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Abstract
A single-nucleotide polymorphism in the promoter region of the Matrix Metalloproteinase-9 (MMP9) gene, rs3918242, has
been shown to affect MMP9 expression in macrophages and was associated with schizophrenia by two independent groups.
However, rs3918242’s effects on MMP9 expression were not replicable in cell lines or brain tissue. Additionally, publically
available data indicate that rs3918242 genotype is related not to MMP9 expression, but rather to expression of SLC12A5, a
nearby gene coding for a K+/Cl- cotransporter, whose expression has also been related to schizophrenia. Here, we studied
brain structure and function in healthy participants stratified by rs3918242 genotype using structural MRI (N = 298),
functional MRI during an N-back working memory task (N = 554), and magnetoencephalography (MEG) during the same task
(N = 190). We found rs3918242 was associated with gray matter volume (GMV) in the insula and dorsolateral prefrontal
cortex bilaterally, closely replicated in discovery and replication samples; and with inferior parietal lobule (IPL) GMV when
the samples were meta-analytically combined. Additionally, using both fMRI and MEG, rs3918242 was associated with right
IPL working memory-related activation, replicated in two cohorts and across imaging modalities. These convergent results
provide further impetus for examinations of the relationship of SLC12A5 with brain structure and function in
neuropsychiatric disease.
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A single-nucleotide polymorphism (SNP) in the promoter region
of the Matrix Metalloproteinase-9 (MMP9) gene, rs3918242 or C
(−1562)T, has been shown to result in the loss of binding of a
nuclear protein at that site, and the C-allele of this SNP has pre-
viously been linked to risk for schizophrenia in two indepen-
dent association studies (Rybakowski, Skibinska, et al. 2009;
Han et al. 2011). It has been suggested that this link with
schizophrenia may be related to MMP9 functioning (Vafadari
et al. 2016) because of the SNP’s proximity to this gene, and
because rs3918242 was initially reported to be associated with
increased transcription of the MMP9 gene in macrophages
(Zhang et al. 1999). This proposed relationship with schizophre-
nia would be of potential interest because the MMP9 gene prod-
uct is a component of the extracellular matrix, which is
important for cell growth, neurogenesis, neuronal migration,
axonal guidance, and synaptic plasticity and remodeling in the
brain (Dzwonek et al. 2004; Apte and Parks 2015). However, the
association of rs3918242 with MMP9 expression was not replica-
ble in a separate study involving both macrophage cell lines
and WISH amnion-derived cells (Ferrand et al. 2002) and a rela-
tionship has not been identified in brain tissue. Additionally,
despite the reported link of this SNP with risk for schizophre-
nia, peripheral expression of MMP9 in blood was not associated
with schizophrenia diagnosis in two independent studies
(Niitsu et al. 2014; Rahimi et al. 2017), suggesting that another
explanation for the relationship with risk is needed.

A pathway to such an alternative explanation may be pro-
vided by examination of expression quantitative trait loci in
publically available resources, including the BrainSeq database
(http://www.brainseq.org/eqtl) (BrainSeq AHBGC 2015) and the
Common Mind Consortium (http://commonmind.org/WP)
(Senthil et al. 2017). In BrainSeq, rs3918242 was not associated
with MMP9 expression, but rather was related to expression of
three exons in a nearby gene, SLC12A5 (puncorr = 1.23 × 10−12,
pFDR = 4.8 × 10−10), and only to expression of these SLC12A5
exons. This finding was further replicated with the same exons
in the Common Mind Consortium data (puncorr = 1 × 10−6).
Importantly, expression of SLC12A5, which has an initiation
site just 14 kb from rs3918242, has been associated with schizo-
phrenia diagnosis in post-mortem brains (Hyde et al. 2011; Tao
et al. 2012).

