m.pUS and Corter)r%ass spectrometric quanti cation was performed, based
using TRIzol reagent and reverse-transcribed into cDNA gsin . . .
SuperScripl Mirst-Strand Synthesis System (Invitrogen, Grand" 2 modied protocol to that described previouslyHi{

Island, NY). Next, PCR was carried out using gene-speci cet al., 2005 Briey, ITRAQ isobaric mass tags and labeling

primer pairs and SYBR Green PCR master mix (Applie A). BTBR and B6 tissue samples D 4 BTBR andn D 4

B|osys_tems, Foster C'ty’.CA) in an ABI Prism 7000 sequenagy control) were treated in parallel throughout the labeling
detection system (Applied Biosystems). The ampli cation : . . .
- . - procedure. Hippocampal tissues were fractionated using
conditions were 50C (2 min), 95 C (10 min), and then 40 cycles . .
. .~~~ the Qproteomd MCell Compartment Kit according to the
at 95C (15s) and 60C (1min). The data were normalized L . . : .
anufacturer's instructions (Qiagen, Valencia, CA). Riot
to glyceraldehyde-3-phosphate dehydrogenase (Gapdh) mRNA. . -
: extracts representing the cytosolic compartment were used
All real-time PCR analyses are represented as the mean . . . . .
éwmanly for subsequent proteomic and immunoblotting

S.E. from at least three independent animal experiments, ea . .
R . analyses. This compartment was chosen as it represents the
performed in triplicate. Primers used were> FCATACTTC :
most diverse cellular compartment and therefore the most

SC;‘;I;TGI;:S-\IFE AE;’A?;iAichiAg%i%ﬁzZ'?gi'?ﬁGAgigGCc? likely to yield information pertaining to as many molecular

50: A'IE)':'CCCG,TA-A ACTCCCCTGTG-8for Pakl: & AT';'T?‘:T signal_ing processes as possible. These p_rotgin extracts were

CCCAATGTCTGCGAA -8 and H TGGCTA'i’CTTGGCTA quanti ed using BCA reager)t (ThermoSc:lentl-c, Rockford.,

TAAAGGGG -Pfor Serpinadn: STCTGACTTTCCTTGCCTG b The general iITRAQ labeling protocol consists of. protein

GT-2 and BATTCAGGTCTCGTTGGCATC-8for Cort; 5 'eduction and cysteine blocking, protein digestion via tiyps

GAAGTTCGCCTGCTTTGAAC-8 and E?—CTGCCACAA’ATG peptide labeling with iTRAQ reagents, sample combination,
strong cation exchange chromatography, desalting withdsoli

TCACAACC-Pfor Slc25a3. phase extraction, and liquid chromatography with tandem
. . . mass spectrometric analysis. Brie y, to create our two cdntro
Western Blotting Protein Expression iTRAQ samples, 789 of protein from two B6 control mice
Analysis were pooled to and then were designated to be labeled with the
Microdissected hippocampal and cortical tissues D 4 B6 114 mass iTRAQ label mixture—the same procedure using the
controls,n D 4 BTBR) were fractionated using the Qproteof pooling of two additional separate % B6 control protein
Cell Compartment Kit according to the manufacturerssamples was performed to create the second 115 control mass
instructions (Qiagen, Valencia, CA). Protein extracts ever iTRAQ label mixture. In a similar manner the protein extracts
quanti ed using BCA reagent (ThermoScienti c, Rockford, from four BTBR mice were evenly distributed into the 116
IL) before one-dimensional mass-based resolution. Spaltyc and 117 mass iTRAQ label groups. Hence the four individual
protein extracts (containing 1®g of total protein) were 150mg protein extracts from each mouse genotype (control
resolved on 4-12% Bis-Tris polyacrylamide gels (InvitrogerB6 114, 115—BTBR 116, 117 iTRAQ labels) were acetone
Carlsbad, CA) before electrotransfer to a polyvinylenediide  precipitated and resuspended in 20 of iTRAQ dissolution
(PVDF) membrane (Perkin Elmer, Waltham, MA). PVDF bu er [0.5M triethylammonium bicarbonate (TEAB), ABSciex]
membranes were blocked for 1h at room temperature ircontaining 0.1% ProteaseMAX detergent (Promega) to denature
4% non-fat milk (Santa Cruz Biotechnology, Santa Cruzthe proteins. The sample was then reduced by adding iTRAQ
CA) before immunoblotting. Specic primary antisera were Reducing Reagent [Tris(2-carboxyethyl) phosphine (TCEP),
obtained from the following sources: Actin (Sigma Aldrich, ABSciex] to a nal concentration of 5mM and incubated
St. Louis, MO), Stxbpl (Sigma Aldrich, St. Louis, MO),at 60C for 1h. Subsequently, the sample was alkylated
Rock2 (Abcam, Cambridge, MA), Tom1l2 (Sigma Aldrich,with iTRAQ Cysteine-Blocking Reagent [LOmM methyl
St. Louis, MO), Agk (Novus Biologicals, Littleton, CO), andmethanethiosulfonate (MMTS), ABSciex] for 10min at
Gap43 (Abcam, Cambridge, MA), Arll (Proteintech Group,room temperature. The protein samples were then digested
Inc., Chicago, IL) Detection of primary immune complexeswith 5mg sequencing-grade trypsin (Promega) per @0
were performed with subsequent application of &@000 protein at 37C overnight. Labeling of the samples with
dilution of an alkaline phosphatase-conjugated, speciesTRAQ labels was performed at room temperature for 2h.
speci ¢ secondary antibody (Sigma Aldrich, St. Louis, MO)After labeling, the samples to be compared were mixed
followed by enzyme-linked chemi uorescence (ECF) exposurand underwent an o-line strong cation exchange (SCX)
(GE Healthcare, Pittsburgh, PA) and digital quanti cation fractionation (ICAT Cation Exchange Bu er Pack, ABSciex)

eagents were obtained from Applied Biosystems (Carlsbad,
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to 16 fractions to reduce input MS sample complexity. After(Bio-Rad, Hercules CA). Blood samples from BTBR or B6 mice
reversed-phase desalting (C18 tips, Pierce Biotechnologyyere obtained by exsanguination after the ethical iso wan
the samples were re-constituted in water with 0.1% formieuthanasia process. Whole blood was collected (fromD
acid, then stored at 20 C until LC/MS/MS analysis. Western 3 animals per genotype each) in EDTA-containing vacutainer
blotting procedures for validation were performed using thetubes (BD Bioscience) to prevent coagulation. Blood was then
same individual protein lysates employed for initial iTRAQ centrifuged at 12,500rpm for 12min at @ and plasma

labeling. supernatant was removed and stored &80 C. Prior to hormone
) assays the appropriate standard curve solutions were set up
LC/MS/MS Analysis for accurate quantitation. Multiplexed hormone analyses were

Samples were analyzed using an Eksigent NanoLC Ultra 2performed using a 96-well plate format. Briey, 20D of
(Dublin, CA) and Thermo Fisher Scientic LTQ Orbitrap XL proprietary Assay Bu er is added to each well, the plate is then
(San Jose, CA). In brief, peptides were rst loaded onto a traghaken for 10 min at room temperature before being decanted
cartridge (Agilent), then eluted onto a reversed phase RitoF o. Then 25ml of either hormone standard or control sample
column (New Objective, Woburn, MA) using a linear 120 minis added to the appropriate wells. Twenty ve microliter of
gradient of acetonitrile (2-62%) containing 0.1% formicdaci Assay Buer is then added to the background and sample
at 250 nL/min owrate. The eluted peptides were sprayed intavells. Next 251 of the appropriate matrix solution is added to
the LTQ Orbitrap XL. The data-dependent acquisition modebackground, standards and control wells followed by the toldli
was enabled, and each FTMS MS1 scan (60,000 resolution) veds25m of neat samples to the sample wells and them5
followed by 6 MS2 scans (alternating CID at unit resolutiomlan of proprietary Linco-Millipore beads to each well followed by
HCD at 7500 resolution on 3 precursor ions). The spray voltagevernight incubation at 4C. After incubation the individual
and ion transfer tube temperature were set at 1.8 kV and €80 well contents were removed and the wells were washed three

respectively. times with 200n of the proprietary wash bu er followed by
_ _ _ the subsequent addition of % of detection antibodies per
Database Search and iTRAQ quanti cation well (insulin, leptin, GIP, PP, and PYY) and incubation for 1 h

