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Abstract
■ Here we provide novel convergent evidence across three in-

dependent cohorts of healthy adults (n = 531), demonstrating
that a common polymorphism in the gene encoding the α2
subunit of neuronal voltage-gated type II sodium channels
(SCN2A) predicts human general cognitive ability or “g.” Using
meta-analysis, we demonstrate that the minor T allele of a common polymorphism (rs10174400) in SCN2A is associated with
significantly higher “g” independent of gender and age. We fur-

INTRODUCTION
The vast capacity of the human mind to engage in complex thought can be captured by a single factor representing general cognitive ability or “g” ( Johnson, Bouchard,
Krueger, McGue, & Gottesman, 2004; Spearman, 1904).
There is, however, considerable interindividual variability
in “g,” which manifests in multiple domains of functioning including academic and occupational achievement as
well as physical and mental health (Deary, 2012). There is
clear evidence that a substantial proportion (30–80%) of
interindividual variability in “g” reflects heritable genetic
differences (Plomin, Haworth, Meaburn, Price, & Davis,
2013; Deary, Penke, & Johnson, 2010). However, no specific genes have been reliably identified as contributing
to this heritable variability. Here we provide convergent
evidence that a common polymorphism in the human
SCN2A gene reliably predicts interindividual variability
in “g” and that genotype effects on PFC physiology mediate this relationship.
The SCN2A gene, located on 2q24.3, encodes the α2
subunit of voltage-gated type II sodium channels, which
contribute to the generation and propagation of action
potentials throughout the adult CNS (Eijkelkamp et al.,
2012; Litt, 1989). The α2 subunit encoded by SCN2A
(Nav1.2) specifically mediates the conformational change
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ther demonstrate using resting-state fMRI data from our discovery cohort (n = 236) that this genetic advantage may be
mediated by increased capacity for information processing
between the dorsolateral PFC and dorsal ACC, which support
higher cognitive functions. Collectively, these findings fill a gap
in our understanding of the genetics of general cognitive ability
and highlight a specific neural mechanism through which a common polymorphism shapes interindividual variation in “g.” ■

of sodium channels based on voltage differences across
cell membranes (Ahmed et al., 1992). Thus, variation in
SCN2A may impact nervous system function by altering
Nav1.2-modulated sodium channel regulation of neuronal
activity and signaling. In fact, early studies in mice (Kearney
et al., 2001) and humans (Sugawara et al., 2001) have
linked mutations in SCN2A with abnormal electrical activity in the form of epileptic seizures (Heron et al., 2010;
Kamiya et al., 2004). Furthermore, antiepileptic drugs
that inhibit Nav1.2 activity (e.g., topiramate) are associated
with diminished intellectual function.
Subsequent research has identified de novo mutations in SCN2A as primary genetic candidates in neurodevelopmental disorders including intellectual disabilities
as well as autism spectrum disorders and schizophrenia, where impaired cognitive performance is often observed (Hoischen, Krumm, & Eichler, 2014). Recently, a
genome-wide association study of cognitive function in
patients with schizophrenia identified a common single
nucleotide polymorphism in SCN2A (rs10174400; C/T)
that explained 10.4% of the variance in “g” in a sample
of patients with schizophrenia and 3.4% of the variance
in their unaffected siblings (Dickinson et al., 2014). Specifically, the minor T allele was associated with poorer
performance in both cases and siblings. Association was
also found in two further small samples of patients with
schizophrenia, though with smaller overall effect. Moreover, in postmortem brain samples from patients with
schizophrenia, the minor T allele was associated with relatively decreased SCN2A mRNA in dorsolateral PFC
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(dlPFC). It was also associated with relatively increased or
“inefficient” dlPFC activity during a working memory task
(Dickinson et al., 2014). Interestingly, a trend in the opposite direction was observed in data from healthy controls
wherein the minor T allele was associated with higher “g”
as well as relatively increased SCN2A mRNA in postmortem
dlPFC and greater dlPFC efficiency (Dickinson et al., 2014).
In this study, we further investigated the relationship
between SCN2A rs10174400 and “g” in three independent
cohorts of healthy individuals (total n = 531), including
control participants from the cohort originally reported
by Dickinson et al. (2014). Given the critical importance
of the dlPFC and interconnected cortical structures in supporting “g” (Barbey, Colom, & Grafman, 2013; Duncan
et al., 2000), we further tested if effects of SCN2A
rs10174400 on “g” were mediated by differences in dlPFC
functional coupling at rest using fMRI data available in
236 participants from our discovery sample. On the basis of
prior research, we hypothesized that there would be relatively increased “g” associated with the SCN2A minor T allele
and that this genotype effect would be mediated by increased
dlPFC intrinsic coupling with other cortical regions.

