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Human cognitive ability is influenced by genetic variation in
components of postsynaptic signalling complexes assembled by
NMDA receptors and MAGUK proteins
WD Hill1, G Davies1,2, LN van de Lagemaat3, A Christoforou4,5, RE Marioni1,2,6, CPD Fernandes4,5, DC Liewald1, MDR Croning3, A Payton7,
LCA Craig8, LJ Whalley9, M Horan10, W Ollier7, NK Hansell11, MJ Wright11, NG Martin11, GW Montgomery11, VM Steen4,5, S Le Hellard4,5,
T Espeseth12,13, AJ Lundervold14,15, I Reinvang12, JM Starr1, N Pendleton10, SGN Grant3, TC Bates1 and IJ Deary1

Differences in general cognitive ability (intelligence) account for approximately half of the variation in any large battery of cognitive
tests and are predictive of important life events including health. Genome-wide analyses of common single-nucleotide
polymorphisms indicate that they jointly tag between a quarter and a half of the variance in intelligence. However, no single
polymorphism has been reliably associated with variation in intelligence. It remains possible that these many small effects might be
aggregated in networks of functionally linked genes. Here, we tested a network of 1461 genes in the postsynaptic density and
associated complexes for an enriched association with intelligence. These were ascertained in 3511 individuals (the Cognitive
Ageing Genetics in England and Scotland (CAGES) consortium) phenotyped for general cognitive ability, fluid cognitive ability,
crystallised cognitive ability, memory and speed of processing. By analysing the results of a genome wide association study
(GWAS) using Gene Set Enrichment Analysis, a significant enrichment was found for fluid cognitive ability for the proteins found in
the complexes of N-methyl-D-aspartate receptor complex; P= 0.002. Replication was sought in two additional cohorts (N= 670 and
2062). A meta-analytic P-value of 0.003 was found when these were combined with the CAGES consortium. The results suggest that
genetic variation in the macromolecular machines formed by membrane-associated guanylate kinase (MAGUK) scaffold proteins
and their interaction partners contributes to variation in intelligence.
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INTRODUCTION
Performances on diverse cognitive tasks are universally positively
correlated and a latent trait of general cognitive ability
(intelligence) can be quantified, typically accounting for just
under half of the variation in any large battery of cognitive tests.1

This trait is stable and predictive of health, longevity and a range
of socioeconomic outcomes.2 Genome-wide analyses of common
single-nucleotide polymorphisms (SNPs) indicate that, over the life
course, these SNPs or variants in linkage disequilibrium (LD) with
these SNPs jointly explain between 26 and 51% of the variance in
intelligence differences.3,4 Despite this, no single polymorphism
has been reliably associated with general intelligence.5 Functional
networks of genes that jointly regulate a complex function6 may
allow aggregation of information present in current SNP chips to
elucidate the molecular pathways underlying cognitive

differences.7 Here, we combine gene-based statistics (Versatile
Gene-based Association Study, VEGAS)8 with a competitive test of
enrichment (Gene Set Enrichment Analysis, GSEA)9,10 to test
whether genetic variation in the postsynaptic protein complexes
of the excitatory synapses in the human brain show a greater
association with intelligence than genes from outside these
networks. Testing for associations between cognitive abilities and
gene networks might yield a substantial increase in power
compared with single-gene methods.11

Candidate phenotypes implicated in cognitive differences
centre on the central nervous system including variation in white
matter integrity12,13 and brain volume.14,15 However, to explore
the genetic foundations of intelligence further, a more specific
target is preferable. The synapse is a particularly rich target system
both because of the large number of genes expressed16 and
because of direct evidence for the effects of mutations in this
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system on cognition.17 Here we investigate a specific component
within the synapse, the postsynaptic density (PSD).
Mutations in genes expressed in the PSD have been linked to

many dozens of neurological and cognitive disorders.18–20 The
PSD can update its own responsiveness to subsequent input on
very short and long time scales.21 At the genetic level, evidence
suggests that the elaboration of complex learning involved
duplication and subsequent divergence of genes in the PSD.22

This was followed by strong conservation of function in the
vertebrate line,23 indicative of a finely tuned system. The PSD,
therefore, is a promising candidate for seeking genes in which
variation is associated with intelligence.

The PSD and associated complexes
Among the proteins comprising the mammalian PSD, three
complexes are of particular importance in mediating neural
transmission: The NMDA-RC (N-methyl-D-aspartate receptor com-
plex), mGlu5-RC (the metabotropic glutamate 5 receptor com-
plex) and the AMPA-RC (α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor complex)19 (see Figures 1 and 2).
The AMPA-RC is the primary basis of rapid excitatory

neurotransmission in the mammalian brain24,25; in addition, the
induction of long-term potentiation (LTP) is induced, in part, by
the summation of AMPA-mediated excitatory postsynaptic
potentials.26 Using in vivo rat models, it has been possible to
show that an increase in the amplitude and duration of the
excitatory postsynaptic potentials, produced by AMPA-RC activa-
tion, is associated with an increase in LTP and performance in
memory tasks.27

Synaptic plasticity is dependent on both the NMDA-RC28 and
mGlu5-RC.29 The mGlu5-RC, consisting of some 52 proteins
forming the metabotropic Gαq-linked G-protein-coupled gluta-
mate receptor,19 is closely associated with longer-term modula-
tion and maintenance of LTP.30–34 NMDA/MAGUK-RC is involved in
rapid processing of information and updating of AMPA-RC
responsiveness.28 The NMDA-RC consists of neurotransmitter
receptors, ion channels and signalling proteins scaffolded at the
postsynaptic membrane where they function to convert informa-
tion in patterns of action potentials into biochemical signals
underlying memory and other aspects of cognition.35 Mutations in
NMDA-RC have been implicated in the aetiology of over 100 brain

disorders, including those with cognitive deficits such as schizo-
phrenia, autism and intellectual disability;18,20,35–37 this supports
the linkage of the NMDA-RC to both cognitive and psychiatric
disorders. During the review process, an additional synaptic
component, the activity-regulated cytoskeleton-associated (ARC)
protein, was included. ARC has been reliably associated with both
LTP38 and LTD39 with ARC mRNA being transported to active
synaptic regions via the dendritic spine where it is then translated
and serves to modulate AMPA trafficking.40 De novo mutations in
the ARC protein have been implicated in schizophrenia,20 a
disease in part predicted by a low premorbid cognitive ability,41

which may be due to a shared genetic component between the
two traits.42

Here we tested for an association between genetic variation in
these four gene networks and non-pathological cognitive varia-
tion. This was done using experimentally determined gene sets
based on proteins detected in the PSD of human and mouse
brains.18,19 The cognitive phenotypes studied were general
cognitive ability, fluid cognitive ability, crystallised cognitive
ability, memory and processing speed. The GSEA9,10 program
was used to test whether gene sets corresponding to these
components showed significant enrichment for the five cognitive
phenotypes. The discovery samples were those of the Cognitive
Ageing Genetics in England and Scotland (CAGES) consortium.3

Replication of significant findings was sought in two independent
samples from Norway and Australia.

