was used to allow for covariates. We calculated the effect size
(Cohen’s d) for variables with a significant group difference.

Then, we investigated whether amino acids could serve as a
diagnastic tool using a discriminant function analysis. In the
logistic regression analysis, we calculated the correct classification
rate. All analyses were performed with Stata/SE 10.0 software for
windows (Stata Comp., College Station, TX).
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lsm ~’!'he role of LMX:B in the developme and._;’
imine -the role, if

Introduction

Autism and other developmental disabilities, clinically referred
to as autism spectrum disorders (ASDs), are characterized by
impairmenis in commaunication skills and social interaction, and
the presence of repetitive stereotyped behaviors and interests. It is
typically diagnosed by the age of three and has a prevalence rate of
60-70 per 10,000 children in broader diagnostic criteria as per the
most recent estimates [1]). ASDs are considered to be among the
most heritable of all psychiatric disorders. A recent largest
population based twin study comprised of 10,895 twin pairs,
reported 80% heritability for ASDs [2], confirming the previously
reported heritability estimates [3,4]. Linkage, candidate gene and
whole geneme association studies have suggested several genes and
chromosomal regions associated with the disorder. However, none
of these known causes individually account for more than 1-2% of
the cases, and specific genetic mechanisms underlying the
heritability of the disorder still remain largely cryptic. It was
found that many different genetic changes in unrelated genes can
cause indistinguishable ASD features; this genetic heterogencity
necessitate the need to look for more potential candidate genes
associated with the disorder.

-@ PLoS ONE | www.plosone.org

The LIM homeodomain transcription factor 1b (LMX1B) was
initially chasacterized as a key regulator of the normal dorsoventral
patterning in the developing limbs [5]. Several mutations reported
in this gene have been found to lead to the pleiotropic phenotype,
the mail platella syndrome [6-8]. Later, the role of Lnelé in the
development and maintenance of scrotoninesgic (SHTergic)
neurons in the central nervous system (CNS) was reporied, and
thereafter, underlying mechanisms were studied in detail. Lmxib
knock-out mice were found to be lacking the entire central
5HTergic neurons [9,10]. Further, it was shown that overexpression

* of Zmxlb enhances differentation of mouse embryonic stem cells

into SHT ncurons [11]. In addition to its role in the development of
central 5HTeregic neurons, Lmx7b is also required for the normal
biosynthesis of SHT in adult brain, and possibly for the regulation of
normal functions of SHTergic neurons [12].

A role of SHTergic system in the pathophysiology of autism was
proposed based on following observations, 2) hypcfscmlonmﬁa in the
whole blood cells and platelets of 25-50% of patients with avtism
[13 14], b) depletion of tryptophan, the SHT precursor, in ASD
patients increased some stercotype behaviors associated with the
disorder [15], ¢) treatment with selective serotonin reuptake inhibiiors
has shown to be cffective i ameliorating the repetitive and/or
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ccmpais:ve behaviors in some autistic individuals [16] and d) vecent
neuroimaging studies have shown low tevels of brain SHT synthesis in
autistic children [17] and reduction in serotonin transporter (SLO6A%)
binding in different brain regions of both ¢hildren and adults with the
disorder {18,19]. Compliant with these rcports, several genetic

association studies involving genes in the 5H'T metabolism with 2
focus on the SLOGAZ were also attempted. While several SLOGA4
polymorphisms were shown to be mwaimé with the disorder in some
studies [20,213, others failed to replicate the findings [22].

Taking mg,,ethar, these resuls provide mmpdimg, though
inconsistent evidence for the role of 5HTergic system in the
pﬁmephvsmi{}gtc mechanists of ASDs. In view of the mportance
of LMXIB in the devela;mﬁm of 3-H Tergic neurons, it would be
interesting to :;méy its role in autism, Here we performed 2 trio-based
study to cxamine the association of LAX]E with autism. We also
assessed any alterations in the expression LAMYIEB in the postmortem
brain samples of autism patients as compared to healthy controls.

Hesults
Single SNP TDT

Mendelian inheritance inconsistencies were not obscrved for
any of the 8NPs. For cach SNP; »98% of the genotypes were
seored; none of the SNFs showed deviation from HWE.

Association of LMXIB with Autism

The results of TDT analysis are shown in Table 1. 1510732392
(p=0018; OR=1764; 95% CI for OR 1.085-2.842) and
1312336217 (p=0.022; OR=1.748; 5% Ol for OR LUT6~
2.8441) showed signsificant associations with autism. However, these
associations did not withstand the muitip}c testing correction,
Overtransmission was observed for the minor allele A (62.82%) of
1s10739352 and for minor alicle G (62.67%) of 12336217,

LD analysis

1D analysis based on DY values identified sbe distinet haplo-
Blocks across LALXT8 gene. The fisst block consists of SNPs 81 o
06, the second block SNPs 08 and 09, the third block 10 and 11,
fourth block 12 to 16, fifth block 18 and 19 and the sixth biack
included SNPs 20 10 22 (Figure 1),

Haplotype TDT

The resulls of haplotype TDT is given in Table 2, Based on the
LD structure of LMXIB, associations of haplotypes in the six
haploblocks were analysed. The imgﬁéiyp-: AGCGTG of the first
block showed significant association with autism (p=0.008},

LMX1B expression in the postmortem brains
No sigmifieant difference in age, sex and postmortem intervals
was observed between autism and control groups in all the brain

‘Table 1. Single SNP TDT results of LMX78 SNPs in 252 trio samples.

db BNP ID Ganomie

129396037 GA

rs10732352

1510448285 129357914 or

510819198

129408513

129413490 A

129414928 GA

1310819184 £39422023 G

110987413 129458438 GiA

Tz Teammitteé
*Commaon allele is listed first.
+8asad on the parentai genotypes of 252 trios,

doi:16.137/journal.pone.00237 38,4001

’@ PLoS ONE | www.plosong.org

Yariation”

Minor allefe

0078 4852

intron 2

Itron 2

nteon 2 021 5657 488

intron 2 5178

179 of conimon allele is fisted, § Computed on the basis of fikelthood ratio test; significant p-values (<0.05) are Indicated in bold italics.
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Associstion ‘of LMXIB with Autism

Figure 1. Haploblotk structure of LMXT2, Six haplotype blocks were identified based on D values calculated from 252 wrios.

