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Examination of AVPR1a as an autism susceptibility gene
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Impaired reciprocal social interaction is one of the core features of autism. While its
determinants are complex, one biomolecular pathway that clearly influences social behavior is
the arginine—vasopressin (AVP) system. The behavioral effects of AVP are mediated through
the AVP receptor 1a (AVPR1a), making the AVPR1a gene a reasonable candidate for autism
susceptibility. We tested the gene’s contribution to autism by screening its exons in 125
independent autistic probands and genotyping two promoter polymorphisms in 65 autism
affected sibling pair (ASP) families. While we found no nonconservative coding sequence
changes, we did identify evidence of linkage and of linkage disequilibrium. These results were
most pronounced in a subset of the ASP families with relatively less severe impairment of
language. Thus, though we did not demonstrate a disease-causing variant in the coding
sequence, numerous nontraditional disease-causing genetic abnormalities are known to exist
that would escape detection by traditional gene screening methods. Given the emerging
biological, animal model, and now genetic data, AVPR1a and genes in the AVP system remain
strong candidates for involvement in autism susceptibility and deserve continued scrutiny.
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Autism is comprised of deficits in three domains: (1)
speech and language, (2) reciprocal social interaction,
and (3) repetitive, stereotyped motor, and behavioral
activity. Autism also has a genetic basis, with estimates
of heritability approaching 90%."? While the genetics
of autism are complex and remain to be disentangled,
it may be that each symptom domain has independent
genetic determinants; supportive evidence for this
hypothesis exists, for example, in the domain of
speech and language.®* One biomolecular pathway
that clearly influences social behavior, and is therefore
worthy of consideration in autism, is the arginine—
vasopressin (AVP) system. The hormone AVP has been
shown, across numerous organisms, to influence such
varied social traits as vocal modulation,® sexual and
parenting behavior,’ mate affiliation and attachment,”
aggression,® and social recognition.® The effects of AVP
tend to be more pronounced in males, as opposed to
the related hormone, oxytocin, whose effects tend to be
stronger in females.”"°

The behavioral influence of AVP is mediated through
the AVP receptor 1a (AVPR1a), as demonstrated most
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clearly by studies comparing two related rodent
species: montane and prairie voles.’ Prairie voles
are monogamous, highly social, and exhibit bipar-
ental care, while montane voles are nonmonogamous,
comparatively asocial, and exhibit no parental care.
Central administration of AVP in prairie voles
induces prosocial behaviors, but has no effect on
montane voles. Within prairie voles, this effect is
limited to males, with oxytocin regulating female
social behaviors.”'® The differential interspecies
influence of AVP may be related to differences in
the CNS tissue distribution of AVPR1a, which is
weighted more heavily toward reward pathways in
the prairie vole. These differences may, in turn, arise
from a structural variant of the AVPR1a gene that
appears to function as a tissue-specific promoter.
While no interspecies coding sequence differences
exist, the 5’ promoter region of AVPR1a in the prairie
vole has a 428 base pair sequence that is not found in
the montane vole. Transgenic insertion of AVPR1a
with this 5 fragment into mice induces social
behavior and responsivity to centrally administered
AVP resembling that of the prairie vole.”* Based on
these data, genes involved in the human AVP system,
including AVPR1a, are reasonable candidates for
autism susceptibility genes.

Further piquing our interest in AVPRla were
recent analyses of our linkage data. We previously



performed a genome-wide linkage screen in a sample
of autism affected sibling pair (ASP) families, with
loci on chromosomes 7q and 13q emerging as the
strongest regions of interest.”> We subsequently
divided the sample into two groups—Ianguage im-
paired vs language normal—based on the degree of
language impairment in the probands. The purpose of
this was to reduce the apparent heterogeneity of
autism, with the hypothesis that stronger linkage
signals might arise from more homogeneously defined
sets of families. We reanalyzed the 7q and 13q data,
and found that virtually all of the linkage signal at
both loci arose from the language-impaired families.*
This split of these LOD scores was consistent with
data from other sources at these loci,®'® supporting
the efficacy of this subgrouping approach.