METHODS
Discovery Cohort
Participants
Participants were recruited as part of the Duke Neurogenetics Study (DNS), an ongoing study investigating biological mechanisms of individual differences in brain
function and behavior. Informed consent was obtained
for all participants as approved by the Duke University
School of Medicine institutional review board. All participants were healthy, young adult volunteers free of the
following exclusion criteria including (1) medical diagnoses of cancer, stroke, head injury with loss of consciousness, untreated migraine headaches, diabetes requiring
insulin treatment, chronic kidney or liver disease, or lifetime history of psychotic disorder; (2) use of psychotropic, glucocorticoid, or hypolipidemic medication; and (3)
conditions affecting CBF and metabolism (e.g., hypertension). The DNS seeks to establish broad variability in multiple behavioral phenotypes related to psychopathology,
so other than psychotic disorders, participants were not
excluded based on diagnosis of any other past or current
DSM-IV Axis I or select Axis II (borderline and antisocial
personality) disorder. No participants were taking psychotropic medication at the time or at least 10 days before study participation. All reported analyses were
restricted to 236 self-reported non-Hispanic white participants who completed the DNS by January 1, 2014.
Genotyping
Genotyping was conducted by 23andMe, Inc. (Mountain
View, CA). Genomic DNA from all participants was isolated

from buccal cells derived from Oragene DNA self-collection
kits (DNA Genotek, Inc., Kanata, Canada) customized for
23andMe. DNA extraction and genotyping were performed at the National Genetics Institute, a Clinical Laboratory Improvement Amendments–certified clinical
laboratory and subsidiary of Laboratory Corporation of
America. The Illumina OmniExpress Plus chip (San Diego,
CA) and a custom array containing an additional ∼300,000
SNPs were used to provide genome-wide data ( Joëls,
Fernandez, & Roozendaal, 2011; Tung et al., 2011; Eriksson
et al., 2010). The Illumina OmniExpress Plus chip included
SCN2A rs10174400, and genotypes were extracted from the
master database using the “extract” command in PLINK
(Purcell et al., 2007). Standard quality control steps were
applied using the following parameters: SNP call rate
>90%; sample call rate >90%; minor allele frequency
>5%; SNP Hardy–Weinberg equilibrium p > .05. Population stratification was examined using identity-by-state
analysis in PLINK of the whole-genome SNPs, extracting
the first four multidimensional scaling components.
Derivation of “g”
All participants were administered a neuropsychological
battery from which the following cognitive measures
were utilized in the discovery cohort to derive a “g” score
based on Dickinson et al. (2014): (1) California Verbal
Learning Test-II Trials 1–5 total, (2) Symbol Digit Modalities Test, (3) Trail Making Test, (4) Digit Span, (5) Verbal
Fluency, and (6) Wechsler Abbreviated Scale of Intelligence subscales of Vocabulary and Matrix Reasoning.
Summary performance scores from each measure were
converted to z scores. These standardized scores were
entered into a PCA, and the first principal component was used as the index of “g” (Ree & Earles, 1991;
Spearman, 1904).
BOLD fMRI Data Acquisition
Each participant was scanned using a research-dedicated
GE MR750 3T scanner, Fairfield, CT at the Duke-UNC Brain
Imaging and Analysis Center. This scanner is equipped with
high-power, high-duty-cycle 50 mT/m gradients at 200 T/m/s
slew rate and an eight-channel head coil for parallel imaging at high bandwidth up to 1 MHz. A semiautomated highorder shimming program was used to maximize global
field homogeneity. To allow for spatial registration of each
participant’s data to a standard coordinate system, highresolution three-dimensional structural images were acquired in 34 axial slices coplanar with the functional scans
(repetition time/echo time/flip angle = 7.7 sec/3.0 msec/
12°; voxel size = 0.9 × 0.9 × 4 mm; field of view =
240 mm; interslice skip = 0). For the 4:16 resting-state
scan, a series of 34 interleaved axial functional slices aligned
with the AC–PC plane was acquired for whole-brain
coverage using an inverse-spiral pulse sequence to reduce
susceptibility artifact (repetition time/echo time/flip
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angle = 2000 msec/30 msec/60°; field of view = 240 mm;
voxel size = 3.75 × 3.75 × 4 mm; interslice skip = 0). Four
initial radiofrequency excitations were performed (and discarded) to achieve steady-state equilibrium. Participants
were shown a blank gray screen and instructed to lie still
with their eyes open, think about nothing in particular,
and remain awake.