doii14,1371joumal pone.BU23738.9000

regions (ACG, MC and THL). There was a significant difference
in LMX 1B expression between the autism and control group in the
ACG (p=0.049) (Figure 2). Bxpression was significantly lower in
autism groups with a fold change of @27245T) 0.43. No LMXIB
expression conld be detected in the other two brain regions (MG
and TH),

Discussion

In this study, we examined the association of the transcription
factor gene LMX18 with autism in Caucasian population. In the
tric-based study, we found nominal associations for two SNPs
(rs10752392 and rs12336217) and a haplotype with autisrs, To the
best of our knowledge, this is the first study which reported an
association between LAY 7B and autism; 2 previous study reported
the association between ZAXIS and schizophrenia [23], which is
also a neurodevelopmental disorder. Both the S8NPs which are
found to be associated with the disorder are loeated in the introns
{intron 2) and may Inck any dircct functional importance. We also
found that the ZMX7B mBNA expression in general, is rather low
in adult brain; detected only in ACG. However, LWMATE mRNAs
were found to be significantly lower in the ACG of autistic brains
than the similar regions of controf brain tissues.

Multiple lines of evidence suggested 2 serotoninergic dysfune-
tion in many patients with autism, although the results are still
inconclusive. Tnvolvement of several transcription factors are
reported in the 5HTergic differentiation. In mammalian ONS, a
sequential activation of wanseription factors in the hindbrain,
starting with the regulation of the expression of Mx2-2 by the Skh

PLoS ONE | www.plosone.org

signaling pathway, has been proposed [9]. Tt was observed that
SHT neurons are absent in the mice lacking Mas2-2 [24] It
occupies the highest hierarchical position in the genetic cascade
shat invelved in the development of SHT neurons. Another
wranseription factor Petf, expressed in the post mitotic SHT
sicurons was reported to be the terminal differentiadon factor,
which acts in the fnal step of the transcriptional caseade that
establishes the final identity of 3HT neurons. Mice lacking Fet/
had 76-80% fower 5-FT neurons than normal mice. The Zmxld
ablation does not affect the expression Nkx2.2 and Shh [9,25]
putting these factors upstream of Linxlb. However, during
development, Jmxlh precedes petl, and Lmrlb knock-out mice
showed loss of Petl expression [10]. fu vive, Pell expression was
inereased in neurons overexpressing Lmx/b [11]. Thus, Zmx15 has
been propesed as an essential link between Nkx2.2 and Petl in the
genetic cascade that controls the early specifieation and terminal
differentiation of 3HTergic newrons in the hindbrain, Loxib
expression was shown to be the rate limiting step in this cascade of
events for specifying the SHT phenotype [11]. Further, Lunxlb,
together with Petl, Is also involved in the scrotonin metabolism as
it controls a set of molecules essential for the serotonin synthesis
(TPH2), vesicular transport (VMAT?2) and reuptake afier synaptic
release (SLOBA4) in the developing as well as adult brain [10,12].

ACG region plays important role in the pathophysiclogy of
autism as shown by previous reports [26,27]. Our positron
cmission tomography studies had shown that a reduction in
SLO6A4 binding in the cingulate cortices is associated with an
impairment of social cognition in autistic subjects [19% The
present finding of reduced LMXJB expression in the ACG of
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Association of LMX18 with Autism

Table 2. Haplotype associations of SNPs belonging to the six LD blocks of LMX15, in 252 teios.

Permutation - Block p-

Bloek Haplotype® Frequgn

Block 1 (SNPs 01-06)

‘Blod( 2 (SNPs 08-08)

B!odt 6 {SNPs 20~22) GGC 035 5539 0.111

SISO R

T: Transmitted / (Transmiited + Untransmitted).

30,000 permutations.
Al possible combinations of haplotypes with frequency >08.01 {Significant p-values (<0.05) are indicated in bold italics.

del:10.1371/joumalpone0023738.1002

0.00008

0.00007

0.60006
0.00005
0.00004
0.00003
0.00002

LMX1B expression

0.00001

0

Control Autism

Figure 2. LAX78 expression In the brain. LMX18 expression In the anterior cingulate gyrus region of the brain of autism patients compared to

that of control samples.
dei:10.1371/journal. pone.0023738.g002
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Table 3. Postmortern brain tissue information,

Association of LAX18 with Autism

% s I° Disgnosis

Age {years) Gend PMI thours)

Race Cause of death

Brain reglons®

UMB 1065  Control

UMB 1407 Comrol

Contral

. Mufiple injurles
Multiple injuries

Contral

Contei! F

Cardiac Arhythmia
pie
Thest injuriss ALG

Autlsm

Autism 34 B k 4

Autism 16 BA NA

Afdcan American Drowning ACG, MT, THL
Affcan Americon. - Drowning | ACG, M
Caueasian ACG, MC, THL

ALCG, THL

Srowning

Drowning

NA ACG, MO THL

*Autism Tssue Program (ATP) identifier,

Yfrain regions for which, each sample was avaiiable.
B Mates B Female, PIME Postmortem interval, ACG: Anterior cinguiate gyrus: MO Moter cortex; THL: Thalamus; NA: Not available.
dol 137 1journal pone.0023738.1003

autism group, therefore, could have some deleterious effects on the
serotonergie system, given the role of LMXIB in the differenti-
ation of 3HT newrons in developing brain, and in the muintenance
of SHT system in adult brain,

In conclusion, we report a possible asociation of the
transeription factor ZAMYZE with autism pathogenesis. However,
our rvesults should be interpreted with some caution, given the
limitatfons in sample size of postmortem brain samples and the
modest asseciations we found in genctic and gene expression
studies,

Materials and Methods

Subiects

DNA samples from wio families recrvited to the Autism Genetic
Resource Eachange [28] were used for the single nucleotide
polymorphism (SNP} association study. We selected 252 trios
families with male offpring scored for autism. Only Caucasians
{whité) were selected and non-idiopathic autism cases were
excluded,

Brain samples

Frozen postmorters brain tissues from aulistic patients and
controls were provided by the Autism Tissue Program (ATE;
Princeton, NJ; hup://www.autismtissueprogram.org) and Har-
vard Beain Tisue Research Center (HBTRC; Belmont, MA;
hitp:/ /www.brainbank.melean.org/). Tissucs were obtained from
three brain regions important in cognitive and behavior processing

@ PLOS ONE | www.plosone.org

namely &) amterior cingulate gyrus (ACG- 8 nutism and 13
conirols), b} motor cortex (MC- 7 autism and 8 controls), and ¢}
thalarus (THI-8 awtism and 9 controls). The demographic
{eatures of the samples are deseribed in Table 3.