We have since analyzed all of our linkage data in
this manner, and one interesting result arises on the
region of chromosome 12q that contains the AVPR1a
gene. AVPR1a is located on chromosome 12q at
~75cM. In our total sample, under a dominant model
of transmission, our strongest signal on chromosome
12 is a multipoint heterogeneity LOD of 0.85 at
78.1 cM (unpublished data). In the subgroup analyses,
this value increases to 2.0 in the language normal
group, while dropping off to nearly zero in the
language-impaired group. Thus, it is plausible that
this split of the LOD score might arise from autism-
related variants of the AVPR1a gene, which would be
expected to contribute to social aspects of autism as
opposed to language impairment, and is therefore
only revealed when the language-impaired subgroup
is removed from the analyses.

The only published examination of AVPR1a in
autism found suggestive evidence of linkage disequili-
brium (LD); this study did not, however, report
subgroup-based analyses.'* The AVPR1a gene itself
has 1472 nucleotides contained within two exons that
are separated by a 2.2kb intron; the gene codes for a
418 amino-acid protein with seven putative trans-
membrane domains. The mRNA contains a 5’-untrans-
lated region (UTR) that is ~2kb long, a 1kb 3'-UTR,
and the transcription start site is 1973 bp upstream
from the translation start site.'® Thibonnier et al'
identified four nearby microsatellite repeats, three of
which are in the 5'-flanking region. To test the role of
AVPR1a and its 5’ promoter region in autism, we
examined the two closest 5’ markers (the same markers
tested by Kim et al) for linkage and LD in 65 autism
ASP families and screened the entire coding sequence
for variants in 125 independent autistic probands.

Materials and methods

Ascertainment and patient sample

All autistic probands and their families were ascer-
tained and diagnosed through the Collaborative
Linkage Study of Autism under a previously de-
scribed protocol.’® Briefly, families were recruited
from three regions of the United States (Midwest,
New England, and mid-Atlantic) through four clinical
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data collection sites: the University of Iowa, Tufts
University-New England Medical Center, Johns Hop-
kins University, and the University of North Carolina.
All probands were at least 3 years old and were
assessed with the Autism Diagnostic Interview-
Revised (ADI-R)"” and the Autism Diagnostic Obser-
vation Schedule (ADOS or the more recent ADOS-
G'). ASP and trio families were recruited. All
probands were required to meet ADI and ADOS
criteria for autism. Probands were excluded if
they had fragile X syndrome (based on fragile X
DNA testing), a known chromosomal abnormality, or
any other neurological or medical condition sus-
pected to be associated with autism. The sample
available for this study included 65 autism ASP
families and other families from which an additional
60 independent autistic probands were derived. All
individuals (or, when appropriate, their guardians)
provided written, informed consent for participation
in this study.

Mutation screening
DNA was extracted from whole blood using standard
procedures. Intron/exon boundaries were identified
using the NCBI Locus Link utility (http://
www.ncbi.nlm.nih.gov/LocusLink/). Exons, includ-
ing flanking splice-junction sequences, were screened
for coding sequence variants in each independent
proband (n=125) using single-strand conformational
polymorphism (SSCP) analysis on amplicons of
250 nucleotides or less (primers available upon
request). SSCP in our laboratory has a sensitivity
of 90% in detecting nucleotide changes when
compared with direct sequencing. PCR of amplicons
was performed with 20 ng of genomic DNA amplified
in a reaction mixture containing 1.0ul of PCR
buffer (100mM Tris-HCl (pH8.8), 500mM KCl,
15mM MgCl,, 0.01% gelatin (w/v)), 200uM each
of dATP, dCTP, dGTP, and dTTP, 2.5pM of each
primer, and 0.05 U of Taq DNA polymerase, increased
to a final volume of 10.0ul with water. Samples
were initially denatured at 94°C for 3 min, followed
by 40 cycles of 94°C for 30s, 54°C or 58°C for 30s,
and 72°C for 30s. PCR products were electrophoresed
on 6% nondenaturing polyacrylamide gels at
20W for approximately 3h at ambient temperature.
The gels were then silver stained using standard
protocols.™®

Amplicons containing SSCP shifts were forward
and reverse sequenced on an Applied Biosystems
model 377 automated sequencer (ABI, Foster City,
CA, USA) using dye terminator chemistry. Sequence
data were analyzed using the Sequencher 3.1 gene
analysis computer program (Gene Codes, Ann Arbor,
MI, USA). Sequence variants detected in this manner
were then sequenced in all available family members
from the probands’ families of origin and were also
assessed in a similar manner (SSCP screening
followed by direct sequencing of variants) in a
comparison group of 160 nonautistic individuals of
similar ethnicity.
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Linkage and LD

