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Abstract

The neuronal glutamate transporter gene SLCIAZ/EAACL is associated with obsessive-
compulsive disorder (OCD) in several studies, with stronger association in males. Previous studies
have primarily focused on common single nucleotide polymorphisms, rather than rare functional
variants that are likely to have larger effects. We screened 184 males with OCD for rare variation
in SLC1A1 exons. No new coding variation was found. When combined with previous screens,
only one SLC1A1amino acid variant has been detected in 841 subjects screened, less than for
other neurotransmitter transporter genes (P = 0.0001). We characterized the function of the one
SLCI1A1 missense variant previously reported in OCD, Thr164Ala (Wang et a/., 2009), finding
that the Alal64 allele leads to decreased Vmax and Ky, (P < 0.0001) in transfected HEK cells.
Further work will be necessary to understand the impact of this rare SLCIAZ/EAACL Alal64
variant on neuronal function and circuitry relevant to OCD.
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INTRODUCTION

OCD linkage (Hanna et al., 2002; Liang et al., 2008; \Veenstra-VanderWeele et al., 2001,
Willour et al., 2004) and association studies (Arnold et al., 2006; Dickel et al., 2006; Kwon
et al., 2009; Shugart et al., 2009; Stewart et al., 2007; Wendland et a/., 2009) point to the
neuronal glutamate transporter gene SLCIAIZ/EAACL, with stronger association in males.
Searches for rare genetic variants of larger effect have been fruitful in other childhood
neuropsychiatric disorders, including Tourette’s Syndrome (Abelson et a/., 2005; Ercan-
Sencicek et al., 2010). Although no common amino acid or splice site polymorphisms were
detected in previous mutation screens of SLCZAZin OCD (Veenstra-VanderWeele et al.,
2001), Wang and colleagues (2009) detected one rare amino acid variant, Thr164Ala, in a
single family with OCD. In this study, we screened for rare SLC1A1 variants in the two
populations of males with OCD in which association was first detected (Arnold et al., 2006;
Dickel et al., 2006). To further assess the impact of SLCZAZ/EAACL functional variation in
OCD, we evaluated whether the Ala164 variant impacts transporter function in transfected
HEK cells.

METHODS
Mutation Screen of SLC1A1

Mutation screen participants were ascertained at the University of Michigan (UM: 41 male
subjects ascertained through child and adolescent probands) (Dickel et a/., 2006) and the
Centre for Addiction and Mental Health, Toronto (CAMH: 143 primarily adult male
subjects) (Arnold et al., 2006), as previously described. All subjects gave informed consent
to ongoing OCD studies, as approved by the UM Institutional Review Board and the CAMH
Research Ethics Board. The mutation screen study was also approved by the Vanderbilt
University Institutional Review Board as hon-human subject research.

As described previously (Dickel et al., 2006), the UM population was ascertained using
either DSM-IIIR or DSM-IV criteria, based upon date of ascertainment. Probands younger
than 18 years of age at the time of assessment were evaluated using either the Schedule for
Affective Disorders and Schizophrenia for School Age Children-Epidemiologic Version (K-
SADS-E) (Orvaschel, 1987) or the Schedule for Affective Disorder and Schizophrenia for
School-Age Children—Epidemiologic Version-5 (Orvaschel, 1995). Probands and relatives
18 years and older were interviewed using either the Structured Clinical Interview for DSM-
I1IR Axis | Disorders (Spitzer et al., 1990; Spitzer et al., 1992) or the Structured Clinical
Interview for DSM-IV Axis | Disorders (First et al., 1998). Interviews were supplemented
with sections on OCD and tic disorders derived from the Schedule for Tourette and Other
Behavioral Syndromes (Pauls and Hurst, 1991). The section on OCD included a series of
questions modified to cover all the criteria for a DSM-IIIR or DSM-IV lifetime diagnosis of
OCD and a checklist from the Yale-Brown Obsessive Compulsive Scale (Goodman et af.,
1989a; Goodman et al., 1989b) modified to obtain information about the lifetime occurrence
of specific obsessions and compulsions. Best-estimate lifetime diagnoses were made by two
investigators using DSM-I111-R or DSM-1V criteria. The UM population included only
subjects of European origin who were ascertained during childhood, adolescence, and
adulthood (median age at ascertainment 15, mean age 19.5, standard deviation 12.6, range
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7-53 years old) using a recruitment strategy weighted toward early-onset OCD (median age
of onset 8, mean age 8.5, standard deviation 4.2, range 3—-27 years old), as described
previously (Dickel et al., 2006).

As described previously, the CAMH population was ascertained using DSM-IV criteria. All
participants were assessed using age-appropriate versions of the Structured Clinical
Interview for DSM-IV (First et al., 1998; Hien et al., 1994), and probands and affected
relatives were assessed using age-appropriate versions of the Yale-Brown Obsessive
Compulsive Scale (YBOCS) (Goodman et a/., 1989a; Goodman et al., 1989b; Scahill et al.,
1997). Best-estimate lifetime diagnoses were made by two investigators using DSM-IV
criteria. The CAMH population included primarily subjects of European origin (126
European, 3 Asian, 1 Hispanic, 7 Multiracial, and 5 who declined to respond) who were
ascertained primarily during adulthood (median age 33, mean age 33.4, standard deviation
12.1, range 8-67 years old), as described previously (Arnold et al., 2006). Of the 107
CAMH subjects for whom age of onset was available, most had onset during childhood,
adolescence, or early adulthood (median age of onset 12, mean 13.5, standard deviation 7.8,
range 4-38).