Selection of SNPs

LMXIB, locsted in 9q33.3 (129,378,748 — 120463311), is
86.56kb in size and consists of cight exons. The genomic structure
is based on the UCSC (hup:/ Awww.genone.ucse.edu) assembly of
the human genome., SNPs for the association studies were selected
using the information from international HapMap project (hupi//
wwiw.hapmap.org) and National Centre for Biotechnology Infor-
mation (NCBI dbSNP: http:/ /www.nebinlm.nih.gov/SNP). On
the basis of their genomic locations and minor allele frequencics
(MAF >0.1), 24 SNPs were sclected (Figure 3; Table 1), using the
pair-wise tagging option of Haploview.wh1 (hp://www.broad.
mitiedu/mpg/Aaploview).

Genotyping

Assay-on-demand/Assay-by-design SNP genotyping products
{ABI, Foster City, GA, USA) were used to score SNPs, based on
the TaqMan assay method [29]. Genotypes were determined in
ABI PRISM 7900HT Sequence Detection System (8DS) (Applied
Riosystems), and analyzed using SDS v2.0 (ABI.

Statistical Analysis ,
PedCheck vi.1 (hatpt/ Awvww.watsonhgenapitt.edu) was used to
identify and climinate all Mendelian inheritance inconsistencies in
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Association of LMX1B with Autism

21 23

L0

20 2224

Bigure 3. Genomie structure of LAX78 gene. Locations of SNPs selected for the association study, based on the HapMap data on Caucasian

population, are densted by amows. Exons are Indicated by boxes.
dok10.1371/journal.pone.6023738.9003

the trio genotype data. SNPs were tested for Hardy-Weinberg
Equilibsium (HWE) using Haploview. SNP associations were
examined by transmission disequilibrium test (TDT), using the
TDTPHASE option of UNPHASED v2.408 (hitp://portallitbio.
org); expeciation maximization (EM) algorithm was used to resolve
uncertain haplotypes, (o infer missing genotypes and to provide
maximume-likelihood estimation of frequencies.

A linkage disequilibrium (LD) plot was constructed using the I’
values. Pair-wise LD valucs between SNPs were estimated using
Haploview. Subseguently, associations of haplotypes {frequency
>0.01) belonging to the various haploblocks of LMX/B were also
examined using Haploview.

Extraction of RNA from brain tissues

The brain tissues were homogenized by ultrasonication and
total RNA was exwtracted using TRIzel Reagent (Invitrogen,
Carlsbad, CA, USA), in accordance with the manufacturer’s
protocol. The RNA samples were further purificd using RNeasy
Micro Kit (QIAGEN GmbH, Hilden, Germany), following the
manufacturer’s instructions, The quantity (absorbanee at 260 nm)
and quality {ratio of absorbance at 260 nm and 280 nm) of RNA
were estimated with a NanoDrop ND-1000 Spectrophotometer

{Scrum, Teokyo, Japan).

Quantitative real-time reverse transcriptase PCR (gRT-

PCR)

ImProm-If Reverse Transcription System (Promega, Madison,
WI, USA) was used to synthesize first-strand cDNA from the total
RNA according to the manufacturer’s protocol.

RT-PCR primers for LMXIB (NM_001174146.1) (F-ccitigag-

caagiaaggataaigastg, R-gggacigaatticceageas) and cndogenous

veference GAPDH (INM_002046.3) (F-atcagcaaigeciceigeae, R-

tgecatagacigiggteatg) were designed using primer express v2.0
{Applicd Biosystems). SYBR Green gRT-PCR assays were
performed using QuantiTect SYBR Green PCR kit (Qiagen).
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' Abstract

Background: “i"he neurobiological basis of autism remains poorly uﬁderﬁteod ”Eha di 3gnssls ef autism is based
solely on behavioural characteristics because there are currently no reliable biological markers. To test whether the
anterior pituitary hormones and cortisol could be useful as biclogical markers for autism, we assessed the basal

serum levels of these hormones in subjects with autism and normal controls.

Findings; US¥;§'§“3" suspension afray s‘ys"zem,»ved&{e{miﬁed the serum levels of six anterior pituitary hormones,
including adrenocorticotropic hormone and growth hormone, in 32 drug-naive subjects (aged 6 to 18 years, all
boys) with autism, and 34 healthy controls matched for age and gender. We also determined cortisol levels in
these subjects by enzyme-linked immunosorbent assay. Serum levels of adrenocorticotropic hormone, growth
hormone and cortisol were significantly higher in subjects with autism than in controls.
significantly positive correlation between cortisol and adrenocorticotropic hormone levels in autism,
Conclusion: Our results suggest that increased basal serum levels of adrenccorticotropic hormone accompanied
by increased cortisol and growth hormone may be useful biclogical markers for autism.

In aadition, there was a

Introduction

Autism s 2 neurodevelopmental disorder, categorised as a
pervasive developmental disorder, and is characterised by
severe and sustained impairment in social interaction, by
deviance in communication, and patterns of behaviour
and interest. The aetiology of autism is not well under-
stood, although it is thought to involve genetic, immuno-
logic and environmental factors [1]. The diagnosis of
autism is based solely on behavioural characteristics, as
there is currently no biclogical marker for autism.