Testing for linkage and LD was performed for two
polymorphisms in the 65 ASP families. The first
polymorphism, named RS3, was a complex (CT),-TT-
(CT)s-(GT),4 repeat located 3625bp upstream of the
transcription start site and amplified with primers
TCCTGTAGAGATGTAAGTGC (forward) and gtttctt-
TCTGGAAGAGACTTAGATGG (reverse). The second,
named RS1, was a (GATA), repeat 553 bp upstream of
the transcription start site, amplified with primers
AGGGACTGGTTCTACAATCTGC (forward) and AC-
CTCTCAAGTTATGTTGGTGG (reverse). PCR was
performed using the protocol described above, and
products were electrophoresed on 6% polyacryla-
mide genotyping gels at 60 W for approximately 2 h.
Gels were read blindly with respect to sample status
by two independent raters. Homozygotes for each
polymorphism were direct sequenced to determine
allele sizes; alleles are reported as base pairs to enable
comparison with Kim et al.**

Two-point heterogeneity LOD scores were calcu-
lated using the MLINK and HOMOG subroutines of
the LINKAGE package® under one simple recessive
model (disease allele frequency =0.10, penetrance =
50%) and one simple dominant model (disease allele
frequency of 0.04, penetrance=40%). Multipoint
heterogeneity LOD scores based on the two markers
simultaneously (using the same recessive and domi-
nant models) and the transmission disequilibrium
test (TDT) statistic were calculated using Genehunter
2.1.%° Both affected siblings were used in computing
the TDT, and nominal significance levels were
calculated for each allele.

For any test where an allele was differentially
transmitted at a 0.05 level of significance, we also
used GeneHunter’s PERM1 routine as an additional
estimate of the significance of the observed data. This
test uses a permutation method that: (1) creates a new
data set wherein each pair of transmitted/untrans-
mitted alleles are arbitrarily reversed at P=0.50, (2)
calculates the TDT statistic for this new data set, and
(3) repeats this procedure a specified number of times
(1000 in our case). The test then reports the number of
replicates that produced a higher maximum y* than
the observed maximum y?.**

In addition to examining our entire ASP sample in
this manner, we split the families based on their
language characteristics, as described above, and
examined both resultant subgroups for linkage and
LD. Families were classified as language impaired if
neither proband had developed phrase speech by 36
months, and otherwise as language normal.?* In all, 43
families were thus classified as language impaired
and the remaining 22 as language normal. Further-
more, in the initial genome-wide screen, parental
phenotypes were classified as unknown. For the
language-related analyses, however, information with
regard to parental language phenotype was available,
which had been gathered by direct questioning. Thus
for these analyses, parents with probable or definite
delayed onset of speech, trouble learning to read, or
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persistent trouble with spelling were classified as
language impaired, and otherwise as language normal.

Results

Screening of the coding sequence revealed only one
variant, a conservative T — C substitution 408 nucleo-
tides downstream from the start codon, leaving the
amino-acid F136 unchanged. This SNP is a common
variant identified as rs1042615 in dbSNP. Transmis-
sion of alleles from heterozygous parents for the two
polymorphisms are shown in Tables 1 and 2. No
evidence for linkage was found in either the pooled or
language-impaired samples; all two- and multipoint
LOD scores in those groups were <0.5 (data not
shown). Modest evidence for linkage emerged, how-
ever, from the language normal group under the
recessive model of inheritance, with two-point LOD
scores of 0.68 (x=0.44, 0=0.00) for RS1 and 1.28
(¢=1.00, 6=0.14) for RS3, and a maximum multi-
point HLOD of 1.2 near RS3. The strongest evidence
of LD also arose from the language normal families. In
this group, two alleles from RS1 and one from RS3
were transmitted differently than expected by chance,
with the permutation procedure supporting the
significance of these results (Tables 1 and 2).

