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Abstract

Alterations of the brain extracellular matrix (ECM) can perturb the structure and
function of brain networks like the hippocampus, a key region in human memory
that is commonly affected in psychiatric disorders. Here, we investigated the poten-
tial effects of a genome-wide psychiatric risk variant in the NCAN gene encoding
the ECM proteoglycan neurocan (rs1064395) on memory performance, hippocampal
function and cortical morphology in young, healthy volunteers. We assessed verbal
memory performance in two cohorts (N = 572, 302) and found reduced recall per-
formance in risk allele (A) carriers across both cohorts. In 117 participants, we per-
formed functional magnetic resonance imaging using a novelty-encoding task with
visual scenes. Risk allele carriers showed higher false alarm rates during recognition,
accompanied by inefficiently increased left hippocampal activation. To assess effects
of rs1064395 on brain morphology, we performed voxel-based morphometry in 420

participants from four independent cohorts and found lower grey matter density in the
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resonance imaging; FOV, field of view; FWE, family-wise error; FWHM, full width at half maximum; GLM, general linear model; GM, grey matter;
GWAS, genome-wide association study; HRF, hemodynamic response function; HWE, Hardy—Weinberg equilibrium; IR-EPI, inversion recovery echo-
planer image; LIFG, left inferior frontal gyrus; LTP, long-term potentiation; MANCOVA, multivariate analysis of covariance; MDD, major depressive
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1 | INTRODUCTION

In the past decade, genome-wide association studies
(GWAS) have yielded multiple common genetic risk fac-
tors for the major human psychiatric disorders, particu-
larly schizophrenia (SCZ) and bipolar disorder (BD), but
also major depressive disorder (MDD) (Psychiatric GWAS
Bipolar Disorder Working Group, 2011; Schizophrenia
Psychiatric Genomics GWAS Consortium, 2011; Schulze
et al., 2014; Smeland et al., 2019). The A allele of the
single-nucleotide polymorphism (SNP) rs1064395 in the
NCAN gene is one of the best-replicated risk alleles for
SCZ (Miihleisen et al., 2012) and BD (Cichon et al., 2011;
Wang et al., 2018). A translational study has specifically
linked the NCAN gene locus to the manic phenotype both in
patients carrying the A allele and in NCAN-deficient mice
(Mir6 et al., 2012).

NCAN 151064395 is located on chromosome 19p13 in
the 3° untranslated region (UTR) of the NCAN gene, which
encodes the proteoglycan neurocan, expressed specifically
in the central nervous system. Neurocan belongs to the
family of chondroitin sulphate proteoglycans and is a com-
ponent of the brain’s extracellular matrix (ECM). Studies
in rodents (Meyer-Puttlitz et al., 1995; Zhou et al., 2001)
and humans (Schultz et al., 2014) show that neurocan is
mainly expressed during brain development, reaching a
peak shortly after birth and lower amounts in mature brains.
Compatibly with a developmental expression pattern,
neurocan has been suggested to be involved in neuronal

ventrolateral and rostral prefrontal cortex of risk allele carriers. In silico eQTL analy-
sis revealed that rs1064395 SNP is linked not only to increased prefrontal expression
of the NCAN gene itself, but also of the neighbouring HAPLN4 gene, suggesting a
more complex effect of the SNP on ECM composition. Our results suggest that the
NCAN 151064395 A allele is associated with lower hippocampus-dependent memory
function, variation of prefrontal cortex structure and ECM composition. Considering
the well-documented hippocampal and prefrontal dysfunction in bipolar disorder and
schizophrenia, our results may reflect an intermediate phenotype by which NCAN
rs1064395 contributes to disease risk.

episodic memory, extracellular matrix, fMRI, imaging genetics, voxel-based morphometry

and glial outgrowth and migration and in axon guidance
during post-natal neural development (Berglof, Plantman,
Johansson, & Stromberg, 2008; Rauch, Feng, & Zhou, 2001).
Converging evidence from post-mortem studies (Chelini,
Pantazopoulos, Durning, & Berretta, 2018; Pantazopoulos
& Berretta, 2016) as well as neuropsychological and neu-
roimaging investigations in human patients (Bach, Brown,
Kleim, & Tyagarajan, 2019; Piras et al., 2015; Schultz
et al., 2014; Wang et al., 2016) points to a role for the ECM
in the pathophysiology of SCZ. In animal studies, ECM in-
tegrity and composition have been associated with cogni-
tive measures like learning, memory or cognitive flexibility
(Banerjee et al., 2017; Gogolla, Galimberti, Deguchi, &
Caroni, 2009; Happel et al., 2014), which are often impaired
in human psychiatric disorders like SCZ (Preston, Shohamy,
Tamminga, & Wagner, 2005; Ragland et al., 2009; Schott
et al., 2015; Zierhut et al., 2010).