The SLC12A5 gene codes for a neuron-specific K+/Cl- cotran-
sporter, KCC2, that mediates the fast hyperpolarization of
GABA (Gamba 2005; Blaesse et al. 2009). It’s expression pattern
rises quickly in postnatal development, and this rise is thought
to mediate the GABA switch from excitatory to inhibitory
actions (Rivera et al. 1999). Specific transcripts of SLC12A5 are
differentially expressed in the dorsolateral prefrontal cortex
(DLPFC) of schizophrenia patients (Tao et al. 2012), and ratios

between the immature NKCC1 transcript and mature KCC2
transcript are altered in the hippocampi of patients with
schizophrenia (Hyde et al. 2011). In view of these in vitro find-
ings, the relationship between rs3918242 genotype and
SLC12A5 expression in post-mortem brains may offer a com-
mon molecular mechanism linking the previously unrelated
associations of both rs3918242 and expression of SLC12A5 with
risk for schizophrenia.

Despite the evidence detailed above, associations of
rs3918242 with the structure and function of the human brain
in vivo have yet to be examined. Here, we tested for effects of
this SNP on brain structure (measuring gray matter volume
[GMV] with structural MRI) and brain function (using both fMRI
and magnetoencephalography [MEG]) in healthy humans.

Materials and Methods
Participants

Study procedures were approved by the NIH Combined
Neurosciences IRB, and all participants provided written informed
consent. Participants were self-described Caucasians of European
ancestry, non-Hispanic and were free from psychiatric, neurologi-
cal, and major medical illnesses, including any substance use dis-
order, as determined by clinician-administered structured clinical
interview for DSM-IV (SCID-IV), clinical brain MRI, routine labora-
tory tests, medical history, and physical examination.

For structural MRI, there were 298 participants (an initial
cohort of 220 individuals and a replication cohort of 78 indivi-
duals). For fMRI during N-back working memory, there were
554 participants (an initial cohort of 444 individuals and a repli-
cation cohort of 110). For MEG, there was a single cohort of 190
participants who performed the same N-back working memory
paradigm as in the fMRI study. All participants were genotyped,
and for structural MRI and fMRI, individuals were assigned to
initial or replication cohorts based on chronology of genotyp-
ing. Demographic variables and MMP9 genetic distribution are
shown in Table 1.

Genotyping Procedures

Genotyping was carried out on DNA extracted from lympho-
blast cell lines derived from each individual. As data from this
study has been collected over time, genotyping was performed
in multiple steps with an increasing number of SNPs genotyped
at each step. All genotyping was done on Illumina QUAD SNP
chips (ranging from 550 K to 2.5M SNPs). Rs3918242 genotype
information for each participant was obtained from an imputed
genome created according to the following procedure. Pre-
imputation quality control procedures were performed

Table 1 Sample demographics and rs3918242 genotyping

Analysis Sample N Age Sex rs3918242 genotype (CC/TC/TT) HWE P-value

Structural Initial 220 33.9 ± 10.7 years 116 female 173/46/1 P = 0.26
104 male

Replication 78 30.0 ± 9.5 years 41 female 50/25/3 P = 0.95
37 male

N-back fMRI Initial 444 30.4 ± 8.8 years 250 female 340/97/7 P = 0.98
194 male

Replication 110 30.2 ± 9.4 years 58 female 74/33/3 P = 0.77
52 male

N-back MEG Initial only 190 32.3 ± 10.0 years 106 female 139/50/1 P = 0.12
84 male