BOLD fMRI Data Preprocessing
Preprocessing of all resting-state fMRI data was conducted
at the Laboratory of NeuroGenetics at Duke University
using SPM8 (www.fil.ion.ucl.ac.uk/spm). Images for each
participant were slice-time-corrected, realigned to the
first volume in the time series to correct for head motion, spatially normalized into a standard stereotactic
space (Montreal Neurological Institute template) using
a 12-parameter affine model (final resolution of functional images = 2 mm isotropic voxels), and smoothed
to minimize noise and residual differences in gyral anatomy with a Gaussian filter, set at 6 mm FWHM. Voxelwise signal intensities were ratio normalized to the
whole-brain global mean.

Resting-state fMRI Data Analysis
A seed region in left dlPFC was used in the analyses [−42
16 36] and right dlPFC [42 16 36]. Mean time series were
extracted from each ROI and subsequently subjected to a
temporal band-pass filter, retaining frequencies between
0.008 and 0.09 Hz. These time series were entered into
regression models including individual head motion realignment parameters as well as mean global gray matter,
ventricular, and white matter signals. The statistical images produced (i.e., z-score images) were then used in
second-level random effects models to determine intrinsic coupling with the dlPFC using multiple regression, covarying for SCN2A genotype. Whole-brain correlations
were examined in SPM8. Correction for multiple comparisons was conducted in AFNI’s 3dClustStim using clustersize thresholding based on Monte Carlo simulation. This
creates multiple simulated null data sets from which a
distribution of cluster sizes corresponding to a desired
corrected p value can be determined. An initial, uncorrected, statistical threshold of p < .001 was chosen. On
the basis of this threshold, the number of comparisons in
our imaging volume and the smoothness of our imaging
data, as measured by 3dFWHMx, a minimum cluster size
of 85 voxels was required to have a corrected p ≤ .05.
Mean BOLD values from significant clusters were extracted
using the VOI tool in SPM8 for the cluster average for
those clusters exhibiting a significant positive association
with the dlPFC time series using the above threshold. These
extracted values were then used in a statistical model using
IBM SPSS Statistics 22 (Chicago, IL).
1768
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Relationship between SCN2A-modulated dlPFC Intrinsic
Coupling and “g”
A general linear model was utilized to assess the correlation
between the extracted resting-state functional coupling
values and “g” both entered as continuous variables. This
model also included gender, age, diagnosis, and multidimensional scaling (MDS) components as covariates. A formal mediation model was tested using the PROCESS
Model 4 for SPSS (Hayes, 2013), with SCN2A rs10174400
genotype as the independent variable, dlPFC–dorsal ACC
(dACC) connectivity as the mediator, and “g” as the dependent variable. Again, gender, age, diagnosis, and MDS
components were entered as covariates.
Replication Cohort 1
Participants
Participants in the Zucker Hillside Hospital cohort were
recruited from the New York metropolitan area via advertisements, word of mouth, referrals, and study registries
(Lencz et al., 2014). Participants had no history of a current or past DSM-IV Axis I major mood or psychotic disorder as assessed by structured diagnostic interview
using the SCID-I (First, Spitzer, Gibbon, & Williams,
1995). Additional exclusion criteria included (1) intellectual or learning disability and (2) significant medical illness that could affect brain structure. Written informed
consent according to the Institutional Review Board of
the North Shore–Long Island Jewish Health System was
obtained from all participants before neurocognitive testing and collection of blood (via venipuncture) for DNA
extraction. All analyses were restricted to self-reported
non-Hispanic white participants. Only participants with
complete data were included in this study, leading to a
smaller sample than used in some previous reports
(Lencz et al., 2014).
Genotyping
All participants were genotyped on the Illumina OmniExpress microarray platform for ∼770 K SNPs. A standard
GWAS quality control pipeline was applied to the data set
using the following parameters: SNP call rate >95%; sample call rate >90%; SNP Hardy–Weinberg equilibrium p >
10e−6. Possible occult population stratification was modeled using principal components analysis of genotypes in
SVS 7.7.4 (GoldenHelix, Bozeman, MT).
Cognitive Measures
Participants were recruited to serve as healthy comparisons for studies of patients with schizophrenia and other
psychiatric disorders at ZHH. Thus, to target deficits
most relevant to psychosis, the MATRICS Consensus Cognitive Battery (MCCB) was used as the cognitive assay
(Kern et al., 2008; Nuechterlein et al., 2008). The MCCB
Volume 27, Number 9