MATERIALS AND METHODS
Participants
The CAGES consortium, consisting of 3511 relatively healthy middle-aged
and older individuals, includes the Lothian Birth Cohorts of 1921 and of
1936 (LBC1921 and LBC1936),43 the Aberdeen Cohort of 1936 (ABC1936)44

and the Manchester and Newcastle Longitudinal Studies of Cognitive
Ageing Cohorts.45
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Figure 1. Venn diagram showing the overlap of three gene
complexes and their relative genetic overlap within the proteins
of the full human postsynaptic density (hPSD). Numbers of genes in
each gene set and overlap of these are also shown. Note: The full
hPSD consists of all genes associated with proteins in the hPSD.18

The genetic constituents of the AMPA-RC (α-amino-3-hydroxy-5-
methyl-4-isoxazoiepropionic acid receptor complex), mGlu5-RC
(metabotropic glutamate 5 receptor complex) and NMDA-RC (N-
methyl-D-aspartate receptor complex) are taken from mouse-based
proteomic experiments.19

Figure 2. Schematic of a central nervous system excitatory synapse
showing the proteins in the postsynaptic terminal organised into
multi protein complexes assembled with glutamate receptors
(AMPA-RC (α-amino-3-hydroxy-5-methyl-4-isoxazoiepropionic acid
receptor complex), NMDA (N-methyl-D-aspartate and mGluR (meta-
botropic glutamate 5 receptor complex) receptors shown).
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The LBC1921 cohort consists of 550 (316 females) individuals, most of
whom took part in the Scottish Mental Survey 1932.46–48 Most resided in
Edinburgh city and the surrounding Lothian region at about age 79 when
they were first recruited to the LBC1921 study between 1999 and 2001.
Their mean age was 79.1 years (s.d. = 0.6). Subjects were identified by
examining the records of those registered with a general practitioner in
the area and by media advertisements. They were healthy, older
individuals all of whom lived independently in the community.47 Venous
whole blood was collected for DNA extraction following informed consent.
Ethical approval was granted by The Lothian Research Ethics Committee.
LBC1936 was recruited in a similar manner to LBC1921. It consists of

1091 (543 females) individuals most of whom took part in the Scottish
Mental Survey 1947. Most were living in and around Edinburgh when they
were recruited to the LBC1936 between 2004 and 2007. Their mean age
was 69.5 years (s.d. = 0.8).49 They were healthy, older individuals all of
which lived in the community. Venous whole blood was collected for DNA
extraction following informed consent. Ethical approval was granted by
Scotland’s Multicentre Research Ethics Committee and the Lothian
Research Ethics Committee.
ABC1936 consists of 498 (255 females) individuals who were drawn from

the original members of Scottish Mental Survey 1947 and were living in the
Aberdeen area when recruited between 1999 and 2003. Their mean age
was 64.6 (s.d. = 0.9) years. They were healthy, older individuals all of whom
lived independently in the community.44 Each had venous whole blood
extracted in order to collect DNA samples following informed consent. The
Grampian Research Ethics Committee granted ethical approval.
The Manchester and Newcastle Longitudinal study of Cognitive Ageing

Cohorts were assembled in order to measure individual differences in the
effects of ageing on mental ability.45 Participants were collected and tested
over a 20-year period beginning in 1983/1984 that resulted in an initial
sample size of 6063 (4238 females) with a median age of 65 years ranging
from 44 to 93 years. Participants were healthy and lived independently in
the community.45 Venous whole blood was taken for DNA extraction from
805 of the Manchester cohort (572 females) and 758 of the Newcastle
cohort (536 females) following informed consent. Ethical approval was
granted by the University of Manchester.
The first replication cohort was formed from healthy twins and their

non-twin siblings recruited as part of the Brisbane Adolescent Twin Study
(BATS)50 and those who subsequently had cognitive phenotypes collected
through participation in cognition and imaging studies (n=2062).51,52

Together they were drawn from 928 families that included 339
monozygotic pairs and one set of monozygotic triplets. Participants were
female (1093) and male (969), with ages ranging from 15.4 to 29.6 years
(mean= 16.6, s.d. = 1.5). The studies were approved by the Human
Research Ethics Committee at the Queensland Institute of Medical
Research, as well as the institutional ethics boards at the University of
Queensland and the Wesley Hospital.
The second replication cohort was the Norwegian Cognitive NeuroGe-

netics (NCNG) cohort53 that consists of 670 healthy individuals (457
females) with an age range of 18–79 years (mean= 47.6, s.d. = 18.3).
Participants were drawn from and tested in Bergen (n= 171) and Oslo
(n=499). Permission to take and store blood samples for genotyping along
with cognitive and magnetic resonance imaging data in a bio-bank and to
establish a registry for relevant information was granted by the Norwegian
Department of Health. Ethical approval was granted by the REK Sørøst
(Norwegian Ethical Committee), NCNG: project ID S-03116.

Cognitive phenotypes
Four cognitive phenotypes were tested for association in this study. These
were general fluid cognitive ability (gf), crystallised cognitive ability,
memory and processing speed. Fluid ability describes an individual’s ability
to deal with novel information,54 often involving abstract reasoning tasks
with little or no verbal component. Whereas different tests were used in
the construction of each general factor, correlations between g factors
formed from different batteries are typically high.55

The gf score for the three Scottish cohorts was derived by using the raw
scores from each test and subjecting them to a principal component
analysis where the first unrotated component was extracted using
regression. Following this, the effects of age and sex were controlled
using a linear regression model with the factor score being the dependent
variable. The standardised residuals were extracted from this model and
were used in subsequent analyses.
For the LBC1921 cohort, gf was derived from the Moray House Test,46

Raven’s Standard Progressive Matrices,56 phonemic verbal fluency57 and

Wechsler Logical Memory scores58. The general factor for LBC1936 was
formed from six non-verbal tests from the Wechsler Adult Intelligence
Scale IIIUK (WAIS-IIIUK): Digit Symbol Coding, Block Design, Matrix Reason-
ing, Digit Span Backwards, Symbol Search, and Letter-number
Sequencing59. The general fluid ability factor for ABC1936 was formed
from the Rey Auditory Verbal Learning Test,57 the Uses of Common
Objects,60 Raven’s Standard Progressive Matrices56 and Digit Symbol from
the WAIS Revised (WAIS-R).61

The factor for general fluid ability in the Manchester and Newcastle
ageing cohort was derived using the two parts of the Alice Heim test 462

and the four sub-tests of the Culture Fair Test.63 Age at test and sex were
controlled using residualisation, and these standardised residuals for each
of the tests were then subjected to a maximum likelihood factor analysis. A
general factor was extracted using regression, and missing data points
were accounted for by sampling the posterior distribution of factor scores
for each subject using Mplus.64

Crystallised ability describes the level of knowledge an individual has
acquired over the life course.54 It is typically assessed by means of
language-based tests including reading ability or measurements of
vocabulary. For LBC1921, LBC1936 and ABC1936 this was represented by
the score from the National Adult Reading Test.65 For the Manchester and
Newcastle cohorts, sections A and B from the Mill Hill vocabulary test66

were used. These sections were administered without a time limit and
were summed to give a single score. The raw scores from each of the tests
representing crystallised ability were subjected to a linear regression with
age and sex as predictors and the test score as the dependent variable. The
standardised residuals from these models were used for all subsequent
analyses.
Verbal declarative memory (memory) and information processing speed