Effects of SLC12A5 on brain structure and function Gregory et al. | 4655

http://www.brainseq.org/eqtl
http://commonmind.org/WP


separately for each SNP chip, based on prior reported methods
(Anderson et al. 2010). Only participants who clustered with
HapMap3 CEU and TSI populations were retained for further
analysis to ensure that potential results were not related to
ancestry. Prior to imputation, phasing was performed on each
SNP chip separately using Shapeit version 2.2 (Delaneau et al.
2013), and then imputation was performed (also on each chip
separately) using IMPUTE2 (Howie et al. 2011). For the largest,
densest microarray chip (the Illumina HumanOmni2.5-v1.2
chip) imputation was performed using the 1000 Genomes phase
3 data as a reference panel (Sudmant et al. 2015). For all other
chips, imputation was performed using the imputed result of
the HumanOmni2.5 chip as a reference panel. SNP concordance
rates of the imputation were 98% for all chips, as reported by
IMPUTE2. The individual chip imputations were combined to
yield a final imputed genome, such that only SNPs with high
quality imputation (INFO > 0.9) in all chips were retained.
rs3918242 satisfied these criteria, with an INFO score = 0.990
and Certainty score = 0.997, and genotype at this SNP was
extracted for further use in neuroimaging analyses. Because TT
homozygotes are rare, for primary analyzes they were com-
bined with TC heterozygotes into a T-allele carrier group, and
that group was compared to CC homozygotes (Table 1).
Additionally, to ensure that our results were not driven by the
rare TT homozygotes, we repeated all analyses with these indi-
viduals removed.

Structural MRI Acquisition and Processing

Three-dimensional T1-weighted structural MRI scans were
acquired on a 3-Tesla GE scanner (GE Medical Systems,
Milwaukee, WI, USA) using a magnetization prepared rapid gra-
dient echo (MPRAGE) sequence (repetition time 7.28ms, echo
time 2.74ms, 120–136 slices, resolution 0.859mm × 0.859mm ×
1.2mm). Preprocessing of structural images included intensity
nonuniformity normalization (Sled et al. 1998) and diffeo-
morphic registration to MNI space. Voxel-wise Jacobian-modu-
lated gray matter maps in MNI space were calculated for each
participant using SPM8 and DARTEL (Ashburner 2007), and sub-
sequent maps were smoothed with a 6mm FWHM kernel.

Functional MRI Acquisition and Processing

Because the SNP studied here has been associated with schizo-
phrenia and because a large body of evidence links working
memory functioning to schizophrenia, we tested for associa-
tions between rs3918242 variation and fMRI activation during
an N-back working memory paradigm (with a T2-weighted
echo planar BOLD sequence, repetition time = 2000ms, echo
time = 30ms, flip angle = 90°, 3.75mm × 3.75mm × 6mm vox-
els). The paradigm consisted of 30-second blocks of a numerical
2-back working memory task alternating with 30-second blocks
of a 0-back sensorimotor control task. As described previously
(Callicott et al. 2003), this paradigm reliably activates a circuit
involving prefrontal cortex and the inferior parietal lobule (IPL)
(Owen et al. 2005). Chance level on this four-choice paradigm is
25%, and only participants who performed with greater than
50% accuracy were included for subsequent analyses.
Processing methods applied to the N-back functional data have
been previously described (Callicott et al. 1998). Briefly, images
were motion corrected, aligned to an MNI standard-space tem-
plate, and smoothed using an 8mm FWHM kernel. Individuals’
first-level 2-back versus 0-back contrast maps were modeled
using SPM5.

MEG Acquisition and Processing

MEG data were collected during the same N-back working
memory paradigm used for fMRI with a 275-channel whole
head MEG system (CTF Systems, CA) in a magnetically shielded
room. Additional background noise reduction was provided by
using an online synthetic third order gradiometer calculation.
Data were digitized at a 600 Hz sampling rate and filtered with
a 60 Hz notch filter to reduce power line noise. Head position
and motion were measured using reference coils affixed to the
nasion and bilateral preauricular points, which also allowed
later coregistration of each individual’s MEG data to his or her
structural MRI (obtained separately on a 3-Tesla GE MRI scan-
ner with the same fiducial points marked).