evaluates seven domains of cognitive function including
(1) speed of processing using the Brief Assessment of
Cognition in Schizophrenia, Trail Making Test Part A,
and Semantic Fluency (category: animals); (2) working
memory using the spatial span task from the Wechsler
Memory Scale-III and a letter–number span task; (3) verbal learning using the Hopkins Verbal Learning TestRevised; (4) visual learning using the Brief Visuospatial
Memory Test-Revised; and (5) reasoning and problem
solving using the Neuropsychological Assessment Battery
Mazes subtest. Summary performance scores from each
measure above were converted to z scores. These standardized scores were entered into a PCA, and the first
principal component was used as the index of “g.”
The MCCB also generally tests attention/vigilance using
the Continuous Performance Test-Identical Pairs version;
however, data were missing for >10% of participants,
and thus, this measure was not included in the derivation
of “g.” Additionally, the MCCB includes a measure of
social cognition using the Mayer–Salovey–Caruso Emotional Intelligence Test that was not relevant for the present analyses.
Replication Cohort 2
Participants
Methods for this study have been detailed in a previous
publication (Dickinson et al., 2014). In the present analysis, neurocognitive data were reanalyzed to derive “g”
based on PCA for healthy participants with complete data
to keep methods consistent across cohorts and allow for
the derivation of “g” factor scores similar to that in our
discovery and first replication cohorts. Given that only
participants with complete data were included, the present results include a smaller sample than used in some
previous reports (Dickinson et al., 2014).

sex, age, and, when applicable, clinical diagnosis. Although
all analyses were restricted to non-Hispanic white participants, PCA- or MDS-derived ancestry components were
utilized to account for possible occult genetic stratification
within each cohort. Meta-analysis of the association between SCN2A rs10174400 genotype and “g” across the
two replication cohorts as well as all three cohorts was
performed using the Stouffer’s combined method.

RESULTS
Cohort Demographics
Demographic information for each of the three cohorts is
provided in Table 1. SCN2A rs10174400 allele frequencies
did not deviate from Hardy–Weinberg equilibrium ( p >
.05). Analyses in all three cohorts were limited to nonHispanic white participants with complete data on all
measures of interest, including those used to derive “g”
as well as SCN2A rs10174400 genotype. Additional participants were removed as genetic outliers, and results are
reported both with and without these participants. After
trimming of genetic ancestry outliers, the final n = 236 in
the discovery cohort, n = 149 in Replication Cohort 1,
and n = 119 in Replication Cohort 2. In our discovery
cohort from the ongoing DNS, 47 participants (19.9%)
had a past or current DSM-IV defined Axis I diagnosis,
the most common of which was substance abuse or dependence (13.5%). In Replication Cohort 1, 10 participants (6.7%) had a past or current DSM-IV diagnosis as
determined by semistructured interview, the most common of which was substance abuse or dependence
(4.7%). Thus, all analyses in our discovery and Replication 1 cohorts explicitly controlled for categorical presence of disorder in addition to age and sex. Participants
from the Replication 2 cohort were free of any past or
current DSM-IV diagnosis as determined by structured
clinical interview.