(speed) were each measured by a single test in each cohort. In the
LBC1921 cohort, the total score from both the immediate and delayed
recall sections of the Logical Memory test from the Wechsler memory scale
revised58 was used. In LBC1936, it was the total from the immediate and
delayed recall sections from the logical memory test from WAIS-IIIUK.59 In
ABC1936, a modified version of the Rey Auditory and Verbal Learning
Test57 was used where a set of 15 words was read to the subject who then
repeated aloud as many as they could. Following this, the same list was
read out again and the subject was again asked to recall as many words as
they could. The word list was presented a total of five times and the
participants final score was the total number of words summed across the
five presentations. In the Manchester and Newcastle cohorts, a cumulative
verbal recall task45,55 was used in which four presentations of a list of 15,
six letter nouns was read aloud to the participant. A recall phase was
administered between each presentation where the participants were
instructed to write down as many of the words as they could recall. The
final score was the total recalled across all four presentations. The raw
scores from each of the tests representing memory were subjected to a
linear regression with age and sex as predictors, and the test score as the
dependent variable. The standardised residuals from these models were
used for all subsequent analyses.
Information processing speed (speed) was measured in each cohort

using a single test. The digit symbol subtest of the WAIS-IIIUK 59 was carried
out by LBC1921 and LBC1936, whereas in ABC1936 the WAIS-R version61

was used. The Savage Alphabet Coding Task67 was used in the Manchester
and Newcastle cohorts. The raw scores from each of the single tests
representing speed were subjected to a linear regression with age and sex
as predictors, and the test score as the dependent variable. The
standardised residuals from these models were used for all subsequent
analyses. In response to a reviewer’s request, a fifth cognitive phenotype, a
general factor of cognitive ability (g), was created and tested. This g factor
was constructed using the tests measuring fluid and crystallised abilities in
each of the cohorts in the CAGES consortium. A separate g factor was
derived within each cohort. In ABC1936, LBC1921 and LBC1936 the total
number of correct responses on the National Adult Reading Test was
included along with the tests used in the respective gf phenotypes in
principal component analysis. The participants’ scores on the first
unrotated component were extracted using regression. Following this,
the effects of age and sex were regressed out.
In the Manchester and Newcastle cohorts, the effects of age and sex

were regressed out from both the gf factor and the score from the Mill Hill
vocabulary test. Following this the standardised residuals from the Mill Hill
and the gf factor were summed and the mean derived. This mean score
was used to represent the g factor.

Enriched association of MAGUK genes with intelligence
WD Hill et al

3

© 2014 Macmillan Publishers Limited Translational Psychiatry (2014), 1 – 8



Replication cohorts
In the Australian Sample, performance IQ was used as an indicator of gf.
This was derived from scores on the Spatial and Object Assembly tests
according to the manual for the Multidimensional Aptitude Battery.68 Each
test was administered with a 7-min time limit. A general factor of cognitive
ability (g) was represented by the full-scale IQ score derived using the
Multidimensional Aptitude Battery.68 In the Norwegian sample, the Matrix
Reasoning subtest from the Wechsler Abbreviated Scale of Intelligence69

was used as an indicator of gf. Each participant’s raw score from this test
was subjected to a linear regression using their age and sex as predictor
variables. The standardised residuals from this model were used in
subsequent analyses.

Genotyping and quality control
Genotyping and quality control procedures implemented here have been
described previously;3 however, this study makes use of imputed data as
detailed below. The 3782 participants in the discovery cohorts had DNA
extracted and were genotyped for 599 011 common SNPs using an
Illumina610 QuadV1 chip (Illumina, San Diego, CA, USA). After quality
control, 549 692 SNPs were retained in 3511 participants (2115 females).
Individuals were removed due to unresolved gender discrepancies,
relatedness or call rateo0.95, as well as evidence of non-Caucasian
descent. SNPs included in the analysis had a call rate of >0.98, minor allele
frequency of >0.01 and a Hardy–Weinberg equilibrium test of P>0.001.
Multidimensional scaling (MDS) analysis was performed to test for
population stratification and any outliers were excluded. The first four
MDS components, based on the remaining individuals, were then included
as covariates in subsequent analyses.3 Imputation was performed in each
cohort using the MACH70 software (v1.0.16) to the HapMap phase II CEU
(NCBI build 36 release 22) reference panel. Imputed SNPs were retained for
analysis with an imputation quality score of greater than 0.3 and a minor
allele frequency of >0.005.
The genotyping and quality control for BATS have been described

previously.71 In this Australian sample, 2104 participants had DNA
extracted from blood and were genotyped on the Illumina Human 610-
Quad chip (Illumina). Following quality control, 529 379 SNPs were retained
in 2062 (1093 female and 969 male) participants. Individuals were removed
due to unresolved gender discrepancies or evidence of non-Caucasian
descent. SNPs were included if they met the criteria of call rate >0.95,
minor allele frequency >0.01 and a Hardy–Weinberg equilibrium test of

P>0.00001.71 Multidimensional scaling analysis of SNP data showed three
components. To control for population stratification, all three components
were entered as covariates along with age and sex in the analyses.
The genotyping and quality control for the NCNG have been described

previously.3,53 For this Norwegian sample, DNA was extracted from blood
using the Qiagen Gentra Autopure LS system (Qiagen, Valencia, CA, USA).
Genotyping took place on the Illumina Human 610-Quad Beadchip
(Illumina). Quality control was carried out using the ‘check.marker’ function
from the R package GenABEL.72 Identity-by-state was used to assess cryptic
relatedness, with cases where Identity-by-state threshold exceeded 0.85
being removed. Population structure was assessed using multidimensional
scaling analysis where individuals who were suspected of possible recent
non-Norwegian ancestry were removed. Individuals were also removed if
the heterozygosity value was >2 s.d. from the sample mean or where sex
could not be determined. SNPs were excluded if the call rate was o0.95, a
minor allele frequency of o0.01 and a Hardy-Weinberg Equilibrium (exact
test) P-valueo0.001. The final sample consisted of 554 225 SNPs in 670
individuals.

PSD gene sets
The genes responsible for the expression of the PSD and its subcompo-
nents are available at the G2C database (http://www.genes2cognition.org/
db/GeneList). The size of the gene sets used along with the degree of
overlap between the gene sets is shown in Figure 1.
The human-derived PSD (hPSD) was ascertained based on experimen-

tally identified proteins, where hPSDs were isolated from neocortical
samples of nine adults (mean age= 47.0 years, s.d. = 15.74, three females)
who had undergone a variety of medically necessary neurosurgical
procedures.18 The protein preparations were pooled into three samples
from three individuals, each sample containing normal non-diseased tissue
from at least two of three cortical regions (frontal, parietal and temporal
lobes). These three samples were then subjected to proteomic profiling
using liquid chromatography tandem mass spectrometry.18 The full set
consisting of 1461 genes, details genes whose proteins were found in at
least two pooled samples, whereas the consensus set features the 748
genes found in all three samples. Only autosomal genes were included in
the present analyses leaving 1386 genes in the full hPSD and 714 in the
concensus hPSD (94.8% of the full hPSD and 95.4% of the consensus list).18

The NMDA-RC gene set was based on previous studies.19 NMDA-R
complexes were isolated using affinity to a peptide derived from the
carboxy terminus of the NR2B protein and analysed by liquid