Neuromagnetic data were localized to brain regions with
synthetic aperture magnetometry (SAM) (Vrba and Robinson
2001), a minimum-variance beamformer method. This analysis
focused on the beta band because MEG signals from this range
are most often linked to fMRI BOLD activation, such that
increased BOLD signal (as measured with the fMRI task here) is
associated with increased MEG beta desynchronization (Singh
et al. 2002). Using SAM, beta band (14–30Hz) source power dur-
ing the 400milliseconds leading up to correct button press
responses for the 2-back working memory condition was com-
pared to the 0-back sensorimotor control condition for each
individual. Log power ratios were calculated throughout the
brain at 5mm-spaced grid points (see (Rutter et al. 2009) for
more mathematical details of SAM). For each individual, the
resulting image was transformed into standard MNI space, and
data were range-normalized by subtracting the whole-brain
mean and dividing by the standard deviation using AFNI tools
(Cox 1996).

Between-Genotype Statistical analyses

For structural and functional MRI, we first separately con-
sidered the data for our two independent cohorts, an initial dis-
covery group and a replication cohort for each of these two
imaging modalities. Group-level contrast maps comparing
rs3918242 CC homozygotes to T-allele carriers (TC/TT genotype
groups) were computed using the 3dttest++ function of AFNI
(controlling for age, sex, brain volume, and the first five princi-
pal components (PCs) from a genetic principal components
analysis to control for ancestry in the structural groups; and
age, sex, task performance, and the first five ancestry PCs in the
fMRI groups). The resulting contrast maps were thresholded at
a voxel-wise P < 0.005. Clusters were reported if they were (1) at
least 1000mm3 in volume and (2) located in the same anatomi-
cal region in both cohorts.

Next, to test whether these results withstood correction for
multiple comparisons, and to provide increased statistical
power to uncover additional brain regions affected by genotype,
statistical maps of the structural and functional MRI data for
both the discovery and replication groups were combined in a
meta-analytic fashion, using the Stouffer’s Z-score method to
yield a combined Z statistic for each voxel (Stouffer 1949). The
resulting combined maps were corrected for multiple compari-
sons (family-wise error correction; FWE) using the 3dClustSim
function of AFNI, after estimating the smoothness of the
underlying data with the ACF method (Cox et al. 2017). Using
an uncorrected voxel-level threshold of P < 0.005, clusters
greater than 923 voxels for the structural MRI data and clusters
greater than 64 voxels for the fMRI data were significant at an
FWE-corrected P < 0.05 level.
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For the single MEG cohort, AFNI’s 3dttest++ was used to cre-
ate group-level contrast maps of rs3918242 genotype cohorts,
controlling for age, sex, task performance, and the first five
ancestry PCs. Voxel-wise data were thresholded at a P < 0.005
level, and clusters greater than 1000mm3 in volume were
reported.

Results
rs3918242 Genotyping

rs3918242 SNP genotype was in Hardy-Weinberg equilibrium in
all samples. Table 1 shows demographic and rs3918242 geno-
type information for each cohort. Genotype groups did not sig-
nificantly differ by age, sex, brain volume, or task performance
in any cohort (all P’s > 0.2). While the results of the primary
analyses that follow are based on comparing T-carriers (includ-
ing both heterozygotes and rare TT homozygotes) to CC homo-
zygotes, it should be noted that repeating all analyses after
removing the TT homozygotes (1–7 per group), did not alter the
location or significance of any reported clusters.

Structural MRI

We first tested the structural MRI datasets for changes in GMV
related to rs3918242 separately in the initial group of 220 parti-
cipants and in the replication group of 78 participants. There
was a high degree of anatomical overlap across the two groups
in four regions: the bilateral posterior insula, left DLPFC, and
right caudate (Fig. 1 and Table 2), and the direction of the find-
ings was the same in both groups: in all identified regions, T-
allele carriers had greater GMV than those homozygous for the
C-allele.

Next, when the combined voxel-wise Z-scores of the two
groups were tested meta-analytically, all four of these regions
were significant at a P < 0.05 threshold after FWE correction for
multiple comparisons. Additionally, three other regions not
observed previously in either of the individual cohorts sepa-
rately also reached significance at P < 0.05 with FWE correction:

the IPLs extending to occipito-temporal regions bilaterally, and
a cluster in the left fusiform gyrus (Fig. 2 and Table 2).