Several studies have examined anterior pituitary hor-
mones as possible biological markers for autism [2-8]. The
anterior pitaitary gland synthesises and secretes adreno-
corticotropic hormone (ACTH), growth hormone (GH),
follicle-stimulating hormone (FSH), luteinizing hormone
{LH), thyroid-stimulating hormone {TSH) and psﬁiai:tm
{PRL). Of these hormones, ACTH deserves special
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attention, because it is the hormone involved in the
hypothalamic-pituitary-adrenal (HPA) axis, which may be
affected in autism [3,4,6,9-111% The HPA axis is the basis
for emotion and social interaction, through the synthesis
and/or release of corticotropin-releasing hormone, ACTH
and cortisol. All previous studies that have measured basal
ACTH levels in autism have shown an increase in the
serum/plasma levels of this hormone [3,4,6,10], except for
one study that showed no difference [71. Unlike the results
for ACTH, the results for serum cortisol levels in autism
are inconsistent, with studies reporting either no differ-
ence between patients and controls [3,5-7] or a decrease
in patients [4,10]. With regard to the basal serum/plasma
levels of other anterior pituitary hormones in autisny spec-
trum disorders (ASDs), the results are again contradictory:
a decrease in patients {7] or no difference from controls
[4] for GH; a decrease in patients [12,13] or no difference
from controls [7} for FSH; and no difference from controls
for TSH and PRL [24.7].

The conflicting findings in the measurement of anterior
pituitary hormones in ASDs probably arise because of
differences in the subject population, For instance, many

201 hwata ot ab liconsee Bio¥ied Central L. This s an Opers Access anide distributed under the 1eami of the Creative Commons
Atributions License fnnfyffasaﬁmammms cigflicenses/by/2.0), which permits unvestricted use, distribution, and reproduction in
any medium, provided the orginat work s properly cited.
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studies used samples from both male and female patients;
however, a recent systemic serum proteome profiling
study pointed out that male and female patients with
Asperger's disorder had distinct biomarker fingerprints
[7]. Moreover, the secretion of anterior pituitary hor-
mones may be modified by antipsychotic and antiepilep-
tic medications [14-16], which often had not been taken
into consideration in previous studies.

In this study, we assessed the basal concentrations of
anterior pituitary hormone and cortisol in serum from
male, drug-naive subjects with autism.

fethods

Ethies approval

This study was approved by the ethics committee of the
Hamamatsu University School of Medicine. All partici-
pants and their guardians were given a complete descrip-
tion of the study, and provided written informed consent
before enrolment.

Subjects

In total, 32 boys with autism (aged 6 to 18 years) and 34
healthy controls matched for agen and gender partici-
pated in this study. All the participants were Japanese,
born and living in the Aichi, Gifu or Shizuoka prefec-
tures of central Japan.

Based on interviews and available records, including
those from hospitals, the diagnosis of autism were made
based on the Diagnostic and Statistical Manual, Fourth
Bevision, Text Revision (DSM-IV-TR) criteria. The Autism
Diagnostic Interview-Revised (ADI-R) was also conducted
by two of the authors (KJT and KM), both of whom are
experienced and reliable at diagnosing autism with the
Japanese version of the ADI-R. We also used the Wechsler
Intelligence Scale for Children, Third Edition, to evaluate
the intelligence quotient. Comorbid psychiatric illnesses
were excluded by means of the Structured Clinical Inter-
view for DSM-IV (SCID). Participants were excluded from
the study if they had any symptoms of inflammation, a
diagnosis of fragile X syndrome, epileptic seizures, obses-
sive-compulsive disorder, affective disorder, or any addi-
tional psychiatric or neurological diagnosis. All the autistic
subjects were drug-naive, and were not taking any dietary
supplements.

Healthy control subjects were recruited locally by an
advertisement. All control subjects underwent a compre-
hensive assessment of their medical history to eliminate
individuals with any neurological or other medical disor-
ders. The SCID was also conducted to scrutinise any per-
sonal or family history of past or present mental illness.
None of the control subjects initially recruited fulfilled any
of these exclusion criteria.

Fasting blood samples were collected by venipuncture
from all participants between 11.00 and 12.30 hours, and
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the samples were kept at room temperature for 30 min-
utes. The samples were then separated by centrifugation,
divided into aliquots of 200 pl, and stored at -80°C until
use. Serum levels of anterior pituitary hormones were
assayed using a suspension array system (Bio-Plex; Bio-
Rad, Hercules, CA, USA), with a panel of pituitary anti-
bodies (Milliplex MAP Human Pituitary Panel; Millipore,
Billerica, MA, USA). This system allows simultaneous
identification of pituitary hormones with antibodies che-
mically attached to fluorescently labelled microbeads.
The beads were resuspended in assay buffer, and the
reaction mixture was quantified using a protein array
reader {Bio-Plex; Bio-Rad). Serum levels of cortisol were
determined using a commercially available sandwich
ELISA kit (R&D Systems, Inc., Minneapolis, MN, USA)
according to the manufacturer’s instructions.

Statistical analysls

Clinical characteristics {(age, weight, height and body
mass index (BMI)) were analysed using an unpaired ¢-
test, after confirmation that there were no significant dif-
ferences in variance as assessed by the F-test. Compari-
sons of concentrations of anterior pituitary hormones
and cortisol between subjects with autism and controls
were made using the Mann-Whitney [l-test. In these
multiple comparisons, a Bonferroni-adjusted nominal
P-value threshold of 0.007 was used. Evaluation of the
relationships between serum hormone levels and clinical
variables or symptom profiles, and those between hor-
mone levels, was performed using Spearman’s rank cor-
relation coefficient. Additionally, linear regression
analyses were conducted to examine whether any change
in the hormone levels could be accounted for by another
variable, such as age or the levels of other hormones.
Values of P < 0.05 were considered significant. All statis-
tical analyses were performed using SPSS software
(version 12.0 J; IBM, Tokye, Japan).

Results

The characteristics of all the participants are sum-
marised in Table 1. There were no significant differ-
ences in the distributions of age, weight, height or BMI
between the autism group and the control group.