Proteome Discoverer 1.2 (Thermo Fisher Scientic) was usedt room temperature. Next 50 ml of streptavidin-phycoerythrin
for protein identi cation and iTRAQ quantication using was added per well and allowed to incubate for a further
Sequest algorithms. The following criteria were followed30min at room temperature. Following this well contents
SwissProt mouse database; enzyme: trypsin; miscleavageswé@e removed and the wells were washed three times with
static modi cations: methylthioC45.988 Da on C), iTRAQ8plex 200m of wash bu er. Before quantitation using the Bio-Plex
(C304.205 Da on N-terminus and K); dynamic modi cations: 100m of proprietary Sheath Fluid was added per well. Each
oxidation (C15.995 Da on M), deamidatiornC(0.984 Da on N sample was assayed in duplicate on a 96-well plate. Analysis of
and Q); peptide tolerance as 25 ppm; MS2 tolerance as 0.8 Dguality control standards provided in the kits met expectasipn
Peptides reported via all search engines were accepted onlyélidating the accuracy of the panels. In addition to the
they met the false discovery rate of 5% and a protein groumetabolic hormone panel plasma corticosterone concentration
identi cation con dence of 99%. For iTRAQ quanti cation, was measured using Corticosterone Double Antibody RIA
the reporter ion intensities in MS2 spectranfz 114-117, Kit (MP Biomedicals Solon, OH: # 07120103) according to
integration width tolerance 50 mmu) were used to calculéie t manufacturer's instructions. Samples were run on a Packard
expression ratios among the di erent conditions (Hippocampus:Cobra Il Gamma Counter.

WT and BTBR). Initial protein identi cation lists were then

subjected to additional quality controls. Hence, con derlimnits ~ Statistical Analysis

of acceptable control sample (114, 115 labels) variation frortatistical analyses were conducted, with GraphPad Prism@y. 5
labeling accuracy were set (as a ratio of 114:115 label 08 using a Student$-test;p  0.05 was considered statistically
and < 1.2. Only proteins identi ed against such control samplesigni cant throughout the study. Error bars represent 95%
MS2 spectra were considered for further analysis—quanti edon dence intervals. All data represent meansstandard error
proteins generated from analysis against non-compliantitls}: of the mean.

ratio samples were discarded. Proteins quanti ed relatvaiol

levels meeting these criteria were next Itered for 1164(115)

or 117:(114:115) ratios outside the following limits,0.8 RESULTS
and > 1.2. Therefore, such proteins were accurately and reliab

and di erentially co-identi ed in the BTBR compared to the %Ignl cant Alterations in BTBR

control B6 tissues. Hippocampal and Cortical Gene
_ Transcription Compared to B6
Plasma Hormone Analysis Microarray analysis was performed on BTBR and B6

Plasma insulin, leptin, gastric inhibitory polypeptide (GIP, hippocampal (Table S1) and cortical tissues (Table S2). Using
total), pancreatic polypeptide (PP), and peptide YY (PYY) wer&-means hierarchical clusterin@(adwick et al., 20)ive found
measured using a Linco-Millipore 5-plex kit (EMD Millipore, that both B6 and BTBR tissues speci cally clustered according
Billerica MA) with a Bio-PleX 200 suspension array systemto genotype Figure 1A). In addition to the k-means clustering,
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FIGURE 1 | Signi cant cortical and hippocampal transcriptomi c divergence between BTBR and B6 controls. (A)  Heatmap of signi cantly decreased or
elevated transcripts in cortical and hippocampal tissuessém BTBR mice compared to tissues from B6 controls. Green bloks = decreased; red blocksD elevated.
(B) VennPlex diagram of signi cantly regulated [up- (bold ital), down- (underlined), or contra-regulated (red bold: pasessing a diverse expression polarity in different
tissues)] transcripts in hippocampal (black line) or coc@l (gray line) tissues. Arrows indicate speci ¢ transcrigtof interest to autistic phenotypes. RT-PCR-mediated
validation of signi cantly-regulated hippocampalC) and cortical (D) transcripts. Histogram white bars represent B6 data and blek bars represent BTBR
data*p 0.05,*p 0.01.
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we also performed Principal Component Analysis on all of thdJnbiased Bioinformatics Approaches
transcriptomic datasets and again demonstrated a stronigaglo Reveal Speci ¢ Alterations of Functional

divergence between B6 and BTBR mouse cortex/hippocampqegroupS and Molecular Pathways in BTBR
tissues Figure S1. With respect to comparing the di erences

in BTBR cortex and hippocampal tissues (both compared t(M'Ce, . . L

their respective B6 controls) we found, using VennPlex aiglysF0llowing identi cation of signi cantly up- or downregulatd
(Table S3) that there was a strong and COherenﬂy_regu|¢,jltetaan:=,cr|ptom|c_alterat|ons, our next step was to determife i
(i.e., expression polarity retained between tissues) overlpherentfunctional groups could be constructed from the BTBR
(65 transcripts co-elevated and 113 transcripts co-dectdaseffanscriptomic data and how these then potentially relate to
between the BTBR cortex and hippocampiisg(re 1B). We  autistic-related pathophysiologyigure 2). First, we employed
performed multiple PCR-based validations on selected trgpisc  |PA-based canonical pathway analysis of both the hippocampal
targets (brain-derived neurotrophic factor [Bdnf], p21-iaeted (Table S4) and cortical (Table S5) transcriptomic datasss.
kinase type 1 [Pak1], cortistatin [Cort], solute carrier fiigr25  with the transcript identity analysisFgure 1B), we found a
[mitochondrial carrier; phosphate carrier], member 3 [Sla2h  considerable functional pathway overlap between the tveniés.
Serpin peptidase inhibitor, clade A [Serpina]: chosen tdJsing a pathway scoring system assessing the proportional up- or
represent both elevated and decreased transcifigeire 1G—  downregulated balance of the populated pathway (positive score
hippocampus;Figure 1D—cortex). Each of these validationsindicate a high degree of elevated transcripts, negativeesco
corroborated our array-based transcriptomic data. indicate a high degree of decreased transcripts) we found tha

31

Cortex
7 0 elevated

0 contra-regulated

Q decreased

Canonical Signaling Pathway Score
(% upregulated-% downregulated)

-16°

FIGURE 2 | Differential canonical signaling pathway analysi s of BTBR-speci ¢ hippocampal and cortical transcriptomes. ( A) VennPlex representation of
IPA canonical signaling pathway annotation of hippocampablack line) and cortical (gray line) transcriptomic data €¥nPlex numerical set description is as described
in Figure 1). (B) Differential IPA signaling pathway scores (% elevated traospts in given pathway minus % decreased transcripts in thgiven pathway).
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many of the common pathways between the hippocampusf signaling pathways signi cantly populated in both tissues
and cortex were indeed contra-regulated, suggesting @igure 3A). For these common KEGG pathways, we found
functional divergence between these tissues in the BTBWRat several of these were populated by elevated or decreased
mice (Figure 2A). Upon inspection of the common signaling transcriptome datasets in both tissuemgtabolic pathways,
pathways Figure 2B), it was clear that the BTBR phenotype isprotein processing in the endoplasmic reticulum, andatégubf
underpinned across both tissues by alterations in neurotioph actin cytoskeletdnTherefore, these pathways indicate a generic
signaling, cytoskeletal alterations, and endoplasmicukim form of pathology across both tissues in the BTBR mice. In
stress. In contrast to the cortex, the BTBR hippocampus appearedntrast to these bimodal KEGG pathways, many signaling
to possess a phenotype characterized by reductions in multipfathways associated with neural activity were speci cally
receptor signaling systemeghrin B, G protein beta-gamma upregulated@ap junction, long-term depression and potentiation,
signaling, cholecystokinin/gastrin, and HGIS well as structural Parkinson's disease, and adherence junctidgnile the pathways
modi cations (FAK signaling and macropinocytosis signaling populated by downregulated transcripts were strongly related t
To complement our IPA pathway analysis, we also appliethetabolic stress responsgsb8 signaling pathway, peroxisome,
KEGG pathway annotation (using up- or downregulated datasetsomplement and coagulation cascades, and ribosome kisgene
separately) to the BTBR (relative to B6 in each case) hippocampal eukaryotes Figure 3B). Our ability to identify functional
(Table S6) and cortical (Table S7) data sets. In accordaitbe wgroups from our experimental transcriptome datasets strongly
the IPA analysis, we found a strong overlap (25 pathwaysuggests that these functional groups potentially play a role

A
1 2 Cortex
2 0 elevated
0 contra-regulated
§ Q decreased
B

Cortex Cortex Hippocampus

[~ Metabolic pathways
Protein processing in endoplasmic reticulum
Regulation of actin cytoskeleton
Huntington's disease
RNA transport
MAPK signaling pathway
Prostate cancer
Pyrimidine metabolism
Progesterone-mediated oocyte maturation
Gap junction
Long-term depression
Long-term potentiation
[5:| Parkinson's disease
Purine metabolism
Adherens junction
Systemic lupus erythematosus
Ribosome biogenesis in eukaryotes
Prion diseases
N-Glycan biosynthesis
Amino sugar and nucleotide sugar metabolism
Staphylococcus aureus infection
p53 signaling pathway
Complement and coagulation cascades
Peroxisome
L. ECM-receptor interaction