Overall Methods
SCN2A Genotype Association with “g”

Effect of SCN2A Genotype on “g”

The effect of SCN2A rs10174400 genotype on PCA-derived
“g” factor scores was assessed using a general linear model
for each individual cohort while covarying for effects of

A significant effect of genotype was found on “g” in our
discovery cohort ( p = .021) after controlling for age, sex,
diagnosis, and occult genetic stratification. Specifically,

Table 1. Demographic Characteristics of the Discovery and Replication Cohorts
Discovery Cohort
n

236

Replication Cohort 1
149

Replication Cohort 2
119

Age (SD)

19.72 (1.18)

38.69 (18.1)

31.46 (10.13)

Sex (female)

50.8%

54.4%

56.2%

SCN2A rs10174400
C/C

110

56

42

C/T

99

73

64

T/T

27

20

13
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lower cognitive ability was observed in individuals with
CC (b = −0.57, p = .008) and CT (b = −0.57, p =
.009) genotypes compared with those with the TT genotype (Figure 1A, Table 2). Overall, SCN2A rs10174400
genotype accounted for approximately 3% (R2 = 0.033)
of the interindividual variability in “g” in our discovery
cohort.
The same pattern was found in our two independent
replication cohorts after controlling for age, sex, diagnosis, and genetic stratification (Replication Cohort 1, p =
.086, Figure 1B; Replication Cohort 2, p = .051,
Figure 1C). Similar to our discovery cohort, in Replication
Cohort 1, lower cognitive ability was observed in individuals with CC (b = −0.41, p = .062) and CT (b = −0.47,
p = .028) genotypes compared with those with the TT
genotype (Table 2). In Replication Cohort 2, lower cognitive ability was also observed in individuals with CC
(b = −0.54, p = .010) and CT (b = −0.07, p = .81)
genotypes compared with those with the TT genotype
(Table 2). The models explained 2.2% (R2 = 0.022) of
the interindividual variability in the first replication cohort and 4.8% (R2 = 0.048) in the second.
Meta-analysis across our three independent cohorts
adjusting for genetic ancestry provided stronger evidence
for the impact of SCN2A rs10174400 on “g” ( p = .0006;
see Table 2 for additional details). Similar results were
obtained from a meta-analysis of the two replication
cohorts only ( p = .009; Table 2).
Effect of SCN2A Genotype on Prefrontal Physiology

Figure 1. SCN2A rs10174400 genotype effects on mean PCA-derived
“g” factor scores in three cohorts. (A) In our discovery cohort, the
TT genotype was associated with significantly higher “g” scores in
comparison with the CC and CT genotypes ( p = .021). (B) A trend for
higher “g” scores were observed in the TT genotype group in the first
replication cohort ( p = .086). (C) A trend for higher “g” scores was
found in the TT genotype group in the second replication cohort
( p = .051). Plots reflect the model adjusted mean after controlling for
sex, age, diagnosis, and genetic ancestry. The y axes reflect least squares
means. Error bars reflect standard errors.
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Analyses of resting-state fMRI data in our discovery cohort revealed significant modulatory effects of SCN2A genotype on intrinsic coupling of both right and left dlPFC
(Figure 2). Specifically, coupling between the left dlPFC
and dACC (x = 6, y = 28, z = 28; p < .05 corrected,
cluster size = 94 voxels) as well as left dlPFC and middle
occipital gyrus (MOG; x = 20, y = −86, z = 12; p < .05
corrected, cluster size = 197 voxels) was modulated by
SCN2A genotype with higher coupling in minor T allele
carriers. SCN2A genotype also modulated intrinsic coupling between the right dlPFC and middle frontal gyrus
(MFG; x = −40, y = 56, z = 12; p < .05 corrected,
k = 383) again with greater coupling in minor T allele
carriers. As just described, the T allele was also associated
with better cognitive performance on neuropsychological testing.
Prefrontal Physiology Mediates Effects of SCN2A
Genotype on “g”
Analyses between general cognitive ability and the magnitude of SCN2A genotype-modulated intrinsic coupling
between left dlPFC–dACC, left dlPFC–MOG, and right
dlPFC–MFG revealed a significant positive correlation
only between “g” and coupling of left dlPFC–dACC
(b = 0.161, p = .014, Adj. R2 = 0.025). This correlation
Volume 27, Number 9

Table 2. Association of SCN2A rs10174400 (T Allele) with General Intelligence ( g) in Three Independent Cohorts of Non-Hispanic
White Participants
Discovery Cohort
Genotype