The serum levels of ACTH were 11.6 * 5.1 pg/mL in
subjects with antism and 7.2 £ 3.1 pg/mL in controls.
Therefore, the level of ACTH in subjects with autism
was significantly higher than that in controls (I = 185.0,
P < 0.001, by Mann-Whitney U-test) (Table 1, Figure
1A). The serum levels of GH in subjects with autism
(6495.4 = 9072.2 pg/mL) were also significantly higher
than those in controls (1590.1 + 2447.5 pg/mL; U =
305.0, P = 0.002, Mann-Whitney [/-test) (Table 1, Figure
1B). We carried out regression analyses to test the effect
of age and other hormones on GH levels, because these
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Table 1 Clinical characteristics of the normal controls and subjects with autism®
Conitrel group {n = 34) Autlsm group {n = 32) Pevalue
Age, years 124+ 26 (6 to 18) 123232 (610 18) NS
Weight, kg 423 x 143 (156 10 893) 418 % 150 (175 to0 966) NS
Height, cm 1508 + 148 {111 to 174) 1487 £ 179 {110 10 178) NS
BMY, kg/m?® 181 £ 35 (127 w0 324) 183 £ 3.1 (139 t0 305} NS
ADIR
Domain A score - 202 £ 49{10t0 27) -
Domaln BV score 13639 810 21} -
Domain C score - 54+203w9 -
Domain D score 312102105 -
WISCHIl
Verbal IQ - 913 £ 21.6 (48 1o 133) -
Performance IQ - 953 & 21.1 (47 10 131) “
Full-scale 1Q . 91.0 2 232 (44 10 134) -
Anterior pituitary hormones
ACTH, pg/ml 72+ 3133710 142) 1162513710 263) < 0001
GH, pg/mL 1580.1 & 24475 (34.8 to 137080) 64954 = 90722 (30.7 1o 348115} 0002
FSH, miU/mL 38+20(08%w081) 57 & 3.7 (06 to 164) NS
LH, miU/ml 14£170110720) 25%25(0.1 to 11.8) NS
TSH, uiU/mb 362 14{101074 332220310112 NS
PRL, ng/ml 209 % 9.1 (44 10 380) 252 &+ 140 (8.2 10 669) NS
Cortisal, ng/mL 583+ 253 {168 t0 1168) 74.2 £ 200 (235 10 101.5) 0004

Haluas are expressed as mean % SD{rangel.

Abbreviations: BMI, body mass Index; ADIR, Autlsm Diagnostic Interview-Revised; WiSCHl, the third edition of the Wechsler Intelligence Seale for Childrer; 10,
intelligence quotlent; ACTH, adrenocorticotropic hormene; GH, growth hormone; FSH, follide-stimulating hormone; LH, lutelnizing harmone; TSH, thyrold-

stimulating hormone; PRL, prolactin; NS, not significant.

may affect GH levels [17-19). After controlling for age
and measured hormone levels (FSH, LH, TSH, PRL,
ACTH and cortisol), we confirmed a significant differ-
ence in GH levels (Fj3,63 = 9.504, P = 0.003 for age;
Fi.63) = 7.238, P = 0.009 for FSH; F; 62 = 8429, P =
0.005 for LH; Fiy 43 = 9.891, P = 0.003 for TSH; Fyeq =
9,033, P = 0.004 for PRL; Fyy 63 = 6.611, P = 0,013 for
ACTH; and Fy,60) = 4.687, P = 0.034 for cortisol)
between subjects with autism and controls. There were
no significant differences in FSH, LH, TSH or PRL levels
between autistic and control subjects (Table 1).

The serum levels of cortisol were 74.2 £ 20.0 ng/mL in
subjects with autism and 58.3 £ 25.3 ng/mL in controls.
Therefore, the level of cortisol in subjects with autism
was significantly higher than that in controls (i = 289.0,
P = 0.004, Mann-Whitney U-test) (Table 1, Figure 1C).
There was a significantly positive correlation between
cortisol and ACTH levels in subjects with autism (r; =
0.562, P < 0.001, Spearman’s rank correlation coefficient)
(Figure 1D). We also examined the correlations between
serum ACTH, GH and cortisol levels and the symptom
profiles in subjects with autism. The ADI-R domain A,
BV, and C scores were used as the symptom profiles.
There were no significant correlations between the levels
of any of the hormones and the symptom profiles (data
not shown).

Discussion

We found that serum levels of ACTH and cortisol in
subjects with autism were significantly higher than those
in healthy controls. When the relationship between the
levels of ACTH and cortisol was examined in subjects
with autism, the levels of ACTH were significantly and
positively correlated with the levels of cortisol, suggesting
that in autism, cortisol secretion may be upregulated by
increasing ACTH through the HPA axis [20]. It is possi-
ble that people with autism respond to the stress of veni-
puncture with activation of the HPA axis, leading to the
elevation of ACTH; however, in this study, we found that
the venipuncture effect was the same in autistic and con-
trol subjects, and therefore the observed differences are
more likely to be due to the pathology of autism than to
acute 'stress.

An increase in ACTH levels in people with autism is
the most consistent result reported from studies of ante-
tior pituitary hormones [3,4,6,10]. In functional imaging
studies of the limbic system, which is the neural basis of
emotions and social interactions, people with autism
have been shown to have impaired circuitry in extin-
guishing fear responses [21]. Because the limbic system
influences the HPA axis [22], the abnormal levels of
ACTH and cortisol may be due to alterations in limbic
system function [8,23].
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Unlike the present study, in which we found high levels
of cortisol in subjects with autism, previous studies have

reported low or no overt change in cortisol levels in aut-

ism [3-7,10]. Cortisol levels can be modified by psycho-
tropic medications [14,15); we recruited drug-naive
subjects in this study, and all the previous studies [3,5,6],
except one [4], have used drug-free subjects to examine
cortisol levels. Therefore, it is unlikely that the discre-
pancy between the present and previous results arose
because of differences in the medication status of the
participants. This, in turn, suggests that an alternative
explanation is required. The present study included only
male subjects, whereas previous studies comprised both

male and female subjects [3-6,10]. In addition, the age
range of the participants of the present study (6 to 18
years) was different from that of some of the previous
studies, which enrolled adults only {5-7]. Furthermore,
we collected the blood samples at around midday,
whereas previous studies used samples collected in the
morning [3-6,10). Gender [7], age [24] and sampling time
[24] are all known to be important factors influencing
the cortisol level.

Ve also found that serum levels of GH in subjects with
autism were significantly higher than those in healthy
controls. There are no available data to interpret this
increased GH in basal conditions in autism. However,
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because the serum levels of glutamate have been shown
to be increased in adults with autism [25], and because
intravenous administration of excitatory amino acids sti-
mulates GH secretion [26-28], the increased basal GH
levels in autism seen in our study may, at least in part, be
due to a high concentration of glutamate in the
circulation,

In this study, we found no significant correlations
between cortisol levels and autistic symptoms as assessed
by the ADI-R. This is in contrast to the results of Hamza
et al. [10], who found an inverse correlation between
hormone-stimulated plasma cortisol levels and the sever-
ity of autistic symptoms as assessed by the Childhood
Autism Rating Scale. This discrepancy may be caused by
the different scales used for the evaluation of clinical
features.