. elevated
[[] decreased

[l o enrichment

N

Hippocampus

FIGURE 3 | Differential KEGG pathway analysis of BTBR-speci ¢ hippocampal and cortical transcriptomes. (A) VennPlex representation IPA canonical
signaling pathway annotation of hippocampal (black line)ral cortical (gray line) transcriptomic data (VennPlex numieal set description is as described irFigure 1).
(B) Differential KEGG pathway population matrix of 26A) commonly-controlled pathways between hippocampal and catical tissues. Differential pathway regulation
(elevated—red; decreased—qgreen) was generated using dataom up- or downregulated input transcriptomic sub-datases.
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in the presentation of the ASD-like phenotype in BTBR miceusing iTRAQ-based quantitative mass spectrometry (Tablg.S1
Consequently, bioinformatics can possibly be used to detetising iTRAQ labeling of control B6 and BTBR hippocampal
speci ¢ functional groups and signaling pathways responsibléssue we identi ed and generated iTRAQ ratios for 2907 pirtge
for the ASD-like phenotype observed in BTBR mice. common between these two genotypes—from this reliable
In addition to performing a curated pathway analysis (KEGGexpression ratios of proteins expressed di erentially expressed
and IPA), we also wished to employ an orthogonal naturaBTBR mice hippocampi compared to control B6 hippocampi we
language processing-based informatics approach to moiffeund that 101 proteins were elevated and 12 were decreased in
e ectively appreciate the functional phenotypic status of thehe BTBR hippocampus (Table S11). To exemplify the protein
BTBR mice. Therefore, we used our previously developed naturaenti cation and quantitation process, two representatM&?
language processing-based platforifextrous! (Chen et al., spectra - and y-ion mediated peptide identi cation) and
2013 in the collective processing mode to generate hierarchical RAQ reporter ion quantitative spectra (114, 115, 116, and 11
wordclouds, using natural language nouns extracted fronfabels)are displayed Figure 5A (acylglycerol kinase [Agk]) and
multiple biomedical text resources (PubMed Abstracts (http:/ Figure 5B (Rho-associated coiled-coil containing protein kinase
www.ncbi.nim.nih.gov/pubmed/) including Online Mendelian 2 [Rock?2]). Next, we con rmed our mass spectrometry results
Inheritance in Man (http://www.omim.org/) and Jackson using selective western blots of proteins identi ed using AR
Laboratories Mouse Genomatics Mammalian Phenotypeas upregulated (syntaxin binding protein 1 [Stxbpl], TOM1-like
Database (http://www.informatics.jax.org/searches/MiAnt  protein 2 [Tom1I2], Agk, growth associated protein 43 [Gap43])
shtml). The use of freeform quantitative wordclouds to ceymv or downregulated (Rock2, ADP-ribosylation factor-like Ir[H;
complex non-canonical signaling-activity relationships isFigures 5C—H. Upon comparing the hippocampal proteins
becoming more and more recognized as a novel techniqu@igures 5H-J and the transcriptsKigures 5K,1) di erentially
to investigate high-dimensionality dat&#roukh et al., 2011; expressed between BTBR and control B6 mice we found ve
Cheung et al.,, 2012; Lynch et al., 2D1Fhe hierarchical factors commonly identi ed in these two tissudsgure 5M).
wordclouds created usingextrous!collective processing from
the hippocampus Textrous! output: Table S8) and cortex Comparative Transcriptomic and
(Textrous! output: Table S9) generated an extra level ofenfee  proteomic Analysis Reveals Important

with respect to the pathological alterations occurring in the . .
two BTBR tissuesHigures 4A,B. Using the natural language Potential Central and Pe“pheral

processing-basedextrous! analysis, it became apparent that Physiological Connectivity in the BTBR

a greater neurotrophic/neurosynaptic phenotype is presenSetting

in the hippocampus Kigure 4A). To quantify this nding To further investigate the molecular signaling prole of the
from the hierarchical wordclouds, we assessed the nature 8TBR hippocampus, we cross-analyzed our two di erent forms
the nouns possessing a greater dierential Z- and Cosinef high-dimensionality data (i.e., transcriptomic and proieic).
Similarity score in the hippocampus compared to the cortedWVhen comparing the identities of dierentially-regulated
(Figure 4G Z-score: Figure 4D-Cosine Similarity). In both factors Eigure 6A), we found that the two datasets were
cases Kigures 4C,D, it became clear that nouns possessindargely distinct aside from four factors: (1) integrin-asgted
greater hippocampal Z- and Cosine Similarity scores are tightlprotein form (lap); (2) Wolframin syndrome 1 (Wfsl); (3)
linked to neurosynaptic activity neurotrophic, brain-derived, nucleoporin 133 (Nup133); (4) transient receptor potential
neurotrophins, neuroplasticity, and synaps&s more clearly cation channel, subfamily C, member 4 (Trpc4), which were
crystallize this specic BTBR hippocampal phenotype, wéigher in both datasets in BTBR compared to B6 mice; and (5)
extracted all the derived nouns and noun-phrases, manuallglc25a3, which was lower at the transcript level, but upregdla
dismantling them into individual nouns, forming a globakteal at the protein level. We also performed both KEGG (Table
cloud (Wordle [http://www.wordle.net/]: word occurrenceaes  S12,Figure 6B) and IPA canonical pathway analyses (Table
were calculated using WriteWords [http://www.writewordlgy.  S13, Figure 7Q on di erential hippocampal BTBR protein
uk/word_count.asp]; Table S10). In this cloud structures tize datasets. With respect to the KEGG pathway comparative
of the noun is correlated to the occurrence score measuiad fr analysis Figure 6B), we found that both datasets resulted in
the dismantled noun phrases that are generated usiegrous! the population of nine common signaling pathways clustering
collective processing. Using this gestalt-level of natiarejuage in three domains: (1) metabolicni{etabolic pathways, protein
analysis, in which the impact of every signicantly-alteredprocessing in endoplasmic reticulum, and RNA trangp(i}
transcript is considered, it is clear that a profound altezatin  neurodegenerative Huntington's disease, Alzheimer's disease,
synaptic, memory, and plasticity functions are evident insthi and Prion disea$eand (3) cellular architecturerégulation of

tissue Figure 4B). actin cytoskeleton, endocythstSomparing this KEGG analysis
) ) with a similar IPA signaling analysiigure 6C), we again found

Differential BTBR vs. Control B6 that multiple pathways, linked again to cytoskeletal adtivit

Hippocampal Protein Expression (breast cancer regulation by Stathmin 1, rac signaling, atid a

To further build upon the important transcriptomic di erences cytoskeleton signalipgnd also receptor platform signaling-¢8
in the BTBR hippocampus compared to B6 controls, wesignaling and ephrin B signalingvere signi cantly populated
subsequently analyzed overall proteomic alterations isitissue by both datasets (transcriptomic and proteomic). In order to
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FIGURE 4 | Textrous!- based hierarchical wordcloud investigation of BTBR-speci ¢ hippocampal and cortical transcriptomes. Hierarchical wordcloud
generated using Textrous! Collective Processing of signiantly-regulated hippocampal(A) or cortical (B) transcripts. Regional proximity of words within the
hierarchical wordcloud indicates synergistic functionsincreased word text size and increased red hue indicates stngth of association between words and the
collective contents of the input dataset. Differential Zore (C) and Cosine Similarity scorgD) analysis between words commonly associated with both hippoampal
and cortical input transcriptomic datasets.(E) Speci ¢ hippocampal global Collective Processing disman#d noun and noun-phrase word cloud: text size indicates
relative word occurrence score (text color is randomly asghed).