N-Back Working Memory Task—fMRI

We then tested for differences in working memory-related BOLD
signal as a function of rs3918242 genotype separately in the ini-
tial group of 444 and in the replication group of 110 individuals.
A region in the right IPL showed differential BOLD activation as
a function of genotype in both groups, such that T-allele carriers
showed more robust neural recruitment than CC homozygotes
(Fig. 3 and Table 2). No other regions showed differential activa-
tion in both groups.

When the combined Z-scores of the two groups were tested
meta-analytically, we observed differential activation in this
region of the right IPL that was significant at a threshold of P <
0.05 after FWE correction for multiple comparisons (Table 2).
Moreover, this cluster, identified with functional imaging, over-
lapped with the right IPL cluster found in the GMV structural
analysis. Additionally, the left occipital cortex was observed to
have differential activation in the opposite direction (CC>T-
allele carriers).

N-Back Working Memory Task—MEG

Finally, we tested for rs3918242 genotype-associated differ-
ences in brain activation as measured with MEG during the
same N-back working memory paradigm. In a whole-brain
analysis, we found genotype-related differential beta band acti-
vation only in a portion of the right IPL (Fig. 3 and Table 2). This
region was similar to the right IPL area seen with both the com-
bined structural MRI findings and the functional MRI findings.
Moreover, the direction of the genotype differences in the MEG
cohort (increased beta band desynchronization in T-allele car-
riers compared to CC homozygotes) was consistent with the
direction of the BOLD activation findings in the fMRI cohorts
(increased activation in T-allele carriers compared to CC

Figure 1. Regions where gray matter volume was related to rs3918242 variation in independent groups. Blue colors indicate voxels where T-allele carriers had

increased gray matter volume compared with CC homozygotes in the initial group of 220 participants (top row) and the replication group of 78 participants (bottom

row). There were no regions in which gray matter volume was greater in C homozygotes. Note the high degree of spatial overlap across groups, specifically in the left

dorsolateral prefrontal cortex (white arrows) and bilateral insula (black arrows). Statistical maps are thresholded at P < 0.005, uncorrected, and show clusters larger

than 1000mm3.
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homozygotes), reflecting the known relationship of these neu-
rofunctional measures (Hall et al. 2014).

Discussion
Compelling pre-clinical and in vitro research has documented a
role for SLC12A5 in brain development and pathology, but rele-
vant in vivo studies of the human brain have been lacking.
Here, using convergent neuroimaging methodologies—struc-
tural MRI, fMRI, and MEG—we identified brain regions where
GMV and neural recruitment are affected by the functional var-
iant rs3918242, which, in two independent databases, is related
to SLC12A5 expression. We showed that the effect of this SNP
on the living human brain is especially prominent in the right
IPL, where T-allele carriers of rs3918242 exhibited increased
GMV, increased BOLD activation during working memory as
measured with fMRI, and increased beta band desynchroniza-
tion as measured with MEG during the same working memory
task. Additionally, this SNP was associated with GMV changes
in the bilateral posterior insula and left DLPFC, findings that
replicated in two independent cohorts.

The right IPL, particularly highlighted by the observed differ-
ential associations with rs3918242 variation in GMV and in two
measures of working memory-related neural function, is a criti-
cal node that is reliably recruited in healthy subjects by work-
ing memory tasks such as the N-back task employed here
(Berman et al. 1995; Glabus et al. 2003). Additionally, patients
with IPL lesions show deficits in this cognitive domain
(Berryhill and Olson 2008). The current results suggest that

SLC12A5 plays a key role in this working memory-related
region.