There are some limitations to our study. The small
sample size renders the data presented here preliminary.
In addition, the study included only male participants. A
larger study with subjects of both genders will be neces-
sary, although separate analysis may still be warranted to
eliminate the confounding effect of gender on hormone
levels.

Conclusion

Our results suggest that increased basal serum levels of
ACTH accompanied by increased cortisol and GH may
be useful biological markers for autism.
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Introduction

Autism spectrum disorders (ASD) are a group of neurodevel-
opmental disorders characterized by pervasive abnormalities in
social inleraction and communication, and repetitive and
restricted behavieral patterns and interests. ASD include autistic
disorder, Asperger’s disorder and pervasive developmenta! disor-
der, not otherwise specified [1]. Susceptibility to ASD is clearly
atiributable to genetic factors [2], but the etiology of ASD is
unknown, and no biomarkers have yet been proven to be
characteristic of ASD.

Accusnulating evidence suggests that dysregulation of the
immune system may be implicated in the pathophysiclogy of
ASD [3,4). For instance, postmortem studies have shown that the
protein levels of tumor necrosis factor o (TNF-¢) and interleukin
{1136 [3), as well as the number of activated microglia [6], are

ignificanly increased in the brains of subjects with ASD
compared to controls, In addition, hpopolysaccharidc-sﬁmula(cd
productions of TNF-¢ and IL-6 have been shown to be greater in
peripheral blood mononuclear cells from subjects with ASD than
those from controls [7]. And increased levels of inflammatory
cytokines have been detected even in peripheral samples such as
serum §8-13] or plasma [14-18] of patients with ASD. These

',:@‘. PLoS ONE | www.plosone.org

°

findings suggest that the pattern of plasma cytokine levels could
serve as a useful biological marker of ASD. However, the results
of the previous studies addressing scrum or plasma levels of
cytokines in ASD appear to be inconsistent, probably due to
variations in the experimental designs, diagnostic criteria used
and age ranges of the subjects, although another possible
explanation is that these inconsistencies reflect the heterogeneity
of the ASD themselves.

Recent advances in multiplex technologies have enabled
measurcment of multiple analytes simultaneously. Multplexing
provides data on a large number of analytes, even when the
sample volumes are limited [19,20]. In this study, we used a
multiplex assay to measure a series of 48 cytokines in plasma
samples from subjects with high-functioning ASD in comparison
with matched control subjects. A recent systemic serum proteome
profiling study reported that males and females with Asperger’s
disorder have distinct biomarkes fingerprints [11]. Therefore, to
prevent any potential confounding effect of sex, we recruited only
males in this study. Also, cytokine profiles were only determined in
the ASD male subjects who were more than 6 years of age,
becanse a multiplex analysis of cytokines in plasma samplcs
obtained from children less than 5 years of age (the majority of
whom were males) was recently reported [14].
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Results

Subjects

The characteristics of all participants arc summarized in
Table 1. There was no significant difference in the distribution
of age (1=0.26, P=0.79) or full 1Q (t=0.46, P=0.65) between the
two groups, indicating that the subject matching was successful.
Several pro-inflammatory cytokines, including TNF-t and IL-6,
are known to be produced by adipose tissue, and the plasma levels
of these cytokines have been correlated with parameters of obesity
{21]. Therefore, we measured the weight and height of all the
participants, and the body mass index (BMI) was calculated. There
were no significant inter-group differences in the weight, height, or
BMI. In subjects with ASD, 21 subjects with ASD were diagnosed
with autistic disorder and the remaining 7 were considered to have
PDD-NOS, according to the Autism Diagnostic Interview-Revised
(ADI-R) [22].

Plasma levels of cytokines and chemokines by multiplex
assay kits

The comparison of cytokine and chemokine detection is
summmarized in Table 2. Among a total of 48 analytes, plasma
concentrations of IL-2, IL~15, basic FGF, GM-CSF and LIF did
not reach the detcction range in either group, and these five
analytes were excluded from further analyses. Plasma levels of IL~
1B, IL-1RA, IL-5, IL-8, IL-12(p70), IL-13, IL-17 and GRO-x
were significantly higher in subjects with ASD compared with the
corresponding values of matched controls after correction for
multiple comparisons. Plasma levels of IL-4, IL-7, G-CSF, IFN-y,
MIP-1B8, PDGF-BB, TNF-0, HGF and VEGF tended to be
greater in the ASD group than in the control groups, but after
correction for multiple comparisons, the differences did not reach
the level of statistical significance. The mean levels of fold changes
of the cytokines that differed significantdy between the two groups
are summarized in Figure 1.

We then examined the correlations between plasma levels of IL-
1B, IL-1RA, IL-5, IL-12(p70), 1L-13, IL-17 and GRO-2 and
clinical variables in the subjects with ASD. There were no
statistically significant corrclations between the plasma levels of
analytes and clinical variables, including age, weight, height, BMI,
IQ (full, verbal and performance) and severities in autistic
symptoms as asscssed by the ADI-R. When correlation coefficients

Table 1. Demographic and clinical characteristics.

Plasma Cytokines In Autism Spectrum Disorders

were evaluated among the 7 analytes that showed significant
clevation in ASD, there were significant correlations between IL-
18 and IL-1RA (Pearson’s r=.626, P<0.001), between IL-5 and
IL-13 {r= 497, P=0.007), between IL~13 and IL-12(p70) (r=.747,
P<0.001) and between I1L-8 and GRO-u (r= 415, P=0.028).

Discussion

Tn the present study, plasma levels of IL-18, IL-1RA, TL-5, IL-8,
IL-12(p70), IL~13, IL-17 and GRO-a in the high-functioning male
subjects with ASD were significantly higher than those of carefully
matched control subjects. Our participants with ASD showed no
signs or symptoms implying inflammatory discases and were
similar in parameters of obesity, including BMI, to controls. Thus,
it is likely that the elevations in plasma levels of those analytes were
significantly associated with the diagnosis of ASD. These results
arc in line with the studics mentioned above, which reported
altered immune responses in individuals with ASD [3,4]. The fold
changes of each analyte, however, ranged from 1.5 to 2.5, which
values were far lower than those of inflammatory or autoimmune
discases, In addition, none of the analyte plasma levels were
correlated with the severity of autistic symptoms. Therefore, it was
suggested that the elevation of cytokines observed here may
represent an abnormal steady-state immune response in subjects
with ASD, and that such a multiplex analysis of cytokines may
serve as one of the biological wait markers for the disorder.