draw stronger links between our empirical high-dimensidtyal performing textual correlations across large scienti c tedost
data and the existing literature corpus related to autismilvem text databases. Using interrogation terms that have been
employed Genelndexer-based latent semantic-indexing){(LSlpreviously associated with the ASD-like phenotype in the BTBR
as previously describedCfiadwick et al., 20)0to investigate mouse and in human clinical cases of ASRtism” “autistic

the relative contribution of individual dierentially-aired disordef, “autistic spectrum disorder; ADHD,” “ASD" and
transcripts and proteins in the hippocampus of BTBR mice'obsessiVe we sought to detect strong implicit correlations
to the ASD-like phenotype observed in this murine model. Inwith signi cantly altered transcripts/proteins present in ou
brief, LSI assesses the strength of correlation between specempirical hippocampal high-dimensionality datasets. LSI
transcripts/proteins to “user-de ned” interrogation termby analysis (transcripts—Table S14; proteins—Table S15) reveale
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FIGURE 5 | iTRAQ- and transcriptomic-based identi cation an d quanti cation of BTBR-modulated hippocampal proteins. Identi cation of hippocampal
proteins signi cantly up-regulated in BTBR mice compared toB6 controls via iTRAQ-based quantitative mass spectromejr An example of the(A) isolation and
identi cation of Agk MS2 peptide ions p daughter ions in red,y daughter ions in blue) and below iTRAQ mass tag reporter ionsf Agk peptides found to be elevated
in BTBR mice compared to B6 controls. An example of theB) isolation and identi cation of Rock2 M peptide ions b daughter ions in red, y daughter ions in blue)
and below iITRAQ mass tag reporter ions of Rock2 peptides fouthto be lower in BTBR mice compared to B6 controls. Western blovalidation of alterations in
hippocampal protein expression levels. Validation of altations in hippocampal protein expression levels in BTBR g compared to B6 controls via Western blotting.
Validation of mass spectrometric identi cation of altered potein expression levels of the following proteins: Stxbp{C), Tom1I2 (D), Rock2 (E), Agk (F), Gap43 (G),
and Arl1 (H). Protein expression levels were measured as Fluorescent lits-Background uorescence per square pixel (FU-B/pX) relative to Actinp  0.05,

*p 0.01, **p 0.001. White bars represent B6 data and black bars represent BTBR ata. () Total hippocampal protein expression variation between BBR and
control B6 mice. (J) Reliable and differentially-regulated hippocampal protes between BTBR and B6 mice (red circles indicated upregutad proteins, green circles
indicate downregulated proteins: solid lled circles repreent common factors identi ed at both protein and transcriptlevel).(K) Total hippocampal transcript
expression variation between BTBR and control B6 mice(L) Reliable and differentially-regulated hippocampal trawsipts between BTBR and B6 mice (red circles
indicated upregulated proteins, green circles indicate denregulated proteins: solid lled circles represent commorfactors identi ed at both protein and transcript
level).(M) Hippocampal proteins/transcripts commonly identi ed in boh proteomic and microarray analyses. Bars outlined with btk lines represent transcriptomic
data and those outlined in blue represent proteomic data.

that many previously identied autism-related factors wereFigures 6D,E (elevated compared to contr@ red; decreased
signi cantly altered in the hippocampus of BTBR mice. Thecompared to controlD green). From the transcript analysis,
top 10 most strongly autism-correlating empirically-ideett ~ we identi ed the involvement of neurexin 1Yangngam et al.,
transcripts/proteins are depicted in a heatmap format in2019 and Wolframin syndrome 1 (WfslChakrabarti et al.,
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FIGURE 6 | Latent semantic indexing-based interpretations o f hippocampal transcript/protein expression patterns. (A) VennPlex representation of BTBR
transcript (black line) and protein (gray line) hippocampaxpression pro les (VennPlex numerical set description ias described inFigure 1). Slc25a3 was found to be
decreased (green text) in the transcript dataset, while el@ted (red text) in the protein dataset. Arrows indicate sp& ¢ transcripts/proteins of interest to autistic
phenotypes. (B) VennPlex representation of BTBR transcript (black line) drprotein (gray line) hippocampal KEGG pathway annotationrp les. Arrows indicate

speci ¢ KEGG pathways common to both datasets. (C) VennPlex representation of BTBR transcript (black line) drprotein (gray line) hippocampal IPA canonical
signaling pathway annotation pro les. Arrows indicate specc KEGG pathways common to both datasets. (D) Latent Semantic Indexing (LSI) interrogation matrix of
signi cantly-regulated hippocampal transcripts (Top 10 corelating transcripts) extracted using input autism-reted search terms (autism—autistic disorder—aultistic
spectrum disorde—ADHD—ASD—obsessive)(E) Latent Semantic Indexing (LSI) interrogation matrix of sigoantly-regulated hippocampal proteins (Top 10
correlating proteins depicted) extracted using input ausim-related search terms (autism—autistic disorder—autt& spectrum disorde—ADHD—ASD—obsessive).
Green block D decreased; RedD elevated; blackD no correlation identi ed.

2009. From the protein analysis, we again identi ed Wfs1 asSigni cant Alterations in Body Weight and

a strong autism-related link, Fam120D€ Wolf et al., 2014  Gut and Metabolic Hormones Were Found

and Bassoon (Bsnyoshida et al., 20)1 Therefore, the only . . .
factor that was strongly implicated in both the transcriptami in BTBR Mice Compared to B6 Mice

and proteomic hippocampal BTBR pro les was Wfsl. The wrsVe assessed dl_erences in body weight and plasma
protein has long been implicated in the generation of its titula 9t @nd metabolic hormone levels between age/gender-
disease, Wolfram Syndrome, which is an inherited autosomdpatched BTBR and B6 mice. BTBR mice were found
recessive neurodegenerative disordep(e et al., 1998: Hardy to have signicantly increased body mass compared to
et al., 1999for review seeRigoli et al., 201)lassociated with B6 animals FKigure 7A). Fasting glucose, plasma insulin,

visual/auditory sensory atrophy and also signicant diabet leptin, GIP, peptide YY, pancreatic polypeptide, and
pathophysiologies. Since many neurodegenerative phenotype@ticosterone levels were also measurddgyres 7B-H.

are strongly in uenced by metabolic activityC@i et al., 2012; BTBR mice showed signicantly decreased plasma GIP
Janssens et al., 2014; Wang et al., 0t investigated whether levels and signi cantly increased plasma peptide YY and
the consistent alteration of Wfs1 in BTBR mice was assatiatgplasma corticosterone levels compared to B6 animals
with any systemic metabolic alterations. (Figures 7E,F,H.
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FIGURE 7 | Signi cant alterations in body weight, and gut and metabolic hormones in BTBR mice compared to B6 controls. Signi cant alterations in
body weight, and gut and metabolic hormones in BTBR mice compred to B6 mice. (A) Alterations in body weight in BTBR mice compared to B6 contrts. Alterations
in fasting glucose(B), plasma insulin(C), leptin (D), GIP (E), peptide YY (F), pancreatic polypeptide (G), and corticosterone levels(H) in BTBR mice compared to B6
controls. *p  0.05, **p  0.01. Histogram white bars represent B6 data and black bars repreent BTBR data.