Replication of enrichment sought in two
independent cohorts 

Enrichment examined using 1000 permuted
gene sets of equal length

Gene Set Enrichment Analysis of candidate gene sets

SNPs assigned to genes and gene
based statistic derived

Meta-analysis of the five CAGES cohorts

~2 500 000
SNPs

~2 500 000
SNPs

~2 500 000
SNPs

~2 500 000
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~2 500 000
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Five gene sets
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Figure 3. Data processing stages from top to bottom. The five cohorts from the Cognitive Ageing Genetics in England and Scotland (CAGES)
consortium underwent single-marker analysis70 separately before the results were meta-analysed.75 Single-nucleotide polymorphisms (SNPs)
were then assigned to genes based on their position as indicated in the UCSC Genome browser hg18 assembly and a gene-based statistic was
derived using Versatile Gene-Based Association Studies (VEGAS).8 A priori-selected gene sets detailing the molecular composition of the PSD
were brought in18,19 and enrichment of these sets in cognition was sought using Gene Set Enrichment Analysis (GSEA).9,10 Gene sets which
were enriched were then compared with 1000 randomly selected gene sets of the same length to examine the strength of the enrichment
found. Gene sets which survived this procedure were then taken forward for replication in two independent cohorts.
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chromatography tandem mass spectrometry. The identified list of proteins
overlapped substantially with an NMDA receptor complex (NRSC)
identified earlier.73 The earlier complex was an amalgamation of lists
derived by immunoprecipitation from mouse forebrain with an NMDA
receptor NR1 subunit antibody and the same NR2B carboxy terminal
peptide. The combined NMDA-RC list consists of 186 genes of which
181 are autosomal and were included in this study. Genes coding for the
mGlu5-RC were those identified using an antibody against mGluR5 protein
in rat brain lysates.74 Of 52 mouse orthologues of these genes that have
been identified,19 all 50 autosomal genes were included in the present
analyses. The AMPA-RC comprised a set of nine proteins and correspond-
ing genes isolated by immunoprecipitation using an antibody against the
GluR2 protein (Gria2).19 The seven autosomal genes from this set were
included in the present analyses. The ARC protein gene set was taken from
Kirov et al20 and included the same 25 of 28 (89.3%) genes used in their
analyses.

Statistical analysis
Data were processed through the following six steps (see Figure 3). First,
association analyses were performed in each cohort using Mach2QTL.70

Second, these results were then combined using an inverse variance-
weighted meta-analysis in METAL.75 The third step was to use VEGAS8 to
conduct gene-based analyses of association for each of the five cognitive
phenotypes on the results of the meta-analysis. SNPs were assigned to
genes according to their position on the UCSC Genome browser hg18
assembly with a gene boundary of ±50 kb of 5′ and 3′ untranslated
regions. The gene-based statistic was then derived using each SNP within
the specified boundary, with VEGAS controlling for the number of SNPs in
each gene and the LD between those SNPs. Gene-based P-values were
then –log(10) transformed and rank ordered for each phenotype. In the
fourth step, the specific gene set enrichment hypotheses were tested
using a competitive test of enrichment, GSEA.9,10 GSEA uses a candidate
list of gene identifiers and a genome-wide set of genes that are ranked by
the strength of their association with a phenotype. GSEA tests whether
gene identifiers in the candidate set fall higher in the genome-wide
ranking than would be expected by chance. A running–sum Kolmogorov-
–Smirnov statistic weighted by the P-value from the genome-wide gene
ranking set is derived. This process is repeated and the final enrichment P-
value corresponds to the proportion of runs in which the test gene set
ranked higher than the permuted set. Here 15 000 permutations were
used. Gene sets meeting the pre-determined discovery criteria of an
uncorrected enrichment P-value ≤0.05, and/or false discovery rate (FDR)-
corrected q-value of o0.25 were empirically validated as follows (step
five). Each significant gene set (NMDA-RC and mGlu5-RC) was compared
against P- and FDR values derived from 1000 randomly sampled gene sets
of the same length.76 Empirical significance was set for P- and FDR values
of the observed gene set as being smaller than 95% of those obtained in
the random gene lists. Gene sets passing this criterion were taken forward
to step six: replication in the BATS and NCNG cohorts.

Replication
In the Australian BATS sample, initial analysis of the genotyped data was
conducted using Multipoint engine for rapid likelihood inference
(MERLIN),77 allowing control for relatedness between participants in this
family-based sample. In the Norwegian NCNG cohort, single-marker
analysis was carried out using PLINK.78 In both samples, an additive
inheritance model was used and the same data processing steps were
used as in the discovery cohort. As only the NMDA-RC gene set met the
criteria to be deemed significant against any cognitive variable, it was the
only set in which a replication was sought. Following replication, the
enrichment P-values from each of the three cohorts (CAGES, NCNG and
BATS) were combined using Stouffer’s weighted Z-transform method.79,80

The discovery cohort P-value was corrected for multiple comparisons using
a Bonferroni correction for the five gene sets tested × four phenotypes, that
is, a correction for 20 tests (0.002 × 20 = 0.04) before being combined with
NCNG and BATS.

RESULTS
Genome-wide association (GWA) analyses of the association
between each of the five cognitive phenotypes was undertaken
for the full set of imputed SNPs in each of the five CAGES cohorts.
Analyses have already been reported for fluid and crystallised

ability on non-imputed data;3 however, here we use imputed data.
Moreover, we report for the first time the GWAS analyses for
memory and processing speed phenotypes in these cohorts. A
meta-analysis was then performed on results from the five cohorts
using METAL.75 No SNP reached genome-wide significance for any
of the five cognitive phenotypes.

Gene-based association
Gene-based analysis of the meta-analytic SNP association data
combining information from the five cohorts found no single gene
significantly associated with any of the five phenotypes. The most
significant gene-based P-values for general cognitive ability, fluid
cognitive ability, crystallised ability, memory and processing
speed, respectively, were for FNBP1L (P= 3× 10−5), BCAR3
(P= 4.0 × 10− 6), RFFL (P= 7.0 × 10−5), OR4P4 (P= 4.0 × 10−5) and
EIF5A2, (P= 4.9 × 10−5). The gene with most evidence for associa-
tion in the earlier GWA in this cohort (FNBP1L for gf)3 ranked
second in these analyses (P= 1.9 × 10− 5). This slight difference is
likely to be because of the use of imputed SNPs in the present
analyses, and that phenotype construction differed for the
Manchester and Newcastle cohorts between this and the previous
analysis.

Enrichment analysis of PSD gene sets
Next we test our principal hypothesis that variation in genes that
code for the proteins in the PSD is involved in the normal range of
variation of cognitive abilities. GSEA analyses were performed on
each the six gene sets for each of the cognitive phenotypes. Of the
six gene sets, the NMDA-RC was significant (P= 0.002) for gf
(Table 1). mGlu5-RC had an FDR also under 0.25, but had a P-value
of 0.133. The NMDA-RC was also found to have an enriched
association with general cognitive ability (P= 0.0084). No sig-
nificant support for enrichment was found for any of the other
three phenotypes for any other gene set. By comparison with
1000 randomly ascertained sets of 181 genes, both the P-value
and FDR obtained for the NMDA-RC was lower than that of 99.7%
of the random gene sets in the gf phenotype. In the case of the
association of mGlu5-RC with gf, comparison with 1000 ran-
domly sampled lists did not provide significant support for
enriched association (observed P-value o83.0%; FDR o84.1% of
random gene sets). Upon examination, no significant enrichment
was found between the ARC gene set and gf, crystallised ability,
memory and mental speed with P-values of 0.87, 0.09, 0.61 and
0.68 being found, respectively.