Plasma levels of IL-1B and IL-1RA were elevated in ASD

1L-1B is a pro-inflammatory cytokine produced by various
sources, including monocytes, macrophages, dendritic cells,
neutrophil lcukocytes and endothelial cells [23]. Among previous
reports, two studies that examined serum levels of selected
cytokines, ie., IL-1 [12] and IL-1f [24], in autistc subjects
reported no change. However, two other recent studies using
multiplex assay in ASD have demonstrated a significant increase
in plasma IL-1P levels in 2- to 5-year-old children with ASD [14]
or in serum T1~1f levels in adults with Asperger’s syndrome [11].
Given the wide variety of functions of IL-1§ as an important
mediator of inflammatory response, including cell proliferation,
differentiation and apoptosis [23], it is not surprising that this
cytokine can serve as a marker for abnormal response in subjects
with ASD. On the other hand, IL-1RA binds to the cell surface IL-
| veeeptor, inhibits the activides of IL-18, and modulates IL-1-

Characteristie Mear (SD) [Range]

ASD, =3

Age, years
ki

gw. kg/m® 12.7 {24) [144-25.3]

123 {2.3) [7-15])
ﬂeight. an 1496 {12.5) (121.4-172.8]
o i

12,1 (3.3} [7-15)

7

147.1 {17.0) [110.0-175.0]

HI4y

18.1 {2.6) [13.5-24.2)

199 (52} 19-271

dol:10.1371/joumal pone.8020470.4001

’,@: PLOS ONE | www.plosone.org

Abbreviations: ASD, autism spectrum diserder; 1Q, Intelligence quotient; BMI, body-mass index; and N/A, not applicable.
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Table 2. List of analytes in the multiplex assay.

Control group (n=28)  ASD group (n=28)

EDR. corrected Pyalue

=10 5 1.8 38 14

Basic FGF BOR DR - -

FLGF-EB 110532 30233 124853 15484 —2300 pie)

T ‘ 86 EA 80 1946 -2.31¢6 a.08

éR{}'a 605 383 99.0 474 ~3.347 0013

MF 4 783 ‘ 313 816 ! 283 0338 ‘088

SCOR-p o 257624 63316 326840 56138 ~1827
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Table 2. Cont.

Plasma Cytokines In Autism Spectrum Disorders

bak Il

Analytes mean
R Y B TR T
TRAIL 160.7 589 1339 489 1.851 0.16

dok10.1371/Jeurnalpone.00204701002

related immune responses [23]. In this study, plasma levels of IL-
1B in subjects with ASD were significantly and positively
cosrelated with those of TL-1RA, suggesting that IL-1RA might
have increased as a negative feedback regulator in response to the
clevation of IL-1[8 levels in ASD.

Increases in plasma levels of IL-5, IL-13 and IL-12p70 in
ASD

IL-5 is mainly produced by T helper 2 (Th2) cells and mast
cells, and belongs to the Th2 cytokine family [25]. IL-5
simulates B eclls to scerete immunoglobulins and is alse 2
mediator of cosinophil differentiation and activaton. Previous
studies have reported cosinophilia in children with autism
[26,27], though 2 negative result has also been reported [28].
TL-13 is another Th2 cytokine that sdmulates B cells to secrete
IgE, which is an important mediator of allergic inflammation. A
trend toward clevation in plasma levels of 114, the major Th2

300-

200+

100=

% of means from Control

Concentrations of analytes are shown In [pg/mil. Note the statistically significant difference between the two groups (°P<0.05 after FDR cowection for muliple
eomparisons). Abbsevistions: ASD, aullem spectrum dlsorder; BDR, below the detection range; FOR, false discovery rate; and SD, standard devistion.

cytokine, was also observed in the current study {t=-—249,
corrected P=0.06, see Table 2). In contrast, plasma levels of
IFN-7 and IL-2, which are Thl cytokines, were similar between
subjects with ASD and controls. Plasma levels of IL-2 and IFN-y
have been reporicd to be increased in autism (n=20, mean
age = 10.7 years) {17]. However, since none of the other studics
found clevations of IL-2 or IFN-y in peripheral samples
[9,11,14,18], it was suggested that elevation of these Thi
cytokines may not be common in subjects with ASD. Our
findings of increased levels of Th2 cytokines without corre-
sponding changes in Thl cytokines were consistent with previous
in vitre studies which demonstrated Th2-preferred responses after
stimulation in peripheral blood monocyics from subjects with
ASD [26,29]. Since Th2 cells have been shown to play a role in
the pathogenesis of allergy [30], our current findings are not
inconsistent with the fact that allergy is a common clinical
problem in individuals with ASD [31,32].

iL-ip IL-IRA IL-§ L8  IL-12(p70) L3 L7 GRO-0

Figure 1. Feld changes of analytes measured by multiplex assay kits In subjects with autism s

pactrum disorder. The results represent
the % concentration relative to the mean concentration of each a f ine il
e T concentrafion relative nalyte in the control group {dashed line in red). Data are expressed as the mean plus
dok10.1371/joumal. pone.0020470.0001
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1L-12(p70) is a heterodimeric cytokine that consists of two
subunits, p35 and p40 [33]. Our curmeni finding of clevated
plasma levels of IL-12(p70) is consistent with previous results in
children with autism [17] and adults with Asperger’s syndrome
[11]. IL-12(p40) has also been shown to be increased in the plasma
of children with ASD [14]. TL-12(p70) is an immunorcgulatory
cytokine that is produced mainty by B cells and by monocytes, and

is involved in the differentiation of naive T cells inio Thil cells

[83]. The elevated levels of plasma IL-12 in ASD might be an
unsuccessful compensation for the above-mentioned Thi1/Th2
imbalance in subjects with ASD.