DISCUSSION 2013. Mutations of multiple genes that have been previously
identi ed in autistic patients were found to be altered in BRB
Despite the fact that the behavioral phenotype of the BTBRice compared to B6 mice, including neurexin Beg et al.,
mouse model of autism has been extensively characterized, t2006; Szatmari et al., 200 REEP3 Castermans et al., 207
unusual alleles in the BTBR genetic background that conteb DRD1 (Feng et al., 1999; Hettinger et al., 2)GBABRG2 Blatt
to its well-replicated social de cits and repetitive behasio et al., 200), NOS1AP Delorme et al., 2099 and NDN (Cai
remain to be determined. In the current study, we have idedti et al., 2008 Furthermore, we have detected signi cant alterations
a considerable number of transcriptomic and proteomic changein transcripts that are downstream targets of e ectors known
in the BTBR mouse model of ASD compared to B6 miceto be dysregulated in the clinical autistic population: Cagkin
which we later validated using iTRAQ, real-time PCR, andwhich binds to neurexin 1Hsueh, 200§ and HOMER31, which
western blotting to con rm altered expression levelsgures 1 binds to SHANK1 and SHANK3Abrahams and Geschwind,
5). Importantly, many of these signi cantly altered trangats  2009. SHANKS, in particular, is a very important candidate
and proteins, as well as downstream targets of these genes ajshe in the ongoing debate of ASD etiology. Known to play a
proteins, have been found to be dysregulated in previous esudicritical role in synaptic function, multiple studies have latk
of BTBR mice or the human clinical ASD population. Similar toalterations in SHANK3 functionality within the ASD phenotype
what we observed in the current study, de cits in mature BDNFin a human clinical population@urand et al., 2007; Bourgeron,
have been observed in humans with ASIh¢ikh etal., 20)@nd  2009. Furthermore, SHANK3 heterozygous mice show de cits
a decrease in BDNF mRNA levels has been observed in youirgsynaptic function and plasticity, in addition to demonstirag
BTBR mice Gtephenson et al., 201 mature BDNF levels were reduced reciprocal social interactions reminiscent of thHeDA
also signi cantly decreased in the aged BTBR hippocampus anghenotype Bozdagi et al., 2010; Yang et al., 2)hile SHANK1
cortex compared with the aged B&Gien et al., 20).4 knockout mice show reductions in ultrasonic vocalizations
MAPK3 alterations have been noted in young BTBR mice&and scent marking behavionA(6hr et al., 201). Moreover,
(Zou et al., 2011; Seese et al., IPaged BTBR micelbsien a number of the genes we found to be signicantly altered
et al., 201} and in the clinical ASD populationYang et al., in the BTBR mouse, while not directly linked to ASD, have
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been implicated in diseases with a similar trajectory: TSCalready been extensively characterized, we aimed to fgeht
(tuberous sclerosis?ersico and Bourgeron, 2008PAK1 (FXS; genes and proteins responsible for the presentation of ASD-
Hayashi et al., 2007 Nr4a2 (Parkinson's, schizophrenia, andlike phenotypes in this inbred strain mouse model. Given the
manic depressionl.ybaek et al., 2009 intellectual disability similarity in presentation of symptoms in BTBR mice compared
(Smith et al., 2005 Alzheimer's diseasé”érdo and van Duijn, to the clinical ASD population, we hoped to discover similar
2009, Slc6al3 (anxiety disorderSaus et al., 20),0and Adra2c parallels between relevant genes and proteins that could be
(ADHD; Cho et al., 2008 Similarly, there have been instancesextrapolated to a human clinical population. We hoped that
in which we have identi ed genes from the same gene family athese approaches would lead to the identi cation of previously
those that have previously been linked to ASD: Slc25a3r(0z undiscovered potential causes of ASD. Given the many links to
et al., 2001and CADMS (Fujita et al., 2010 Slc25a3 was also current clinical literature, we believe that bioinformegio ers
found to be altered in the aged BTBR mice compared to the B§peci ¢ advantages into the etiology of ASD that studying the
mice (Jasien et al., 20).4With future, more extensive studies pure behavioral phenotype of the BTBR mouse, or genetic
employing greater mice populations there will be the potentiamutations in specic ASD families, in and of themselves do
to uncover potential associations between transcript exjmess not. The rst advantage bioinformatics o ers is simply the
pro les and genomic idiosyncracies within the BTBRIEprtf/J  sheer wealth of data gained from genome-wide studies, which
model Jones-Davis et al., 2013 allows for a more complete analysis. Second, using unbiased

While it is important to identify the individual genes bioinformatics approaches can lead to the discovery of preshjou
and proteins dysregulated in both animal models of ASDunidenti ed connections, such as our discovery that Cagkin
and in the human clinical population, it is perhaps moreis signicantly altered in BTBR mice. Uncovering previously
worthwhile, given the interconnected network nature of theunknown transcriptomic or proteomic changes associated with
central nervous system, to examine the functional relaiops the ASD-like phenotype has the potential to lead to novel
between multiple coherently-regulated genes and proteirss. Aherapeutic targets for the treatment of ASD. Several groogs t
a result, we employed IPA canonical signaling pathway, KEGBave already discovered the merit of wide-scale transanijito
signaling pathway, andextrous!natural language processing- and proteomic studies have produced complex interactomes
based informatics analyses to identify signicantly adr that oer a more complete disease prole of ASDsdkali
functional groups and pathways in BTBR mice comparect al., 2011; Voineagu et al., 2011n order to ultimately
to B6 animals Figures 24, 6). Importantly, many of the succeed in characterizing the etiology of ASD and subsdtyuen
signi cantly altered functional groups and pathways we havelevelop e ective and targeted therapeutics for these disstder
identi ed here have also been indicated in previous studiesve believe that bioinformatics and similar wide-scale apphes
and, furthermore, have been suggested as a possible etalogio studying disease etiology are indispensable avenuesaf.st
mechanism of ASD, includingdkon guidance(Suda et al., 20),L  Finally, due to the fact that our quantitative transcriptami
“neurogenesigMcCa ery and Deutsch, 2005and ‘regulation and proteomic analyses were strongly correlated with previous
of actin cytoskeleton{Durand et al., 2012 Our previous literature, we believe it is possible to predict complex besravi
informatics analyses of aged BTBR hippocampi demonstratgshenotypes from bioinformatics analyses alone. To this e wet,
a strong bias toward degenerative phenotypes associated witbpe that our study and other similar examinations will o enme
calcium management factors and metabolic instabilitiessien  directions for uncovering the etiology of ASD and its potaihti
etal., 201 therapies.

We believe that the rational application of combinatorial
informatic approaches are capable of detecting signalinfFUNDING
pathways associated with the ASD-like phenotype, in addition
to individual transcriptomic and proteomic alterations that This work was carried out with the support of the Intramural
contribute to the ASD-like phenotype generation. Similatigt Research Programs of the National Institute on Aging (NIH-
altered metabolic phenotype we observed in the BTBR micé&G000325-02) and the National Institute of Mental Health & th
potentially associated with Wfs1 expression modulation, havBational Institutes of Health.
been corroborated in the past, with BTBR mice having incréase
insulin resistance and higher fasting insulin levétsipagliaetal., ACKNOWLEDGMENTS
2005; Flowers et al., 200Tncreased corticosterone levels have
also been found in BTBR mice compared to B6 contréls/¢ The authors would like to thank Erin Hanley, MS, for her
and Llaneza, 2010; Silverman et al., 20Nbtably, Wolfram editorial contributions to this manuscript. Ms. Hanley did not
Syndrome, also known as DIDMOAD (diabetes insipidusreceive compensation for her contributions, apart from her
insulin-de cient diabetes mellitus, optic atrophy, and dee$s), employment at her respective institution.
has been strongly associated with signicant disruptions
in endoplasmic reticulum functionality Higure 7B, “protein  SUPPLEMENTARY MATERIAL
processing in endoplasmic reticullimmembrane tra cking
(Figure 7B “endocytosi3; and calcium homeostasi&iley and The Supplementary Material for this article can be found
Dolmetsch, 200) In using wide-scale bioinformatics techniquesonline at: http://journal.frontiersin.org/article/10389/fphys.
on an animal model in which the ASD-like phenotype has2015.00324
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Figure S1 | Principal component analysis of murine transcript omic data.
(A) The three-dimensional Principal component analysis QA: using SAS JMF®)
chart indicates the relative spatial positions of the trariptomic data (expressed
as z-scores) obtained from the cortex and hippocampus of cotrol B6 mice

(n D 3, B6-1, B6-2, and B6-3) and their BTBR counterpartsi§ D 3, BTBR-1,

REFERENCES

Abrahams, B. S., and Geschwind, D. H. (2008). Advances in alg&matics:
on the threshold of a new neurobiologiat. Rev. Gene®, 341-355. doi:
10.1038/nrg2346

American Psychiatric Association (200@iagnostic and Statistical Manual of
Mental Disorders, 4th EdWashington, DC: American Psychiatric Association.

Baroukh, C., Jenkins, S. L., Dannenfelser, R., and Maayan(2@&11).
Genes2WordCloud: a quick way to identify biological themes frameglists
and free textSource Code Biol. Met15. doi: 10.1186/1751-0473-6-15

Blatt, G. J., Fitzgerald, C. M., Guptill, J. T., Booker, A. B., Kemper,
L., and Bauman, M. L. (2001). Density and distribution of hippopal
neurotransmitter receptors in autism: an autoradiographic stutlyAutism
Dev. Disord31, 537-543. doi: 10.1023/A:1013238809666

Bolivar, V. J., Walters, S. R., and Phoenix, J. L. (2007). #ksgeautism-like
behavior in mice: variations in social interactions among inbs&dins.Behav.
Brain Res176, 21-26. doi: 10.1016/j.bbr.2006.09.007

Bourgeron, T. (2009). A synaptic trek to autisi@urr. Opin. Neurobiol.19,
231-234. doi: 10.1016/j.conb.2009.06.003

Bozdagi, O., Sakurai, T., Papapetrou, D., Wang, X., Dickstein, Dakahashi, N.,
et al. (2010). Haploinsu ciency of the autism-associated Stgagéne leads to
de cits in synaptic function, social interaction, and so@ammunication Mol.
Autism1:15. doi: 10.1186/2040-2392-1-15

Cai, G., Edelmann, L., Goldsmith, J. E., Cohen, N., Nakamine, échBrt, J.
G., et al. (2008). Multiplex ligation-dependent probe ampli cation g@Emetic
screening in autism spectrum disorders: e cient identi catioof known
microduplications and identi cation of a novel microduplication IASMT.
BMC Med. Genomicks:50. doi: 10.1186/1755-8794-1-50

Cai, H., Chen, H., Yi, T., Daimon, C. M., Boyle, J. P., Peers, Gl. ¢2013).