Discussion

We have examined whether the gene AVPR1a con-
tributes to autism susceptibility in our sample of
families. Our coding sequence screening detected one
conservative variant, indicating that differences in
AVPR1a at the amino-acid level are unlikely to confer
genetic vulnerability to autism. This supports the
study of Kim et al, who detected a number of
additional rare variants (these may have been either
undetected in our screening or absent from our

Table 1 TDT of RS1

All (n=65
families)

Language Language normal
impaired (n=43 (n=22 families)
families)

Allele T NT > T NT 2 T NT ¢

308 2 2 0.00 1 1 0.00 3 3 0.00
312 11 20 2.61 3 2 540" 14 32 7.04°¢
316 36 29 075 15 8 0.27 51 47 0.16
320 28 31 0.15 19 9 3.57° 47 40 0.56
324 16 14 0.13 5 5 0.00 21 19 0.10
328 18 15 0.27 5 3 0.50 23 18 0.61
332 0 2 2.00 0 0 0.00 0 2 2.00
336 6 4 0.40 2 2 0.00 8 6 0.29
23 of 1000 30 of 1000
replicates had a replicates had a
max y* >5.40 max y* >7.04

ap=0.02, df=1.
bp—0.06, df=1.
°P=0.008, df=1.
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Table 2 TDT of RS3

Language-  Language normal  All families
impaired subgroup (n=22 (n=65 families)
subgroup (n=43 families)

families)
Allele T NT 42 T NT 4 T NT ¥
318 2 2 0.00 0 0.00 2 2 0.00
322 1 1 0.00 0 0.00 1 1 0.00
324 0 4 4.00 0 0.00 0 4 4.00
326 0 0 0.00 0 2.00 0 2 2.00
328 5 7 033 13 6.25* 18 10 2.29

330 16 15 0.03 5
332 30 32 0.06 19
334 24 19 0.58 11
336 15 13 014 11
338 17 22 0.64 5

2.67 21 16 0.68
1.09 49 58 0.76
0.36 35 33 0.06
0.20 26 22 0.33
0.00 22 27 0.51

=N
B Wk, ook, WNO OO

340 4 6 0.40 1 2.67 5 11 2.25

342 3 3 0.00 1 0.00 4 4 0.00

344 10 4 2.57 5 0.50 15 7 291

346 2 2 0.00 2 0.67 4 6 0.40

348 3 2 0.20 0 0 0.00 3 2 0.20
40 of 1000

replicates had a
max y*>6.25

P=0.01, df=1.

sample), but nothing appeared to contribute substan-
tially to autism susceptibility. Our analyses of the two
5 polymorphisms, however, suggest that variability
outside the coding sequence might be involved; this
evidence, as in our genome-wide study, arises
primarily from families whose probands have a less
severe impairment of language. In the language
normal families, the marker RS3 demonstrated a
two-point LOD score of 1.28 and a maximum multi-
point HLOD of 1.2. The TDT analyses suggest the
possibility that disequilibrium exists at both poly-
morphisms in these families. Allele 312 of the marker
RS1 gave the strongest evidence for LD, although it
was under instead of overtransmitted to affecteds,
indicating that it may provide or be associated with a
protective, as opposed to detrimental, effect. Further-
more, due to the suggestive linkage at RS3, we also
ran the TDT for this marker in the language normal
families using only one randomly chosen affected
sibling per family, and found results consistent with
the two-sibling analyses (see Table 3).

These findings must be interpreted, however, in
light of a number of limitations. First, the alleles
showing nonrandom transmission in our sample are
different from the alleles highlighted in the Kim et
al** study of AVPRia, indicating either a different
genetic background between the two samples or
spurious false positives. It is also of note, however,
that the Kim et al report did not incorporate language-
based subgroup analyses, which provided the context
for the emergence of our findings. Second, by
performing the subgroup analyses, we introduce more

Table 3 TDT of RS3 in language normal families using only
one affected child per family

Language normal (n= 22 families)

Allele T NT Vel
318 0 0 0.00
322 0 0 0.00
324 0 0 0.00
326 0 1 1.00
328 7 1 4.50%
330 2 1 0.33
332 10 13 0.39
334 5 8 0.69
336 5 5 0
338 2 3 0.2
340 1 2 0.33
342 1 0 1
344 3 1 1
346 1 2 0.33
348 0 0 0.00

76 of 1000 replicates had a max y* >4.50

#P=0.03, df=1.

tests, leading to an increased probability of false-
positive results. Lastly, we acknowledge that grouping
our families based on their language characteristics is
not an ideal approach for testing a gene hypothesized
to be related to social function. Our reasons for this
are two-fold: first, our measures of language function
are reliable, valid, and at a more advanced stage of
development than our measures of social function;
and second, the removal of the language-impaired
families will presumably result in greater homogene-
ity of the remaining language normal families. There-
fore, given the emerging biological, animal model,
and now genetic data, AVPR1a and genes in the AVP
system remain strong candidates for involvement in
autism susceptibility and deserve continued scrutiny.
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