The left DLPFC, as the IPL, also showed significant differ-
ences in GMV as a function of genotype, with T-allele carriers
of the rs3918242 SNP again having increased GMV compared to
C-allele homozygotes. The IPL and DLPFC together form a net-
work that is central to working memory (Salazar et al. 2012;
Eriksson et al. 2015; Constantinidis and Klingberg 2016;
Christophel et al. 2017). Specifically, meta-analyses have shown
that these regions are preferentially activated during working
memory tasks (Wager and Smith 2003; Owen et al. 2005).
Furthermore, connectivity of these regions is modulated by
working memory function and is diminished in patients with
schizophrenia (Nielsen et al. 2017), consistent with our findings
of reduced GMV in both regions and reduced working memory-
related IPL activation in participants with the C-allele, the
genotype previously associated with schizophrenia.

In addition to our findings in IPL and DLPFC, we observed
that GMV of the insula varied according to rs3918242 genotype,
with T-carriers increased compared to C homozygotes in both
independent samples, but we did not find co-localizing differ-
ences in brain function during working memory with either
fMRI or MEG. However, the posterior portion of the insula, in
contrast to the IPL, is not typically activated by working mem-
ory tasks such as the one used here (Owen et al. 2005) and,
thus, our study may not have provided a sufficient “reflex ham-
mer” for probing genotype-related neural function in this
locale. Given the significant and replicable bilateral structural
variation observed in the insula in both our discovery and repli-
cation cohorts, future functional imaging studies using other

Table 2 Cluster size, MNI coordinates, and peak Z-score of significant clusters identified by structural and functional brain analyses

Location of maxima Cluster size (mm3) Peak voxel MNI coordinates Peak Z-score

x y z

Gray matter volume
Initial sample

Left insula 2480 −45 −3 −4.5 4.67
Left DLPFC 2211 −34.5 57 9 4.16
Right insula 1410 45 3 1.5 4.21

Replication sample
Left DLPFC 3807 −52.5 18 19.5 3.87
Left insula 1168 −46.5 −4.5 1.5 3.72
Right insula 1137 45 −6 9 3.57

Combined meta-analysis FWE P-value
Left insula 7617 −45 −1.5 −7.5 ≪0.01
Right insula 6369 46.5 −4.5 10.5 ≪0.01
Right IPL 5991 57 −66 12 ≪0.01
Left DLPFC 5457 −54 19.5 24 ≪0.01
Left fusiform 3446 −55.5 −60 −16.5 0.03
Left IPL 3513 −45 −79.5 30 0.03

fMRI N-back activation Peak Z-score
Initial sample

Right IPL 1512 60 −48 21 3.13
Replication sample

Right IPL 1539 54 −69 21 3.73

Combined meta-analysis FWE P-value
Left visual cortex 5130 −12 −90 12 ≪0.01
Right IPL 2025 57 −69 18 0.03

MEG N-back beta band desynchronization Peak Z-score
Right IPL 7125 57.5 −47.5 37.5 3.78
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task probes specifically designed to activate this region may
reveal differential brain function.

In contrast to the IPL, DLPFC, and insula, there was only a
single region where CC homozygotes showed greater structure
or function than T-allele carriers: activation of the left visual

cortex during fMRI. However, it should be noted that this find-
ing in occipital cortex was not observed in either of the inde-
pendent samples individually, but, rather, only when the fMRI
groups were combined in a meta-analytic fashion. Moreover,
this result was not supported by the structural MRI or MEG
studies, and interpretations of activation in the visual cortex
during our task paradigm are difficult as this region is not dif-
ferentially recruited during working memory. Thus, with the
exception of this single observation, we found that T-carriers
showed increased GMV and functional activation compared to
individuals homozygous for the C-allele (the allele that has
been associated with schizophrenia [Rybakowski, Skibinska,
et al. 2009; Han et al. 2011]).