BTBR-2, and BTBR-3). The speci c PCs (x, y, and z: %) for the ovall analysis are
indicated in to the right of three-dimensional plot. Esserlly, a strong genotype
clustering is observed between B6 controls and BTBR, as welis a considerable
spatial separation between cortical and hippocampal tisses in each murine
genotype group.

Cho, S. C., Kim, J. W., Kim, B. N., Hwang, J. W., Shin, M. S., Park, M.
et al. (2008). Association between the alpha-2c-adrenergipt@cgene and
attention de cit hyperactivity disorder in a Korean sampheurosci. Let446,
108-111. doi: 10.1016/j.neulet.2008.09.058

Choudhury, P. R., Lahiri, S., and Rajamma, U. (2012). Glutamate teedia
signaling in the pathophysiology of autism spectrum disord&sarmacol.
Biochem. Behat00, 841-849. doi: 10.1016/j.pbb.2011.06.023

Chugani, D. C. (2004). Serotonin in autism and pediatric epilepblent. Retard.
Dev. Disabil. Res. Re\d, 112—-116. doi: 10.1002/mrdd.20021

Clee, S. M., Nadler, S. T., and Attie, A. D. (2005). Genetic amdmic studies of
the BTBR ob/ob mouse model of type 2 diabefe®. J. Therl2, 491-498. doi:
10.1097/01.mjt.0000178781.89789.25

Defensor, E. B., Pearson, B. L., Pobbe, R. L. H., Bolivar,Bladchard, D. C., and
Blanchard, R. J. (2011). A novel social proximity test suggestrpsif social
avoidance and gaze aversion-like behavior in BTERf/] mice. Behav. Brain
Res217, 302-308. doi: 10.1016/j.bbr.2010.10.033

Delorme, R., Betancur, C., Scheid, I., Anckarsater, H., Chastdamain, S., et al.
(2010). Mutation screening of NOS1AP gene in a large sample of jagsich
patients and controlsBMC Med. Genetl11:108. doi: 10.1186/1471-2350-
11-108

De Wolf, V., Crepel, A., Schuit, F., van Lommel, L., Ceulemans, Baetey.,
etal. (2014). A complex Xp11.22 deletion in a patient with syndromicseut
exploration of FAM120C as a positional candidate gene for au#tsm.J. Med.
Genet. AL64A, 3035-3041. doi: 10.1002/ajmg.a.36752

Durand, C. M., Betancur, C., Boeckers, T. M., Bockmann, J.,st€heP.,
Fauchereau, F., et al. (2007). Mutations in the gene encodiagsynaptic
sca olding protein SHANKS are associated with autism spectrunomisrs.
Nat. Genet39, 25-27. doi: 10.1038/ng1933

Durand, C. M., Perroy, J., Loll, F., Perrais, D., Fagni, L., Bourgé&rost al. (2012).

VennPlex—a novel venn diagram program for comparing and visualizing SHANKS3 mutations identi ed in autism lead to modi cation of demitic spine

datasets with di erentially regulated datapointBLoS ONEB:e53388. doi:
10.1371/journal.pone.0053388

Cai, H., Cong, W. N., Ji, S., Rothman, S., Maudsley, S., and M&ti(2012).
Metabolic dysfunction in Alzheimer's disease and related newgederative
disorders. Curr. Alzheimer Res.9, 5-17. doi:
99015064

Castermans, D., Vermeesch, J. R., Fryns, J. P., Steyaert, J. Ge, Van, W. J.,
Creemers, J. W., et al. (2007). Identi cation and characteonadf the TRIP8
and REEP3 genes on chromosome 10g21.3 as novel candidateqyengsm.
Eur. J. Hum. Genel5, 422-431. doi: 10.1038/sj.ejhg.5201785

Chadwick, W., Boyle, J. P., Zhou, Y., Wang, L., Park, S. S.,niVi&ij et al.
(2011). Multiple oxygen tension environments reveal diverse pateof
transcriptional regulation in primary astrocyte®LoS ONE6:e21638. doi:
10.1371/journal.pone.0021638

Chadwick, W., Brenneman, R., Martin, B., and Maudsley, S. (2@@nplex
and multidimensional lipid raft alterations in a murine model of Alzheirser
diseaselnt. J. Alzheimers Di2010:604792. doi: 10.4061/2010/604792

Chakrabarti, B., Dudbridge, F., Kent, L., Wheelwright, S., Hil-@anmne, G.,
Allison, C., etal. (2009). Genes related to sex steroids, neurallgramd social-
emotional behavior are associated with autistic traits, empaihy Asperger
syndrome Autism Res2, 157-177. doi: 10.1002/aur.80

Chen, H., Martin, B., Daimon, C. M., and Maudsley, S. (2013a)ctve use
of latent semantic indexing and computational linguistics inlbgcal and
biomedical applicationgzront. Physiol:8. doi: 10.3389/fphys.2013.00008

Chen, H., Martin, B., Daimon, C. M., Siddiqui, S., Luttrell, L. MiddMaudsley, S.
(2013b). Textrous!: extracting semantic textual meaning fromegeetsPL0S
ONE8:e62665. doi: 10.1371/journal.pone.0062665

Cheung, W. A,, Ouellette, B. F., and Wasserman, W. W. (2012)rimgenovel
gene-disease associations using Medical Subject Headirgrépresentation
Pro les. Genome Med4, 75. doi: 10.1186/gm376

10.2174/1567205127

morphology via an actin-dependent mechanidviol. Psychiatryl 7, 71-84. doi:
10.1038/mp.2011.57

Ey, E., Leblond, C. S., and Bourgeron, T. (2011). Behavioral prode
mouse models for autism spectrum disordefsutism Res4, 5-16. doi:
10.1002/aur.175

Feng, J., Schroer, R, Yan, J., Song, W., Yang, C., Bockhalt,a\.(2006). High
frequency of neurexin 1beta signal peptide structural variants tiepgs with
autism.Neurosci. Let409, 10-13. doi: 10.1016/j.neulet.2006.08.017

Feng, J., Sobell, J. L., Heston, L. L., Cook, E. H. Jr., Goldman, DS@anmer,
S. S. (1999). Scanning of the dopamine D1 and D5 receptor geneEmynR
neuropsychiatric patients reveals a novel missense change atydogkerved
amino acidAm. J. Med. Gene81, 172-178.

Flowers, J. B., Oler, A. T., Nadler, S. T., Choi, Y. J., Schuelér, Kandell, B.
S., et al. (2007). Abdominal obesity in BTBR male mice is assdoith
peripheral but not hepatic insulin resistanéen. J. Physiol. Endocrinol. Metab.
292, E936-E945. doi: 10.1152/ajpendo.00370.2006

Frye, C. A.,, and Llaneza, D. C. (2010). Corticosteroid and neeiroist
dysregulation in an animal model of autism, BTBR miBéysiol. Behad.00,
264-267. doi: 10.1016/j.physbeh.2010.03.005

Fujita, E., Dai, H., Tanabe, Y., Zhiling, Y., Yamagata, T., Méya, T., et al. (2010).
Autism spectrum disorder is related to endoplasmic reticulum stressdad
by mutations in the synaptic cell adhesion molecule, CADKa&ll Death Dis.
3,47. doi: 10.1038/cddis.2010.23

Geschwind, D. H., and Levitt, P. (2007). Autism spectrum dismde
developmental disconnection syndrome&urr. Opin. Neurobiol17, 103-111.
doi: 10.1016/j.conb.2007.01.009

Hardy, C., Khanim, F., Torres, R., Scott-Brown, M., Seller, A., Bouli., et al.
(1999). Clinical and molecular genetic analysis of 19 Wolfram syméro
kindreds demonstrating a wide spectrum of mutations in WE&h. J. Hum.
Genet65, 1279-1290. doi: 10.1086/302609

Frontiers in Physiology | www.frontiersin.org 15

November 2015 | Volume 6 | Article 324



Daimon et al. BTBR Mouse Model of ASD

Hayashi, M. L., Rao, B. S., Seo, J. S., Choi, H. S., Dolan, B.hii,, & Y., strains correlate with a behavioral phenoty@@eneticsl 74, 1229-1236. doi:
et al. (2007). Inhibition of p21-activated kinase rescues symptof fragile 10.1534/genetics.106.061481
X syndrome in miceProc. Natl. Acad. Sci. U.S.A04, 11489-11494. doi: Nazeer, A., and Ghaziuddin, M. (2012). Autism spectrum dismde
10.1073/pnas.0705003104 clinical features and diagnosi®ediatr. Clin. North Am.59, 19-25. doi:

Hettinger, J. A., Liu, X., Schwartz, C. E., Michaelis, R. C., arldéioJ. J. (2008). A 10.1016/j.pcl.2011.10.007
DRD1 haplotype is associated with risk for autism spectrum disardtemale-  Pardo, L. M., and van Duijn, C. M. (2005). In search of geneslired
only a ected sib—pair familiesAm. J. Med. Genet. B Neuropsychiatr. Genet. in  neurodegenerative disorders.Mutat. Res. 592, 89-101. doi:

147B, 628-636. doi: 10.1002/ajmg.h.30655 10.1016/j.mrfmmm.2005.06.006

Homayouni, R., Heinrich, K., Wei, L., and Berry, M. W. (2005). Geostering by Pearson, B. L., Pobbe, R. L. H., Defensor, E. B., Ossay, kaB¥dliJ., Blanchard,
latent semantic indexing of MEDLINE abstracBioinformatics21, 104-115. D. C,, et al. (2011). Motor and cognitive stereotypies in the BTBttf/J
doi: 10.1093/bioinformatics/bth464 mouse model of autisnGenes Brain Behat0, 228-235. doi: 10.1111/j.1601-

Hsueh, Y. P. (2006). The role of the MAGUK protein CASK in neural 183X.2010.00659.x
development and synaptic functio€urr. Med. Chem13, 1915-1927. doi: Persico, A. M., and Bourgeron, T. (2006). Searching for waybthe autism
10.2174/092986706777585040 maze: genetic, epigenetic and environmental cluegnds Neurosci29,
Hu, J., Qian, J., Borisov, O., Pan, S., Li, Y., Liu, T., et al.6j2@ptimized 349-358. doi: 10.1016/j.tins.2006.05.010
proteomic analysis of a mouse model of cerebellar dysfunction usingeami Pizzarelli, R., and Cherubini, E. (2011). Alterations of GABAgrgi
speci c isobaric taggroteomic$, 4321-4334. doi: 10.1002/pmic.200600026 signaling in autistic spectrum disorder®Neural Plast.2011:297153. doi:

Inoue, H., Tanizawa, Y., Wasson, J., Behn, P., Kalidas, K.aB®inrachi, E., 10.1155/2011/297153
et al. (1998). A gene encoding a transmembrane protein is mutatediepat  Pobbe, R. L. H., Pearson, B. L., Defensor, E. B., Bolivar, Blahchard, D. C.,
with diabetes mellitus and optic atrophy (Wolfram syndromidat. Genet20, and Blanchard, R. J. (2010). Expression of social behaviorsil@6J versus
143-148. doi: 10.1038/2441 BTBR inbred mouse strains in the visible burrow systBehav. Brain Re214,

Janssens, J., Etienne, H., Idriss, S., Azmi, A., Martin, B., andiSey, S. (2014). 443-449. doi: 10.1016/j.bbr.2010.06.025
Systems-level G protein-coupled receptor therapy across a neurodetignera Rabaglia, M. E., Gray-Keller, M. P., Frey, B. L., Shortreed, M. Rh 3mM., and

continuum by the GLP-1 receptor systeRront. Endocrinol. (Lausanng)142. Attie, A. D. (2005). Alpha-Ketoisocaproate-induced hypersémmedf insulin

doi: 10.3389/fendo.2014.00142 by islets from diabetes-susceptible miém. J. Physiol. Endocrinol. Met&89,
Jasien, J. M., Daimon, C. M., Wang, R., Shapiro, B. K., Martimgrgl. Maudsley, E218-E224. doi: 10.1152/ajpendo.00573.2004

S. (2014). The e ects of aging on the BTBR mouse model of aut@oteim Ramoz, N., Reichert, J. G., Smith, C. J., Silverman, J. M., Besphldva,

disorder.Front. Aging Neuros®.225. doi: 10.3389/fnagi.2014.00225 Davis, K. L., et al. (2004). Linkage and association of the ahdndrial
Jin, J., Cheng, Y., Zhang, Y., Wood, W., Peng, Q., Hutchison,eE al. aspartate/glutamate carrier SLC25A12 gene with au#tsm.J. Psychiatry61,

(2012). Interrogation of brain miRNA and mRNA expression pro les reveals 662—-669. doi: 10.1176/appi.ajp.161.4.662
a molecular regulatory network that is perturbed by mutant huntingtin. Rigoli, L., Lombardo, F., and Di Bella, C. (2011). Wolfram syndrome \&k51

J. Neurochem23, 477-490. doi: 10.1111/j.1471-4159.2012.07925.x geneClin. Genet79, 103-117. doi: 10.1111/j.1399-0004.2010.01522.x
Jones-Davis, D. M., Yang, M., Rider, E., Osbun, N. C., da&&htJ., Li, J., etal. Roy, S., Heinrich, K., Phan, V., Berry, M. W., and Homayouni, R. {0latent
(2013). Quantitative trait loci for interhemispheric commissurevelepment semantic indexing of pubmed abstracts for identi cation of tranption factor
and social behaviors in the BTBFET/J mouse model of autisnPLoS ONE candidates from microarray derived gene s&sIC Bioinformatics12(Suppl.
8:€61829. doi: 10.1371/journal.pone.0061829 10):S19. doi: 10.1186/1471-2105-12-S10-S19
Krey, J. F., and Dolmetsch, R. E. (2007). Molecular mechanisms isfrawa Sakai, Y., Shaw, C. A., Dawson, B. C., Dugas, D. V., Al-Mdhtage Hill,
possible role for C¥ signaling. Curr. Opin. Neurobiol17, 112-119. doi: D. E., et al. (2011). Protein interactome reveals convergent motecula
10.1016/j.conb.2007.01.010 pathways among autism disorderSci. Transl. Med.3, 86ra49. doi:
Lybaek, H., @rstavik, K. H., Prescott, T., Hovland, R., Breilid, Hansberg, 10.1126/scitranslmed.3002166

C., et al. (2009). An 8.9 Mb 19p13 duplication associated with pieae  Santangelo, S. L., and Tsatsanis, K. (2005). What is knowmut adatism:
puberty and a sporadic 3.9 Mb 2g23.3gq24.1 deletion containing A2R4 genes, brain, and behavioAm. J. Pharmacogenomids 71-92. doi:
in mentally retarded members of a family with an intrachromosomal 19p- 10.2165/00129785-200505020-00001

into-19q between-arm insertionEur. J. Hum. Genetl7, 904-910. doi: Saus, E., Brunet, A., Armengol, L., Alonso, P., Crespo, J. M., Fesrdkrdnda,

10.1038/ejhg.2008.261 F., et al. (2010). Comprehensive copy number variant analysis of nauro
Lynch, V. J., Nnamani, M. C., Kapusta, A., Brayer, K., Plaza, $1dzur, E. C., pathways genes in psychiatric disorders identi es rare variartisimvpatients.
etal. (2015). Ancient transposable elements transformed the utergutatery J. Psychiatr. Re$4, 971-978. doi: 10.1016/j.jpsychires.2010.03.007
landscape and transcriptome during the evolution of mammalian pregnancyScattoni, M. L., Gandhy, S. U., Ricceri, L., and Crawley, J. N\8j2@nusual
Cell Repl10, 551-561. doi: 10.1016/j.celrep.2014.12.052 repertoire of vocalizations in the BTBRCTf/J mouse model of autisnPLoS

McCaery, P., and Deutsch, C. K. (2005). Macrocephaly and thetrobn ONE3:e3067. doi: 10.1371/journal.pone.0003067
of brain growth in autistic disordersProg. Neurobiol.77, 38-56. doi: Scattoni, M. L., Martire, A., Cartocci, G., Ferrante, A., and &icd.. (2013).

10.1016/j.pneurobio.2005.10.005 Reduced social interaction, behavioural exibility and BDNgnslling in the
McFarlane, H. G., Kusek, G. K., Yang, M., Phoenix, J. L., Bolivar, and Crawley, BTBR T+ tf/J strain, a mouse model of autisBehav. Brain Re251, 35-40.