Beta

SE

P

P*

Replication 1
R2

Beta

SE

P

P*

Replication 2
R2

Beta

SE

P

P*

R2

MetaP†

Meta_P

Unadjusted
0

−0.612 0.213 .004 0.0137 0.036 −0.428 0.209 .043 0.0581 0.025 −0.459 0.300 .128 0.1284 0.028 0.01573 0.00069

1

−0.579 0.215 .008

2

0.000 –

–

−0.481 0.202 .019
0.000 –

–

−0.138 0.288 .633
0.000 –

–

Adjusted
0

−0.567 0.213 .008 0.0209 0.021 −0.408 0.216 .062 0.0855 0.022 −0.541 0.325 .099 0.0507 0.048 0.00939 0.00055

1

−0.570 0.215 .009

2

0.000 –

–

−0.467 0.210 .028
0

–

–

−0.073 0.312 .815
0.000 –

–

Genotype = the number of minor T alleles; P = p value for testing for the mean difference in g of specifically genotype in comparison with TT genotype; P* = genotypic
test for association with three genotypes; R2 = R-square for SCN2A rs10174400 genotype; Adjusted = analysis adjusted for genetic ancestry using first four PCA and MDS
derived from whole genome of SNPs; Meta_P = combined p value of three cohorts using Stouffer’s method for meta-analysis; MetaP† = combined p values for the two
independent replication cohorts.

was robust to the inclusion of age, gender, genetic stratification, and diagnosis as covariates and survived a
Bonferroni corrected threshold for multiple comparisons
reflecting the three connectivity clusters included in the
analyses ( p < .0167). Formal test of mediation (Figure 3)
revealed that increased coupling between the left dlPFC
and dACC mediated the association between the SCN2A
rs10174400 minor T allele and higher “g” scores (direct
effect: b = 0.140 (0.099), p = .16; indirect effect b =
0.052 (0.026), CI (0.012, 0.113).

DISCUSSION
Building from results of a recent genome-wide association study of cognition in patients with schizophrenia
and earlier work on de novo mutations associated with
intellectual disability and neurodevelopmental disorders

(Dickinson et al., 2014; Hoischen et al., 2014; Sanders
et al., 2012), we provide converging evidence in three
independent samples that a common polymorphism in
SCN2A accounts for significant interindividual variability in general cognitive ability or “g.” Across the three
independent samples of healthy participants, SCN2A
rs10174400 explained approximately 2–5% of the variance
in “g” with higher scores in carriers of the minor T allele.
Analyses of in vivo PFC physiology assayed with restingstate fMRI in our discovery cohort suggest that this effect
of SCN2A rs10174400 on “g” is mediated through relatively
increased intrinsic coupling between regions of PFC in
minor T allele carriers.
SCN2A encodes for the α2 subunit (Nav1.2) of voltagegated type II sodium channels, which are expressed
throughout the CNS (Whitaker et al., 2000; Felts, Yokoyama,
Dib-Hajj, Black, & Waxman, 1997), and may contribute to

Figure 2. SCN2A rs10174400
genotype modulates intrinsic
coupling of left and right dlPFC.
(A) The minor T allele was
associated with higher restingstate functional correlations
between a right dlPFC seed
and a cluster in the left MFG
(x = −40, y = 56, z = 12;
p < .05 corrected, k = 383).
(B) The minor T allele was
also associated with higher
correlations between a left
dlPFC seed and clusters in the
dACC (x = 6, y = 28, z = 28;
p < .05 corrected, cluster size =
94 voxels) and MOG (x = 20, y =
−86, z = 12; p < .05 corrected,
cluster size = 197 voxels).
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Figure 3. Mediation model
demonstrating effects of SCN2A
on “g” through prefrontal
functional coupling. SCN2A
rs10174400 minor T allele is
associated with “g” in part
through its effects on increased
intrinsic functional coupling
between the dlPFC and dACC
(direct effect: b = 0.140 (0.099),
p = .16; indirect effect b =
0.052 (0.026), CI (0.012, 0.113).
Note that the low p value
between SCN2A and dlPFC–
dACC connectivity in the model
is a result of the region being
selected because of its
modulation by SCN2A.