Table 1. Shows the results of enrichment analysis on six candidate
gene lists from the PSD in gf in the CAGES cohorts

Complex name Number of genes Empirical P-value FDR

hPSD full 1386 0.628 0.705
hPSD consensus 714 0.242 0.542
NMDA-RC 181 0.002 0.221
mGlu5-RC 50 0.133 0.203
AMPA-RC 7 0.595 0.804
ARC 25 0.870 0.870
Replication samples
NMDA-RC (BATS) 180 0.012 0.012
NMDA-RC (NCNG) 180 0.371 0.371

Abbreviations: AMPA-RC, α-amino-3-hydroxy-5-methyl-4-isoxazolepropio-
nic acid receptor complex; BATS, Brisbane Adolescent Twin Study; FDR,
false discovery rate; hPSD,human postsynaptic density; mGlu5-RC, the
metabotropic glutamate receptor complex 5; NMDA-RC, N-methyl-D-
aspartate receptor signalling complex/membrane-associated guanylate
kinase associated signalling complex; NCNG, Norwegian Cognitive
NeuroGenetics. The replication of the NRSC gene set in both BATS and
NCNG cohorts is included.
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To ensure that the enriched association was not driven by a
single gene, the most significant gene from the NMDA-RC set and
the mGlu5-RC set were removed. Once DNM2 was removed from
the mGlu5-RC list, no significant evidence of enrichment with gf
remained. However, removing the top gene from the NMDA-RC
gene set – PRDX2 –attenuated the enrichment with gf but it
remained significant (P= 0.006). This was repeated with g, where
once the most significant gene was removed from the NMDA-RC
(PLCG1), significance remained (P= 0.024). These results support
the hypothesis that genetic variation in NMDA-RC is associated
with general intelligence differences and more specifically with
fluid ability but not with the PSD, more broadly, nor the AMPA or
mGlu5 receptor complexes.

Replication
The enrichment of the NMDA-RC gene set in fluid cognitive ability
was tested for replication in the Norwegian and Australian cohorts
using identical methods to those used above in the discovery
sample, that is, gene-based analysis using VEGAS, followed by a
GSEA unit-weighted analysis with 15 000 permutations. Enrich-
ment testing in the BATS and the smaller NCNG cohorts yielded, P-
values of 0.012 and 0.371, respectively. The association remained
significant in BATS after removing the top gene (RAB3A) from the
set (P= 0.024), indicating that multiple genes were contributing to
the enrichment signal in both CAGES and BATS. A meta-analysis of
these results for the NMDA-RC across the discovery cohort, and
two replication samples was determined using Stouffer’s-
weighted Z-transform method.79,80 The probability of obtaining
these results across the three independent cohorts, corrected for
multiple testing in the discovery cohort and tested against the null
hypothesis of no association was P= 0.003. By omitting the
discovery cohort, the enrichment of the NMDA-RC across BATS
and NCNG remained significant (P= 0.018), supporting the
enriched association of the NMDA-RC with fluid ability. The
NMDA-RC also demonstrated an enriched association with a
general factor of cognitive ability in the BATS cohort P= 0.043.

DISCUSSION
The present study used a hypothesis-driven approach to test the
joint effect of multiple variants clustered in the same biological
network on human intelligence differences. In drawing upon the
synapse proteomic data sets, the results suggested that SNP
variation in the genes encoding the NMDA/MAGUK receptor
complex is enriched for association with both general cognitive
ability and general fluid cognitive ability in humans. This finding
linking NMDA-RC to fluid ability provides evidence that genetic
variation in the macromolecular machines formed by MAGUK
scaffold proteins and their interaction partners contributes to
variation in intelligence.
By contrast with the NMDA-RC, other components of the PSD

were not found to be significantly enriched for variation in
cognitive abilities in this study. These results raise the question of
why the NMDA-RC should be preferentially involved in fluid-type
intelligence. The present results suggest that association of the
NMDA-RC with gf does not simply follow from its being a part of
the synapse or having a role in the excitatory transmission system,
as three other systems found in the synapse did not show
enrichment, and all are activated once the receptors bind with
glutamate or are found only at glutamatergic synapses. However,
the lack of an enriched association for the AMPA-RC or the mGlu5-
RC could be due to the small numbers of genes involved in their
expression, meaning that even greater sample sizes would be
required to detect an enrichment of these complexes. The lack of
an enriched association of ARC with gf may also reflect simply a
lack of power. Alternatively, it may be that lack of enrichment with

the ARC protein for cognition implies that this system is specific
for schizophrenia rather than for general cognitive ability.
The NMDA-RC is enriched for both learning and synaptic

plasticity phenotypes in mice,35 and the same proteins have been
shown to be involved in human learning disabilities.35 These
findings validate the utility of rodent models for human cognitive
function. In addition, they suggest that combinations of SNPs in
LD with common SNPs found within the genes of the NMDA-RC
may result in variation in synaptic plasticity, which in turn is
responsible for some of the observed differences in human
intelligence.
Variation in the NMDA-RC has been implicated in

schizophrenia20,81 and intellectual disability17,37,82,83 with muta-
tions in individual scaffolding molecules SAP102/Dlg2 and PSD93/
Dlg3 linked to these disorders, respectively. The present finding of
a link between intellectual function and variation in the NMDA-RC
therefore supports a genetic link between schizophrenia and
intelligence, in keeping with behaviour genetic42 research, and
also with recent polygenic risk studies of a sub-set of the present
cohorts that indicated an overlap of polygenic risk factors for
schizophrenia and for cognitive ageing.84 The genetic link
between schizophrenia and cognitive abilities appears to be
region rather than variant specific. Where de novo copy number
variation at the NMDA-RC is associated with schizophrenia,20 it is
common SNP variation, in the same region, which shows an
enriched association with the normal range of cognitive abilities.
However, neither the common SNPs nor copy number variations
associated with schizophrenia have been shown to be associated
with intelligence differences in a non-elderly cohort.85

Enrichment was found for fluid ability and not for crystallised
ability, memory or processing speed. If gene effects directly
impact on specific functions (rather than on general ability per se),
then analyses targeting these specific functions (such as speed or
memory) are known to be significantly more powerful than are
analyses of a composite or latent factor such as fluid ability.86

Here, the enriched association of the NMDA-RC was found for the
fluid ability composite rather than specific functions. The finding
that genetic association for the fluid ability phenotype proved the
stronger indicator, then, is compatible with generalist genetic
action as opposed to functional specificity.87 This is further
supported with the finding that the NMDA-RC is enriched for
general cognitive ability. This enrichment was, however, attenu-
ated compared with gf, indicating that genetic variation of the
NMDA-RC is preferentially linked to non-verbal cognitive tasks and
solving problems that incorporate novel information.
Whereas the mGlu5-RC gene set showed weak evidence of

enrichment in the initial GSEA analysis, this did not survive
permutation testing. It was shown to be due to a single gene,
DNM2, rather than an over representation of mGlu5-RC genes in
the upper portion of the total gene list. This is in contrast with the
NMDA-RC gene set where multiple genes were involved in the
enrichment signal in both CAGES and in BATS, consistent with the
notion that it is variation in the network and not in a single gene,
which contributes to normal variation in fluid ability.
In summary, large-scale molecular studies indicate that

intelligence is polygenic3,4 that is compatible with a range of
genetic models, the most extreme of which would be that all
genes matter with roughly equal effect. Here, using GSEA, we
tested the hypothesis that that some genes matter more than
others. Specifically, we found that genes in pathways related to
postsynaptic functioning are enriched. The results suggested that
a major component of the postsynaptic region, the NMDA-RC, is
preferentially associated with normal variation in intelligence. The
NMDA-RC pathway appears to be specifically enriched for
association with fluid ability, providing a lead towards under-
standing a source of some of the variation in human intelligence
differences.