J. N. (2008). Autism-like behavioral phenotypes in BTBR T+tf/JentBenes doi: 10.1016/j.bbr.2012.12.028

Brain Behav7, 152-163. doi: 10.1111/j.1601-183X.2007.00330.x Scattoni, M. L., Ricceri, L., and Crawley, J. N. (2011). Unusyzrteire of

Moy, S. S., Nadler, J. J., Poe, M. D., Nonneman, R. J., Young,.N. B vocalizationsinadult BTBR T+tf/J mice during three types of d@siaounters.
Koller, B. H., et al. (2008). Development of a mouse test for repetitive, Genes Brain Behal0, 44-58. doi: 10.1111/j.1601-183X.2010.00623.x
restricted behaviors: relevance to autiddehav. Brain Re488, 178-194. doi: Seese, R. R., Maske, A. R, Lynch, G., and Gall, C. M. (2014j)-t€on memory

10.1016/j.bbr.2007.10.029 de cits are associated with elevated synaptic ERK1/2 aativaind reversed by
Moy, S. S., Nadler, J. J., Young, N. B., Perez, A., Holloway, LaiarB, R. P., mGIuR5 antagonism in an animal model of autisNeuropsychopharmacology

etal. (2007). Mouse behavioral tasks relevant to autism: pheretfd® inbred 39, 1664-1673. doi: 10.1038/npp.2014.13

strains.Behav. Brain Re&76, 4-20. doi: 10.1016/j.bbr.2006.07.030 Sheikh, A. M., Malik, M., Wen, G., Chauhan, A., Chauhan, V.nGcC. X., et al.
Mundy, P. (2003). Annotation: the neural basis of social impairtaén autism: (2010). BDNF-Akt-Bcl2 antiapoptotic signaling pathway is compradiin the

the role of the dorsal medial-frontal cortex and anterior cingulagstem. brain of autistic patientsl. Neurosci. Re&8, 2641-2647. doi: 10.1002/jnr.22416

J. Child Psychol. Psychiatig, 793-809. doi: 10.1111/1469-7610.00165 Shin, Y. K., Martin, B., Golden, E., Dotson, C. D., MaudsleyKi&, W., et al.
Nadler, J. J., Zou, F., Huang, H., Moy, S. S., Lauder, J., Crawliy, &t al. (2008). Modulation of taste sensitivity by GLP-1 signalihgNeurocheni06,

(2006). Large-scale gene expression di erences across brainsegid inbred 455-463. doi: 10.1111/j.1471-4159.2008.05397.x

Frontiers in Physiology | www.frontiersin.org 16 November 2015 | Volume 6 | Article 324



Daimon et al.

BTBR Mouse Model of ASD

Silverman, J. L., and Crawley, J. N. (2014). The promising trajectory diVang, R., Ross, C. A., Cai, H., Cong, W. N., Daimon, C. M., Carlson,

autism therapeutics discoveryDrug Discov. Todayl9, 838-844. doi:
10.1016/j.drudis.2013.12.007

Silverman, J. L., Pride, M. C., Hayes, J. E., Puhger, K. R., Butldren, H. M.,
Baker, S., et al. (2015). GABAB receptor agonist R-Baclofensesvaocial
de cits and reduces repetitive behavior in two mouse models ofsauti
Neuropsychopharmacolotfy, 2228-2239. doi: 10.1038/npp.2015.66

Silverman, J. L., Smith, D. G., Rizzo, S. J., Karras, M. N., Turrdr, $olu, S. S.,
et al. (2012). Negative allosteric modulation of the mGIUR5 receptaraes
repetitive behaviors and rescues social de cits in mouse modelstim. Sci.
Transl. Med4, 131ra51. doi: 10.1126/scitransimed.3003501

Silverman, J. L., Yang, M., Turner, S. M., Katz, A. M., Bell, D. Beni{p
J. I., et al. (2010). Low stress reactivity and neuroendocrin®rfain the
BTBR T+tf/J mouse model of autisnNeurosciencd71, 1197-1208. doi:
10.1016/j.neuroscience.2010.09.059

Smith, K. M., Bauer, L., Fischer, M., Barkley, R., and Navia, B(2805).
Identi cation and characterization of human NR4A2 polymorphisms in

attention de cit hyperactivity disorderAm. J. Med. Genet. B Neuropsychiatr.

Genet133B, 57-63. doi: 10.1002/ajmg.b.30127
Spooren, W., Lindemann, L., Ghosh, A., and Santarelli, L. (20h#)aSe

O. D., et al. (2014). Metabolic and hormonal signatures in pre-manife
and manifest Huntington's disease patientsront. Physiol.5:231. doi:
10.3389/fphys.2014.00231

Wohr, M., Roullet, F. I., and Crawley, J. N. (2011). Reduced soemking
and ultrasonic vocalizations in the BTBR T+tf/J mouse model of
autism. Genes Brain Behavl0, 35-43. doi: 10.1111/j.1601-183X.2010.
00582.x

Yang, K., Cao, F., Sheikh, A. M., Malik, M., Wen, G., Wei, H.,, bt a
(2013). Up-regulation of Ras/Raf/ERK1/2 signaling impairs culturedronal
cell migration, neurogenesis, synapse formation, and dendritic espin
development. Brain Struct. Funct 218, 669-682. doi: 10.1007/s00429-
012-0420-7

Yang, M., Bozdagi, O., Scattoni, M. L., Wéhr, M., Roullet, FKatz, A. M.,
et al. (2012). Reduced excitatory neurotransmission and mild rautievant
phenotypes in adolescent Shank3 null mutant micéeuroscB2, 6525-6541.
doi: 10.1523/JNEUROSCI.6107-11.2012

Yangngam, S., Plong-On, O., Sripo, T., Roongpraiwan, R., Hanaekan T.,
Wirojanan, J., et al. (2014). Mutation screening of the neurdxgene in Thai
patients with intellectual disability and autism spectrum disardaenet. Test.

dysfunction in autism: a molecular medicine approach to drug discovery Mol. Biomarkerd8, 510-515. doi: 10.1089/gtmb.2014.0003

in neurodevelopmental disorder3rends Pharmacol. S@3, 669-684. doi:
10.1016/j.tips.2012.09.004

Stephenson, D. T., O'Neill, S. M., Narayan, S., Tiwari, A., ArnoldSBmaroo,
H. D., et al. (2011). Histophathologic characterization of the BTB&use
model of autistic-like behavior reveals selective changes irodeuelopmental
proteins and adult hippocampal neurogenedidol. Autism 2, 1-21. doi:
10.1186/2040-2392-2-7

Suda, S., lwata, K., Shimmura, C., Kameno, Y., Anitha, A., Tleamsé.,
et al. (2011). Decreased expression of axon-guidance receptothein
anterior cingulate cortex in autismMol. Autism 2:14. doi: 10.1186/2040-
2392-2-14

Szatmari, P., Paterson, A. D., Zwaigenbaum, L., Roberts, Wn,Brjaand Liu, X.
Q. (2007). Mapping autism risk loci using genetic linkage and chreonaal
rearrangementdNat. Genet3, 319-328. doi: 10.1038/ng1985

Tsai, P. T., Hull, C., Chu, Y., Greene-Colozzi, E., Sadowski, AeBch, J. M., et al.
(2012). Autistic-like behaviour and cerebellar dysfunctiofPiirkinje cell Tscl
mutant mice Nature488, 647—651. doi: 10.1038/nature11310

Voineagu, I., Wang, X., Johnston, P., Lowe, J. K., Tian, Y v&thr S., etal. (2011).
Transcriptomic analysis of autistic brain reveals convergent pathivature
474, 380-384. doi: 10.1038/nature10110

Wang, J., Duncan, D., Shi, Z., and Zhang, B. (2013). WEBdb&dtne SeT
analysis toolkit (WebGestalt): update 20MRicleic Acids Redl, W77-W83.
doi: 10.1093/nar/gkt439

Yoshida, T., Yasumura, M., Uemura, T., Lee, S. J., Ra, M., TagBchi,
et al. (2011). L-1 receptor accessory protein-like 1 associatéd méntal
retardation and autism mediates synapse formation by trans-symapti
interaction with protein tyrosine phosphataseJ. NeuroscB1, 13485-13499.
doi: 10.1523/JNEUROSCI.2136-11.2011

Zhang, B., Kirov, S., and Snoddy, J. (2005). WebGestalt: agrated system
for exploring gene sets in various biological conteitscleic Acids Re83,
W741-W748. doi: 10.1093/nar/gki475

Zou, H., Yu, Y., Sheikh, A. M., Malik, M., Yang, K., Wen, G., et(a011).
Association of upregulated Ras/Raf/ERK1/2 signaling withsautsenes Brain
Behav10, 615-624. doi: 10.1111/j.1601-183X.2011.00702.x

Coniict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or nancial relatidps that could
be construed as a potential con ict of interest.

Copyright © 2015 Daimon, Jasien, Wood, Zhang, Becker, SilveGrenley,
Martin and Maudsley. This is an open-access article digédbunder the terms
of the Creative Commons Attribution License (CC BY). Thedisteibution or
reproduction in other forums is permitted, provided theral@uthor(s) or licensor
are credited and that the original publication in this joalris cited, in accordance
with accepted academic practice. No use, distributiorpoodaction is permitted
which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 17

November 2015 | Volume 6 | Article 324