SLC1A1 exons 1-12 were amplified as described previously (Veenstra-VanderWeele ef al.,
2001), with a few changes. First, to improve amplification fidelity, 0.1 Units of Turbo Pfu
were added to each PCR reaction. Second, 5% dimethyl sulfoxide (DMSO) was added to the
PCR reactions for exon 1. Third, new exon 2 and 3 primers were designed (available on
request). Samples were prepared following the manufacturer’s protocol for heteroduplex
screening on the Reveal (Transgenomic, Omaha, NE) polymorphism detection system (Li et
al., 2002). All samples with a heteroduplex pattern were sequenced on an Applied
Biosystems 3730xI DNA Analyzer. Any samples with no confirmed SNP in one direction
were sequenced in a second direction. Of note, the sensitivity of temperature gradient
capillary electrophoresis (TGCE)-based polymorphism detection is estimated to be 90-97%
(Gedge et al., 2007), so our screening approach could have missed additional rare variants.
Additionally, our TGCE-based screening only detected heterozygous individuals, so any
homozygous rare variants would have been missed.

Functional Study of SLC1A1/EAAC1 Alal64 Variant

The Alal64 amino acid variant (Wang et a/., 2009) was introduced into an OriGene
(Rockville, MD) plasmid containing the human SLC1A1 cDNA sequence (Cat # SC117563,
NM_004170.4) using the QuikChange Site-Directed Mutagenesis Kit (Agilent
Technologies, Santa Clara, CA), following the manufacturer’s guidelines (primers: sense 5’-
cctgttttcagcagtacaaagctaagcgtgaagaagtgaage-3’ and antisense 5°-
gcttcacttcttcacgcttagctttgtactgctgaaaacagg-3’), and confirmed by sequencing the full cDNA.
Transient transfection of HEK293T cells with 0.25 pg plasmid DNA per well used FUGENE
reagent (Roche Applied Science, Indianapolis, IN) in a 24-well TopCount plate (Perkin
Elmer, Waltham, MA) at a density of 50,000 cells per 0.5 mL well. Cell protein content was
normalized between genotypes (BCA, Thermo Fisher Scientific, Rockford, IL). Glutamate
uptake kinetics was assessed as previously described (Lin ef al., 2001). Briefly, uptake of
glutamate concentrations of 1, 5, 10, 50, 250, and 500 uM were assayed by scintillation
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counts of tracer amounts of [®H]glutamate (GE Healthcare, Pittsburgh, PA). Uptake values
were corrected for non-specific uptake in Na*-free media and normalized to the Thr164
uptake Vmax- Michaelis-Menten curves were calculated using Prism 4.0 (GraphPad, LaJolla,
CA).

RESULTS AND DISCUSSION

No new non-synonymous variants were detected in 184 male subjects with OCD. A number
of known SNPs were identified, along with two novel polymorphisms (Table 1), neither of
which occurs in a well-conserved region or interferes with any known transcription factor
binding site by PROMO (Farre et al., 2003) or TFBIND (Tsunoda and Takagi, 1999)
analysis.

The uptake kinetics of the Alal64 SLC1AZ/EAACI variant differed significantly from the
wildtype (Thr164) (Figure 1, Michaelis-Menten Curve Fit, P < 0.0001). The Vmax Was lower
for the Alal64 variant transporter than the wildtype (0.76 +/- 0.03 versus 1.0 +/- 0.03, with
both genotypes normalized to the wildtype Vnax). The K, was also lower for the Alal64
variant transporter (83.7 +/- 13.0 uM versus 117.4 +/- 12.3 uM), indicating a higher
affinity, such that the curves separate primarily at higher concentrations.

Our findings, when coupled with the previous mutation screen findings (Veenstra-
VanderWeele et al., 2001; Wang et al., 2009), suggest that non-synonymous coding SNPs are
very rare in SLC1A1, even in males showing evidence of association. In comparison with
the serotonin transporter (SLC6A4) and vesicular monoamine transporter (SLC18A2) genes,
which each show approximately 1% missense variants in the general population (Glatt et af.,
2001), SLC1A1 shows significantly fewer missense variants (Fisher’s exact P = 0.0001, 1
SLC1A1 missense variant per 1120 OCD and 562 control chromosomes screened versus 21
SLC6A4 or SLC18A2 missense variants per 1800 control chromosomes, with 900 screened
for each gene). Importantly, we did not screen SLC6A4 or SLC18A2Z for missense variants
in our sample, and so this comparison is indirect, but the degree of statistical significance is
highly suggestive.