Enriched association of MAGUK genes with intelligence
WD Hill et al

6

Translational Psychiatry (2014), 1 – 8 © 2014 Macmillan Publishers Limited



CONFLICT OF INTEREST
The authors declare no conflict of interest.

ACKNOWLEDGMENTS
We thank the cohort participants who contributed to these studies and the research
staff who collected phenotypic data. Genotyping of the CAGES cohorts and the
analyses conducted here were supported by the UK’s Biotechnology and Biological
Sciences Research Council (BBSRC). Phenotype collection in the Lothian Birth Cohort
1921 was supported by the BBSRC, The Royal Society and The Chief Scientist Office of
the Scottish Government. Phenotype collection in the Lothian Birth Cohort 1936 was
supported by Research Into Ageing (continues as part of Age UK’s The Disconnected
Mind project). Phenotype collection in the Aberdeen Birth Cohort 1936 was
supported by BBSRC, the Wellcome Trust and Alzheimer’s Research UK. Phenotype
collection in the Manchester and Newcastle Longitudinal Studies of Cognitive Ageing
cohorts was supported by Social Science Research Council, Medical Research Council,
Economic and Social Research Council, Research Into Ageing, Wellcome Trust and
Unilever plc. The work was undertaken in The University of Edinburgh Centre for
Cognitive Ageing and Cognitive Epidemiology, part of the cross council Lifelong
Health and Wellbeing Initiative (G0700704/84698). Funding from the BBSRC, EPSRC,
ESRC and MRC is gratefully acknowledged. Australian BATS sample: we especially
thank the twins and their families for participation. The research was supported by
the Australian Research Council (A7960034, A79906588, A79801419, DP0212016
and DP0343921), with genotyping funded by the National Health and Medical
Research Council (Medical Bioinformatics Genomics Proteomics Program, 389891).
The Norwegian study was supported by the Bergen Research Foundation (BFS), the
University of Bergen, the Research Council of Norway (including FUGE grant nos.
151904 and 183327, Psykisk Helse grant no. 175345, 154313/V50 to IR and 177458/
V50 to TE), Helse Vest RHF (Grant 911397 and 911687 to AJL) and Dr Einar Martens
Fund. We thank the Centre for Advanced Study (CAS) at the Norwegian Academy of
Science and Letters in Oslo for hosting collaborative projects and workshops
between Norway and Scotland in 2011–2012. SGNG and LV van de L were supported
by the MRC, Wellcome Trust and European Union Seventh Framework Programme
under grant agreements number 241498 ‘EUROSPIN’ project, 242167 ‘SynSys project’
and 241995 ‘GENCODYS’ project.

REFERENCES
1 Carroll JB. Human cognitive abilities: a survey of factor-analytic studies. Cambridge

University Press: New York, NY, USA, 1993; p. 819.
2 Deary I. Intelligence. Ann Revi Psychol 2012; 63: 453–482.
3 Davies G, Tenesa A, Payton A, Yang J, Harris SE, Liewald D et al. Genome-wide

association studies establish that human intelligence is highly heritable and
polygenic. Mol Psychiatry 2011; 16: 996–1005.

4 Benyamin B, Pourcain B, Davis OS, Davies G, Hansell NK, Brion MJ et al. Childhood
intelligence is heritable, highly polygenic and associated with FNBP1L. Mol Psy-
chiatry advance online publication, 29 January 2013; doi: 10.1038/mp.2012.184;
e-pub ahead of print

5 Chabris CF, Hebert BM, Benjamin DJ, Beauchamp JP, Cesarini D, van der Loos
MJHM et al. Most reported genetic associations with general intelligence are
probably false positives. Psychol Sci 2012; 23: 1314–1323.

6 Schadt EE. Molecular networks as sensors and drivers of common human dis-
eases. Nature 2009; 461: 218–223.

7 Konopka G, Wexler E, Rosen E, Mukamel Z, Osborn GE, Chen L et al. Modeling the
functional genomics of autism using human neurons. Mol Psychiatry 2011; 17:
202–214.

8 Liu JZ, McRae AF, Nyholt DR, Medland SE, Wray NR, Brown KM et al. A versatile
gene-based test for genome-wide association studies. Am J Hum Genet 2010; 87:
139–145.

9 Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA et al.
Gene set enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci USA 2005; 102: 15545–15550.

10 Wang K, Li M, Bucan M. Pathway-based approaches for analysis of genomewide
association studies. Am J Hum Genet 2007; 81: 1278–1283.

11 Torkamani A, Topol EJ, Schork NJ. Pathway analysis of seven common diseases
assessed by genome-wide association. Genomics 2008; 92: 7.

12 Lopez LM, Bastin ME, Maniega SM, Penke L, Davies G, Christoforou A et al. A
genome-wide search for genetic influences and biological pathways related to
the brain's white matter integrity. Neurobiol Aging 2012; 33: 1847 e1841–1814.

13 Penke L, Maniega SM, Bastin ME, Valdes Hernandez MC, Murray C, Royle NA et al.
Brain white matter tract integrity as a neural foundation for general intelligence.
Mol Psychiatry 2012; 17: 1026–1030.

14 Stein JL, Medland SE, Vasquez AA, Hibar DP, Senstad RE, Winkler AM et al.
Identification of common variants associated with human hippocampal and
intracranial volumes. Nat Genet 2012; 44: 552–561.

15 McDaniel MA. Big-brained people are smarter: A meta-analysis of the relationship
between in vivo brain volume and intelligence. Intelligence 2005; 33: 337–346.

16 Schrimpf SP, Meskenaite V, Brunner E, Rutishauser D, Walther P, Eng J et al.
Proteomic analysis of synaptosomes using isotope-coded affinity tags and mass
spectrometry. Proteomics 2005; 5: 2531–2541.

17 Nithianantharajah J, Komiyama NH, McKechanie A, Johnstone M, Blackwood DH,
Clair DS et al. Synaptic scaffold evolution generated components of vertebrate
cognitive complexity. Nat Neurosci 2013; 16: 16–24.

18 Bayes A, van de Lagemaat LN, Collins MO, Croning MD, Whittle IR, Choudhary JS
et al. Characterization of the proteome, diseases and evolution of the human
postsynaptic density. Nat Neurosci 2011; 14: 19–21.

19 Collins MO, Husi H, Yu L, Brandon JM, Anderson CN, Blackstock WP et al.Molecular
characterization and comparison of the components and multiprotein complexes
in the postsynaptic proteome. J Neurochem 2006; 97(Suppl 1): 16–23.

20 Kirov G, Pocklington AJ, Holmans P, Ivanov D, Ikeda M, Ruderfer D et al. De novo
CNV analysis implicates specific abnormalities of postsynaptic signalling com-
plexes in the pathogenesis of schizophrenia. Mol Psychiatry 2012; 17: 142–153.

21 Emes RD, Grant SG. Evolution of synapse complexity and diversity. Ann Rev Neu-
rosci 2012; 35: 111–131.

22 Ryan TJ, Kopanitsa MV, Indersmitten T, Nithianantharajah J, Afinowi NO, Pettit C
et al. Evolution of GluN2A/B cytoplasmic domains diversified vertebrate synaptic
plasticity and behavior. Nat Neurosci 2013; 16: 25–32.

23 Emes RD, Pocklington AJ, Anderson CN, Bayes A, Collins MO, Vickers CA et al.
Evolutionary expansion and anatomical specialization of synapse proteome
complexity. Nat Neurosci 2008; 11: 799–806.

24 Shepherd JD, Huganir RL. The cell biology of synaptic plasticity: AMPA receptor
trafficking. Ann Rev Cell Dev Biol 2007; 23: 613–643.