the development of cortical and hippocampal circuits
(Eijkelkamp et al., 2012; Lai & Jan, 2006). Interestingly,
the antiepileptic drug topiramate, which acts in part by inhibiting voltage-gated sodium channels, has been associated
with mild to moderate cognitive impairment in some patients (Mula, 2012). This is consistent with the divergent
effects of the SCN2A rs10174400 minor T allele on
Nav1.2 mRNA expression in the dlPFC with relatively increased expression in healthy controls but decreased expression in patients with schizophrenia as well as being
associated with relatively “inefficient” dlPFC activity during a working memory task in schizophrenia (Dickinson
et al. 2014). Thus, in healthy participants, relatively increased expression of Nav1.2 associated with the minor
T allele of SCN2A rs10174400 may represent a molecular
mechanism facilitating increased neural circuit function
supporting general cognitive ability.
The results of our resting-state fMRI analyses suggest
that SCN2A rs10174400 genotype effects on PFC physiology in vivo may represent a systems level mechanism
contributing to the procognitive effects of the minor T
allele. Specifically, relatively increased intrinsic functional
coupling between the left dlPFC and dACC mediated the
better cognitive performance that we observed in minor
T allele carriers. In other words, a tighter correlation between left dlPFC and dACC was found in individuals with
at least one copy of the minor T allele, which appears to
have a “downstream” effect on cognitive performance in
these individuals. The dlPFC and dACC are key nodes
within multiple overlapping prefrontal circuits supporting a broad range of cognitive processes including attention, working memory, conflict detection, and behavioral
control ( Jung & Haier, 2007; Kondo, Osaka, & Osaka,
2004). We hypothesize that the observed increase in intrinsic functional coupling between these two prefrontal
nodes may reflect a greater capacity for information processing in support of general cognitive functioning or it
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may reflect that individuals with the minor T allele tend
to experience the fMRI environment in a more cognitively
coherent or predictable manner. The prior report
of relatively decreased and thus more efficient dlPFC
activity during working memory in healthy carriers of
the minor T allele is consistent with this hypothesis
(Dickinson et al. 2014).
There was also evidence that SCN2A rs10174400 genotype modulated the intrinsic functional coupling between
the dlPFC and the MOG. However, this pattern of intrinsic coupling did not mediate the association between
SCN2A genotype and general cognitive ability. We speculate that this effect of SCN2A genotype may reflect the
importance of voltage-gated type II sodium channels
to processing of specific sensory inputs rather than higherorder information processing. Further research could
explore SCN2A rs10174400 genotype associations with
performance on tasks eliciting variability in visual processing and/or disorders characterized by visual deficits.
Our current work is not without limitations. In an effort to isolate the possible effects of SCN2A rs10174400
on “g” and reduce confounds associated with genetic
background reflected in ancestry, we restricted our analyses to non-Hispanic White participants. While allowing
for a more incisive examination of genotype effects on
general cognitive ability, our strategy necessarily limits
our ability to generalize the observed associations to
other groups, which should be extended in future studies. This selection strategy also reduced the sample size
of each cohort in our study. However, the meta-analytic
results provide support that the association between
SCN2A rs10174400 and “g” is significant when pooled
across the three data sets. Also, the pattern of association
in the three samples was the same, with minor alleles being associated with higher “g.” Furthermore, this association was robust to possible effects of age, sex, genetic
ancestry, and psychopathology and expressed across a
Volume 27, Number 9

broad range of “g.” Nevertheless, larger sample sizes are
welcome and would further afford opportunities to examine the extent to which epistatic and epigenetic mechanisms as well as gene–environment interactions may
contribute to the divergent effects of the minor T allele
in healthy controls and both patients with schizophrenia
and their unaffected siblings (Dickinson et al., 2014).
Lastly, the molecular mechanisms through which SCN2A
rs10174400 genotype ultimately shapes interindividual
variability in “g” remain unclear. However, our current results provide a tangible intermediate neural phenotype as
a starting point for further study.
These limitations notwithstanding, our findings provide convergent evidence that a common polymorphism
in SCN2A accounts for significant interindividual variability in human general cognitive ability, possibly by modulating PFC physiology. Our findings further highlight how
focused candidate studies of genes initially identified
through de novo mutations and genome-wide screens
can advance our understanding of biological mechanisms
that help shape individual differences in complex traits.
In turn, the elucidation of such biological mechanisms
can inform the search for novel therapeutic targets to improve cognitive deficits we often see in common neurological and psychiatric disorders such as autism, schizophrenia,
and epilepsy.
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