The paucity of SLC1AI missense variants suggests that activity of this transporter is
physiologically crucial. Deleterious mutations in SLC1A1 have only been reported in two
families with dicarboxylic aminoaciduria, a rare disorder often associated with intellectual
disability; although one affected man reportedly had excessive hand-washing that was never
clinically evaluated (Bailey et a/., 2011). On the other hand, studies of mice lacking S/clal
expression did not reveal any phenotypes that interfere with reproductive fitness. The initial
study of EAAC1 knockout mice did identify reduced locomotor activity and dicarboxylic
aminoaciduria (Peghini et al,, 1997). A follow-up study revealed increased neuronal
degeneration over time due to oxidative stress in the absence of EAAC1-mediated cysteine
uptake, necessary for the synthesis of glutathione (Aoyama et al., 2006).

The change in transport Kinetics observed with the SL CZAZ/EAAC1 Alal64 variant was
statistically significant in transfected cells, but it is hard to estimate the impact that it might
have on neuronal function. Further studies of the response of the Alal64 variant to known
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EAACI regulatory pathways (Fournier et al., 2004; Gonzalez et al., 2007; Ruggiero et al.,
2008; Waxman et al., 2007) could clarify the mechanism of its altered function. Studies in
neuronal or animal models would be necessary to understand the impact on synaptic
function and neuronal pathways relevant to OCD.

If the functional SLCZAZ/EAACL Alal64 variant does contribute to OCD susceptibility in
this family, there are a few possible cellular or synaptic mechanisms. Prior studies have
localized the EAACL protein to the postsynaptic side of glutamatergic synapses (Conti et al.,
1998). Its functional importance in these neurons may include modulation of glutamate
concentrations, particularly in the perisynaptic space (Otis et al., 2004; Scimemi et al.,
2009); uptake of glutamate as a substrate for GABA synthesis (Mathews and Diamond,
2003; Sepkuty et al., 2002); and uptake of cysteine for glutathione synthesis (Aoyama et al.,
2006). Unlike the glial glutamate transporters, EAAC1 does not appear to play a major role
in preventing glutamatergic neurotoxicity (Aoyama et al., 2006). It is not clear how the
altered function of EAACL1 conferred by the Alal64 variant would impact these functions
within the brain circuitry that may mediate OCD (Radua and Mataix-Cols, 2009).

There are important limitations to our screen for uncommon variants in SLCIAL. First,
recent studies of rare copy number variants in other neuropsychiatric disorders such as
schizophrenia (Consortium, 2008; Stefansson et al., 2008) have identified rare variants of
large effects with frequency of <0.5%, and it is unlikely we would detects variants of this
frequency in our sample of 184 patients. Second, our heteroduplex screening approach may
have missed additional rare variants (Gedge et a/., 2007). Third, we did not screen a control
group in this study to identify the rate of SLC1A1 variants in the general population. Finally,
this screen was limited to the SL.C1A1 exons and flanking intronic regions.

In conclusion, our screen revealed no new amino acid variants in SLCZAZ in males with
OCD, with the only two novel variants occurring in intronic regions unlikely to affect
transcription. In contrast, the previously published Alal64 variant showed a significant
impact on function in transfected cells. The decrease in transport that we found for this
variant is in the opposite direction of the increased SLC1A1 expression observed for the
rs301430 synonymous coding SNP C allele (Wendland et al., 2009), which leaves open the
question of whether increased or decreased SLC1AI/EAAC1 function may be implicated in
OCD. Further work may clarify this relationship, including analysis of lymphoblastoid cell
lines from patients with OCD or analysis of mice with altered but not ablated EAAC1
function.
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Figure 1:
Michaelis-Menten curve of glutamate uptake in Human Embryonic Kidney (HEK) cells

transfected with wildtype (Thr164) and Alal64 SLC1AI/EAACI1 cDNA construct. Specific
glutamate uptake per pg protein and minute is shown after normalization to the wildtype
Vmax- Each data point corresponds to the mean and standard error of the mean of 9
individual transfected wells across 3 separate experiments, except for the 250 pM data
points, which correspond to 6 individual transfected wells across 2 separate experiments.
The Michaelis-Menten curves differed significantly between genotypes (F; gg = 23.12, P <
0.0001). The Vpax of the SLCIAZ/EAACL Alal64 variant was decreased to 0.76 +/- 0.03
(s.e.m.) of the wildtype Vinax. The K, of the Alal64 variant was decreased to 83.7 +/— 12.3
UM versus 117.4 +/- 13.03 uM for the wildtype. * P < 0.001 by Bonferroni post-test.

Psychiatr Genet. Author manuscript; available in PMC 2019 April 28.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Veenstra-VanderWeele et al.

SLC1A1 polymorphisms identified by sequencing in males with obsessive—compulsive disorder

Table 1

Exon Polymorphism Heterozygous Subjects
1 1s12002726 17
4 CCCAJ[T]TCAC insertion at UCSC 4,564,237 1
4 12228622 66
4 G—C at UCSC 4,564,522 1
5 rs73383440 1
5 r1s7022772 2
9 rs301429 1
9 rs41279547 2
10 rs301430 55
10 rs1471786 15
10 rs2072657 30
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