25 Anggono V, Huganir RL. Regulation of AMPA receptor trafficking and synaptic
plasticity. Curr Opin Neurobiol 2012; 22: 461–469.

26 Collingridge GL. Long-term potentiation in the hippocampus — mechanisms of
initiation and modulation by neurotransmitters. Trends Pharmacol Sci 1985; 6: 4.

27 Stäubli U, Perez Y, Xu FB, Rogers G, Ingvar M, Stone-Elander S et al. Centrally
active modulators of glutamate receptors facilitate the induction of long-term
potentiation in vivo. Proc Natl Acad Sci USA 1994; 91: 4.

28 Zorumski CF, Izumi Y. NMDA receptors and metaplasticity: mechanisms and
possible roles in neuropsychiatric disorders. Neurosci Biobehav Rev 2012; 36:
989–1000.

29 Mukherjee S, Manahan-Vaughan D. Role of metabotropic glutamate receptors in
persistent forms of hippocampal plasticity and learning. Neuropharmacology
2013; 66: 65–81.

30 Kim CH, Lee J, Lee JY, Roche KW. Metabotropic glutamate receptors: phosphor-
ylation and receptor signaling. J Neurosci Res 2008; 86: 1–10.

31 Hermans E, Challiss RA. Structural, signalling and regulatory properties of the
group I metabotropic glutamate receptors: prototypic family C G-protein-coupled
receptors. Biochem J 2001; 359(Pt 3): 465–484.

32 Manahan-Vaughan D, Ngomba RT, Storto M, Kulla A, Catania MV, Chiechio S et al.
An increased expression of the mGlu5 receptor protein following LTP induction at
the perforant path-dentate gyrus synapse in freely moving rats. Neuropharma-
cology 2003; 44: 17–25.

33 Jia Z, Lu Y, Henderson J, Taverna F, Romano C, Abramow-Newerly W et al.
Selective abolition of the NMDA component of long-term potentiation in mice
lacking mGluR5. Learn Mem 1998; 5: 331–343.

34 Attucci S, Carla V, Mannaioni G, Moroni F. Activation of type 5 metabotropic
glutamate receptors enhances NMDA responses in mice cortical wedges. Br
J Pharmacol 2001; 132: 799–806.

35 Pocklington AJ, Cumiskey M, Armstrong JD, Grant SG. The proteomes of neuro-
transmitter receptor complexes form modular networks with distributed func-
tionality underlying plasticity and behaviour. Mol Syst Biol 2006; 2: 0023.

36 Frank RA, McRae AF, Pocklington AJ, van de Lagemaat LN, Navarro P, Croning MD
et al. Clustered coding variants in the glutamate receptor complexes of indivi-
duals with schizophrenia and bipolar disorder. PloS ONE 2011; 6: e19011.

37 Walsh T, McClellan JM, McCarthy SE, Addington AM, Pierce SB, Cooper GM et al.
Rare structural variants disrupt multiple genes in neurodevelopmental pathways
in schizophrenia. Science 2008; 320: 539–543.

38 Guzowski JF, Lyford GL, Stevenson GD, Houston FP, McGaugh JL, Worley PF et al.
Inhibition of activity-dependent arc protein expression in the rat hippocampus
impairs the maintenance of long-term potentiation and the consolidation of long-
term memory. J Neurosci 2000; 20: 8.

39 Waung MW, Pfeiffer BE, Nosyreva ED, Ronesi JA, Huber KM. Rapid translation of
Arc/Arg3. 1 selectively mediates mGluR-dependent LTD through persistent
increases in AMPAR endocytosis rate. Neuron 2008; 59: 13.

Enriched association of MAGUK genes with intelligence
WD Hill et al

7

© 2014 Macmillan Publishers Limited Translational Psychiatry (2014), 1 – 8



40 Chowdhury S, Shepherd JD, Okuno H, Lyford G, Petralia RS, Plath N et al. Arc/Arg3.
1 interacts with the endocytic machinery to regulate AMPA receptor trafficking.
Neuron 2006; 52: 14.

41 Khandaker GM, Barnett JH, White IR, Jones PB. A quantitative meta-analysis of
population-based studies of premorbid intelligence and schizophrenia. Schi-
zophr Res 2011; 132: 7.

42 Toulopoulou T, Goldberg TE, Mesa IR, Picchioni M, Rijsdijk F, Stahl D et al. Impaired
intellect and memory: a missing link between genetic risk and schizophrenia?
Arch Gen Psychiatry 2010; 67: 905–913.

43 Deary IJ, Gow AJ, Pattie A, Starr JM. Cohort profile: the lothian birth cohorts of
1921 and 1936. Int J Epidemiol 2012; 41: 1576–1584.

44 Whalley LJ, Murray AD, Staff RT, Starr JM, Deary IJ, Fox HC et al. How the 1932 and
1947 mental surveys of Aberdeen schoolchildren provide a framework to explore
the childhood origins of late onset disease and disability. Maturitas 2011; 69:
365–372.

45 Rabbitt PMA, McInnes L, Diggle P, Holland F, Bent N, Abson V et al. The University
of Manchester Longitudinal Study of Cognition in Normal Healthy Old Age, 1983
through 2003. Aging Neuropsychol Cogn 2004; 11: 245–279.

46 Scottish Council for Research in Education. The Intelligence of Scottish Children:
a National Survey of an Age-group. University of London Press: London, 1933.

47 Deary IJ, Whiteman MC, Starr JM, Whalley LJ, Fox HC. The impact of childhood
intelligence on later life: Following up the Scottish Mental Surveys of 1932
and 1947. J Person Soc Psychol 2004; 86: 130–147.

48 Deary IJ, Whalley LJ, Starr JM. A Lifetime of Intelligence, Follow-up Studies of the
Scottish Mental Surveys of 1932 and 1947. American Psychological Association:
Washington, DC, USA, 2009.

49 Deary IJ, Gow AJ, Taylor MD, Corley J, Brett C, Wilson V et al. The Lothian Birth
Cohort 1936: a study to examine influences on cognitive ageing from age 11 to
age 70 and beyond. BMC Geriatr 2007; 7: 28.

50 Wright MJ, Martin N. G. The Brisbane Adolescent Twin Study: outline of study
methods and research projects. Australian J Psychol 2004; 56: 65–78.

51 de Zubicaray GI, Chiang MC, McMahon KL, Shattuck DW, Toga AW, Martin NG
et al. Meeting the Challenges of Neuroimaging Genetics. Brain Imag Behav 2008;
2: 258–263.

52 Wright MJ, De Geus E, Ando J, Luciano M, Posthuma D, Ono Y et al. Genetics of
cognition: outline of a collaborative twin study. Twin Res 2001; 4: 48–56.

53 Espeseth T, Christoforou A, Lundervold AJ, Steen VM, Le Hellard S, Reinvang I..
Imaging and cognitive genetics: the Norwegian Cognitive NeuroGenetics sample.
Twin Res Hum Genet 2012; 15: 442–452.

54 Horn JL. Theory of fluid and crystallised intelligence. In: Sternberg RJ (ed). Ency-
clopedia of Human Intelligence. Macmillan: New York, NY, USA, 1994.

55 Johnson W, te Nijenhuis J, Bouchard TJ. Still just 1 g: Consistent results from five
test batteries. Intelligence 2008; 36: 81–95.

56 Raven JC, Court JH, Raven J. Manual for Raven’s Progressive Matrices and Voca-
bulary Scales. HK Lewis: London, UK, 1977.