The present findings, therefore, may have implications for
schizophrenia and other neuropsychiatric disorders. It is notable
that all regions identified here as having genotype-related differ-
ential GMV in both of our cohorts—the DLPFC, the IPL, and the
insula—have been reported to have decreased GMV in multiple
meta-analyses of schizophrenia (Ellison-Wright et al. 2008;
Radua et al. 2012; Ren et al. 2013). While MRI measurement of
GMV may include non-neuronal factors, it is of interest that this
parameter was decreased in our participants homozygous for
the C-allele of the rs3918242 compared to those with the T-
allele, consistent with the directionality of prior GMV findings in

Figure 2. Associations between gray matter volume and rs3918242 after combining the initial and replication groups using Stouffer’s Z-score method. Significant clus-

ters at P < 0.05, corrected for family-wise error. Blue indicates voxels in which T-allele carriers had increased gray matter volume compared with CC homozygotes. As

expected, regions identified in both independent groups, left DLPFC and bilateral insulae (Fig. 1) were also highlighted here, as were several regions found only in the

combined analysis. These included the inferior parietal lobules and fusiform gyrus.

Figure 3. Working memory-related neurofunctional changes in the right infe-

rior parietal lobule according to rs3918242 genotype during fMRI and MEG. Axial

slices shown are at z = 21. Blue colors represent greater working memory-

related activation in T-allele carriers compared with CC homozygotes, for fMRI

(left: initial discovery group, n = 444; middle: replication group, n = 110) and

increased beta desynchronization in T-allele carriers for the MEG data (right-

most slice: n = 190). Statistical maps are thresholded at P < 0.005 uncorrected

and clusters larger than 1000mm3.
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patients with schizophrenia, and with the fact that the C-allele,
is a risk factor for schizophrenia (Rybakowski, Skibinska, et al.
2009; Han et al. 2011). However, it should be noted that though
rs3918242 was associated with schizophrenia in these two case–
control studies, it has not been reliably associated with schizo-
phrenia through large-scale GWAS analyses (Schizophrenia
Working Group of the Psychiatric Genomics 2014).

Further, impairments in DLPFC-IPL circuitry, along with
associated working memory performance deficits (Goldman-
Rakic 1994), are core features of schizophrenia. While we did
not observe genotype effects on task performance in our
healthy volunteers—consistent with a prior negative cognitive
study of the same SNP studied here, (Rybakowski, Borkowska,
et al. 2009) and with a negative study of episodic memory in
healthy controls genotyped for another repeat polymorphism
in the same genetic region (Vassos et al. 2008)—it is possible
that, in patients, this variation interacts with additional
disease-related genetic or other variables to affect cognitive
performance. Thus, the constellation of findings in healthy
adults reported here may provide anatomic information to
guide searches for SLC12A5’s effects on brain structure and
function in patients.

The neural effects of SLC12A5 and the relationship of its
expression with schizophrenia are putatively the result of its
known involvement in GABA functioning. As mentioned above,
SLC12A5 codes for a K+/Cl− cotransporter that mediates the
GABA switch from excitatory to inhibitory (Rivera et al. 1999),
thus offering biological plausibility for this explanation. A role
for SLC12A5, rather than for MMP9, is more likely because the
evidence implicating rs3918242 as being functional for MMP9
expression was only observed in macrophages (Zhang et al.
1999) and was not replicated (Ferrand et al. 2002). Moreover, a
relationship between rs3918242 and MMP9 expression does not
appear to exist in the human brain. Instead, two publically
available expression datasets show significant association
between rs3918242 and SLC12A5 expression, but not MMP9.
Furthermore, the SLC12A5 gene lies just 14 kb telomeric to
rs3918242 and SNPs surrounding its initiation site are in high
linkage disequilibrium with rs3918242, with an R2 as high as 0.986
(per http://analysistools.nci.nih.gov/LDLink). Taken together, this
evidence offers molecular plausibility for SLC12A5’s role in the
results reported here.

In sum, we identified brain regions where genetic variation
at rs3918242 is associated with variation in brain structure and
function. The results are regionally convergent across both
structural and functional imaging methodologies and are rein-
forced by the internal replication of the study design. These
data are of particular interest in view of prior associations
between the SNP we tested (rs3918242) and mental illness. The
implicated regions may, therefore, provide targets for future
neuroimaging and molecular investigations of this association
and SLC12A5’s role in pathophysiology.
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