Increased plasma levels of IL-17, IL-8 and GRO-g in ASD

Cuside the Thl /Th2 cell paradigm, a distinct T helper cell subset
that produces [L-17 has receatly been discovered, and is known as the
Thi7 cell subsct [34). Thi7 cells are responsive to 1123 and seercte
11-17. Enstrom and his colleagues [15] have reported that plasma IL-
17 levels in 2- to S-year-old children with autism were similar to those
n conirols, but the 1L-23 levels were decreased in the children with
autisn. Researchers from the same group also examined peripheral
blood monocytes from subjects with ASD and found that PHA-
stimulated release of TL-23, but not TL-17, was lower in subjects with
ASD than in controls [35). The discrepancy between our study and
the previous report by Enswrom ot al. [15] presumably reflects the
differences in the age of participants and experimental designs. In
addition, because the kits we used for multplex assay did not include
IL-23 as an analyte, further studies will be needed to examine the
effects of this factor. Interestingly enough, however, recent findings
suggest that IL-1p, the plasma levels of which were increased in our
subjects with ASD, plays an important role in Thi7 ccll
differentiation and IL~17 secretion [36,37).

Both IL-8 and GRO-¢ are chemokines produced by macro-
phages and other ccll types, such as epithelial and endothelial cells.
These chemokines have chemotaciic activity on ncutrophils and
play imporant voles in the innate immune response. Previous
studies have examined IL-8 levels in plasma or serum, and found
either increases [14] or no change [11,38] in peripheral IL-8
levels. With regard to GRO-w, there has been no report showing a
significant difference as compared to controls. The reason why
these chemokines are increased in subjects with ASD is currentdy
unknown, However, IL-17 is known to be a potent mediator of
production of IL-8 and GRO-¢ from cpithelial cells [34]. Since
TL-8 and GRO-a function as chemotaxins of these chemokines, its
clevation in the peripheral circulation suggests an activation of
innate immunity. That is, the elcvation in plasma IL-8 and GRO-
 might have resulted from IL~17 secretion by Thi7 cells activated
in response to subclinical infections in epithelial or cndothelial cells
in our subjects with ASD,

Limitations

There were limitations in the present study. The small sample
size renders the data presented here preliminary, and a larger
study with more subjects with ASD will be necessary. However,
recruitment for the current study was limited to a group of high-
functioning subjects with ASD, none of whom were given
psychotropic drugs. Therefore, our data are free from possible
confounding factors and thus reflect 2 certain common immuno-
logical pathology among people with ASD.

fMaterlals and Methods
Subjects

Twenty-cight male subjects with ASD and 28 healthy male
controls participated in this study. All the participants were

',:@'. PLoS ONE | www.plosone.org
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Japanese, born and living in restricted areas of central Japan,
including Aichi, Gifu, and Shizuoka prefectures, Based on
interviews and available information, including hospital records,
diagnoses of ASD were made by an experienced child psychiatrist
(TS) based on the DSM-TV-TR eriteria [1]. The ADI-R [22] was
also conducted by two of the authors (BJT and KM), both of
whom have an established reliability of diagnosing autism with the
Japanese version of ADI-R. ADI-R is a semi-structured interview
conducicd with a parent, usually the mother, and is used o
confirm the diagnosis and also to evaluate the core symptoms of
ASD. The ADI-R domain A scorc quantifies impairment in social
interaction, the domain BV score quantifies impairment in
communication, and the domain C score quantifies restricted,
repetitive and stereotyped patierns of behavior and interests, The
ADI-R domain D corresponds to the age of onset criterion for
autistic disorder. We also used the third edidon of the Wechsler
Intelligence Scale for Children [39] to evaluate the intelligence
quotient (IQ) of all the participants. Co-morbid psychiatic
illncsses were cxcluded by means of the Swuctured Clindcal
Interview for DSM-IV (SCID) [40]. Participants were excluded
from the study if they bad any symptoms of inflammmation, a
diagnesis of fragile X syndrome, cpileptic seizures, obsessive-
compulsive disorder, affective disorders, IQ of lower than 70, or
any additional psychiatric or neurological disgnoses, None of the
participants had ever reccived psychoactive medications before
this study. Healthy conirol subjects were recruited locally by
advertisement. All control subjects underwent a comprehensive
assessment of their medical history to eliminate individuals with
any ncurological or other medical disorders. SCID was also
conducted fo scrutinize any personal or family history of past or
present mental illness, None of the comparison subjects initially
recruited was found to falfill any of these exclusion criteria. This
study was approved by the ethics commitiee of the Hamamatsu
University School of Medicine. All participants as well as their
guardians were given a complete description of the study, and
provided written informed consent before enrollment.

Blood sampling and multiplex assay

Fasting blood samples from all the participants were obtained
between 11:00 and noon by venipuncturc and collected into
EDTA-containing tubes. Immediately after the sampling, samples
were centrifuged for 10 min at 4°C, divided into 200l of
aliquots, and stored at —80°C until use. The mean tme interval
for preparation of plasma from blood samples was 4.5 min (3 to
6 min). Multiplex kits for measuring cytokines and chemokines
were purchased from Bio-Rad (Bio-Plex Pro Human Cytokine
Group I [27-plex] and Group 1T [21-plex] panels; Bio-Rad,
Hercules, CA). The kits were used per the manufacturer’s
instructions, Plasma samples were diluted using the appropriate
sample diluents provided in cach kit in accordance with the
manufacturer’s instructions. Concentrations (pg/ml) of different
analytes in the plasma samples were determined by using the
standard curves generated in the multiplex assays. Bach standard
curve was generaied using cight points of concentrations, and a
nonlinear least squares minimization algorithm was used for the
curve fitting by the five-parameter logistic equation and (o
determine the high and low limits of detection. Data points for
analytes that were occasionally above or below the detection range
were discarded. '

Data analysis

Comparisons of concentrations of analytes between subjects
with ASD and controls were made by an unpaired &test after
confirming that there were no statistically significant differences in
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variance as assessed by the F test. A Pvalue of less than 0.05 was
considered to be statistically significant after adjustment for the
false discovery rate (FDR) for multiple comparisons using the
Benjamin-Hochberg procedure. Evaluation of relationships be-
tween plasma levels of analytes and clinical variables among
subjects with autism spectrum disorder was performed with
Pearson’s r correlation coefficient. In the correlation analysis,

values of P<0.05 were regarded as statistically significant. All
statistical analyses were performed using SPSS statistics software

{version 17; SPSS K.K., Tokyo, Japan).
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