57 Lezak M, Howieson DB, Loring DW. Neuropsychological Assessment. 4th edn.
Oxford University Press: New York, NY, USA, 2004.

58 Wechsler D. Wechsler Memory Scale—Revised. Psychological Corporation: New
York, NY, USA, 1987.

59 Wechsler D. Wechsler Adult Intelligence Scale - 3rd edn. The Psychological Cor-
poration: London, UK, 1998.

60 Guildford JP, Christensen PR, Merrifield PR, Wilson JC. Alternate Uses: Manual of
Instructions and Interpretation. Sheridan Psychological Service: Orange, CA, USA,
1978.

61 Wechsler D. Manual for the Wechsler Adult Intelligence Scale – Revised. The Psy-
chological Corporation, New York, NY, USA, 1981.

62 Heim A. AH 4 Group Test of General Intelligence Manual. NFER Publishing Com-
pany: Windsor, UK, 1970.

63 Cattell RB, Cattell AKS. The Individual or Group Culture Fair Intelligence Test. IPAT:
Champaign, IL, USA, 1960.

64 Muthen B, Asparouhov T, Rebollo I. Advances in behavioral genetics modeling
using Mplus: applications of factor mixture modeling to twin data. Twin
Res Hum Genet 2006; 9: 313–324.

65 Nelson HE, Willison J. National Adult Reading Test (NART) Test Manual. 2nd edn.
NFER-Nelson: Windsor, UK, 1991.

66 Raven JC. The Mill Hill Vocabulary Scale. HK Lewis: London, UK, 1965.
67 Savage RD. Alphabet Coding Task-15. Murdock University: Perth, WA, Australia,

1984.
68 Jackson DN. Multidimensional Aptitude Battery Manual vol. 1. Research Psycholo-

gists Press: Port Huron, MI, USA, 1984; pp. 255–264.
69 Wechsler D. Wechsler Abbreviated Scale of Intelligence. The Psychological Cor-

poration: San Antonio, USA, 1999.
70 Li Y, Willer CJ, Ding J, Scheet P, Abecasis GR. MaCH: using sequence and genotype

data to estimate haplotypes and unobserved genotypes. Genet Epidemiol 2010;
34: 816–834.

71 Medland SE, Nyholt DR, Painter JN, McEvoy BP, McRae AF, Zhu G et al. Common
variants in the trichohyalin gene are associated with straight hair in Europeans.
Am J Hum Genet 2009; 85: 750–755.

72 Aulchenko YS, Ripke S, Isaacs A, van Duijn CM. GenABEL: an R library for genome-
wide association analysis. Bioinformatics 2007; 23: 1294–1296.

73 Husi H, Ward MA, Choudhary JS, Blackstock WP, Grant SG. Proteomic analysis of
NMDA receptor-adhesion protein signaling complexes. Nat Neurosci 2000; 3:
661–669.

74 Farr CD, Gafken PR, Norbeck AD, Doneanu CE, Stapels MD, Barofsky DF et al.
Proteomic analysis of native metabotropic glutamate receptor 5 protein com-
plexes reveals novel molecular constituents. J Neurochem 2004; 91: 438–450.

75 Willer CJ, Li Y, Abecasis GR. METAL: fast and efficient meta-analysis of genome-
wide association scans. Bioinformatics 2010; 26: 2190–2191.

76 Ersland KM, Christoforou A, Stansberg C, Espeseth T, Mattheisen M, Mattingsdal M
et al. Gene-based analysis of regionally enriched cortical genes in GWAS data sets
of cognitive traits and psychiatric disorders. PloS ONE 2012; 7: e31687.

77 Abecasis GR, Cherny SS, Cookson WO, Cardon LR. Merlin--rapid analysis of dense
genetic maps using sparse gene flow trees. Nat Genet 2002; 30: 97–101.

78 Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D et al. PLINK: a
tool set for whole-genome association and population-based linkage analyses.
Am J Hum Genet 2007; 81: 559–575.

79 Whitlock MC. Combining probability from independent tests: the weighted
Z-method is superior to Fisher's approach. J Evol Biol 2005; 18: 1368–1373.

80 Zaykin DV. Optimally weighted Z-test is a powerful method for combining
probabilities in meta-analysis. J Evol Biol 2011; 24: 1836–1841.

81 Fernandez E, Collins MO, Uren RT, Kopanitsa MV, Komiyama NH, Croning MD et al.
Targeted tandem affinity purification of PSD-95 recovers core postsynaptic
complexes and schizophrenia susceptibility proteins. Mol Syst Biol 2009; 5: 269.

82 Zanni G, van Esch H, Bensalem A, Saillour Y, Poirier K, Castelnau L et al. A novel
mutation in the DLG3 gene encoding the synapse-associated protein 102
(SAP102) causes non-syndromic mental retardation. Neurogenetics 2010; 11:
251–255.

83 Tarpey P, Parnau J, Blow M, Woffendin H, Bignell G, Cox C et al. Mutations in the
DLG3 gene cause nonsyndromic X-linked mental retardation. Am
J Hum Genet 2004; 75: 318–324.

84 McIntosh AM, Gow A, Luciano M, Davies G, Liewald DC, Harris SE et al. Polygenic
Risk for Schizophrenia Is Associated with Cognitive Change Between Childhood
and Old Age. Biol Psychiatry 2013.

85 van Scheltinga AF, Bakker SC, van Haren NEM, Derks EM, Buizer-Voskamp JE, Cahn
W et al. Schizophrenia genetic variants are not associated with intelligence.
Psychol Med 2013; 43: 2563–2570.

86 van der Sluis S, Verhage M, Posthuma D, Dolan CV. Phenotypic complexity,
measurement bias, and poor phenotypic resolution contribute to the missing
heritability problem in genetic association studies. PloS ONE 2010; 5: e13929.

87 Plomin R, Kovas Y. Generalist Genes and Learning Disabilities. Psychol Bull 2005;
131: 592–617.

This work is licensed under a Creative Commons Attribution 3.0
Unported License. To view a copy of this license, visit http://

creativecommons.org/licenses/by/3.0/

Enriched association of MAGUK genes with intelligence
WD Hill et al

8

Translational Psychiatry (2014), 1 – 8 © 2014 Macmillan Publishers Limited

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/

	Human cognitive ability is influenced by genetic variation in components of postsynaptic signalling complexes assembled by NMDA receptors and MAGUK proteins
	Introduction
	The PSD and associated complexes

	Materials and methods
	Participants

	Figure 1 Venn diagram showing the overlap of three gene complexes and their relative genetic overlap within the proteins of the full human postsynaptic density (hPSD).
	Figure 2 Schematic of a central nervous system excitatory synapse showing the proteins in the postsynaptic terminal organised into multi protein complexes assembled with glutamate receptors (AMPA-RC&#x000A0;(&#x003B1;-amino-3-hydroxy-5-methyl-4-isoxazoiep
	Cognitive phenotypes
	Replication cohorts
	Genotyping and quality control
	PSD&#x000A0;gene sets

	Figure 3 Data processing stages from top to bottom.
	Statistical analysis
	Replication

	Results
	Gene-based association
	Enrichment analysis of PSD&#x000A0;gene sets

	Table 1 Shows the results of enrichment analysis on six candidate gene lists from the PSD in gf in the CAGES cohorts
	Replication

	Discussion
	A5
	A6
	ACKNOWLEDGEMENTS
	REFERENCES