The hippocampus, which in healthy humans plays a
key role in the encoding and retrieval of declarative mem-
ory traces (Squire, Stark, & Clark, 2004), shows a volume
reduction in patients with SCZ (Bogerts et al., 1993; Vita,
de Peri, Silenzi, & Dieci, 2006), which can be already ob-
served during the first episode (Adriano, Caltagirone, &
Spalletta, 2012), suggesting that this reflects a developmen-
tal phenomenon rather than pathology related to chronic
psychiatric illness. In line with this notion, studies in healthy
relatives of patients with SCZ, BPD and MDD collectively
suggest that hippocampal dysfunction may reflect a herita-
ble risk mechanism for psychiatric disorders (Erk, Meyer-
Lindenberg, Linden, et al., 2014; Francis et al., 2013; Skelley,
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Goldberg, Egan, Weinberger, & Gold, 2008). Decreased hip-
pocampal volumes (Bearden et al., 2008; Rimol et al., 2010)
and deficits in verbal memory (Chepenik et al., 2012) have
also been observed in patients with BD, highlighting com-
mon neurodevelopmental mechanisms contributing to both
SCZ and BD.

Neurocan is strongly expressed in the developing hippo-
campus (Meyer-Puttlitz et al., 1995; Zhou et al., 2001), and
neurocan-deficient mice display a reduced expression of
late-phase hippocampal long-term potentiation, a well-es-
tablished model of hippocampal synaptic plasticity and
memory. Considering the converging evidence for struc-
tural and functional alterations of the hippocampus and
subtle memory impairment in patients with SCZ and BD, it
is thus plausible to assume that the psychiatric risk variant
NCAN rs1064395 A may affect memory performance and
hippocampal activity in healthy carriers of the risk allele.
In line with this assumption, Raum et al. (2015) reported
lower memory performance in A carriers compared to G
homozygotes, but did not report genotype-related effects
on hippocampal activity. At the level of brain structure, an
imaging study in healthy controls and patients with MDD
showed lower hippocampal grey matter (GM) density in A
carriers, irrespective of diagnosis (Dannlowski et al., 2015).
Considering the often poor replication of neuroimaging
data, it is important to replicate and expand those results
in order to substantiate a potential relationship between
NCAN genetic variation and altered hippocampal func-
tion as an intermediate phenotype for major psychiatric
disorders. In the present study, we investigated the effects
of NCAN 151064395 on memory performance, using the
Verbal Learning and Memory Test (VLMT; Helmstaedter,
Lendt, & Lux, 2001) and on memory-related hippocam-
pal activation in a functional magnetic resonance imaging
(fMRI) study, using a previously described visual encoding
paradigm for novel scenes (Diizel, Schiitze, Yonelinas, &
Heinze, 2011; Schott et al., 2014). In an additional explor-
atory analysis, we further aimed to replicate the previously
reported genotype-dependent differences in hippocampal
and also prefrontal GM density using voxel-based mor-
phometry (VBM).

2 | MATERIALS AND METHODS
We investigated potential effects of NCAN rs1064395 on
human memory performance using a well-established list-
learning test (VLMT; Helmstaedter et al., 2001) in two co-
horts. To assess the functional anatomical correlates of a
potential effect of NCAN rs1064395 on explicit memory per-
formance, an fMRI study was performed, using a previously
described paradigm in which novel visual scenes are encoded
into episodic memory (Diizel et al., 2011).
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2.1 | Subjects

Behavioural data (VLMT) were obtained from two large-scale
genetic cohorts conducted at the Department of Psychology,
University of Magdeburg (1st cohort; see Richter et al., 2011)
and at the Leibniz Institute for Neurobiology in Magdeburg
(2nd cohort; see Barman et al., 2014). A health question-
naire previously employed in behavioural genetics research
(Kramer et al., 2007; Richter et al., 2011) to exclude history
of neurological or psychiatric illness and the use of any cen-
trally acting or illicit drugs accordingly in all participants.
To ensure a homogenous educational background, all partici-
pants had obtained at least the German university entrance
diploma (Abitur). Given the verbal nature of the VLMT task,
we only considered data from native speakers of German.
For a detailed description of the samples see Barman et al.
(2014) and Richter et al. (2011). Minor changes in n numbers
can be explained by the fact that only complete records were
considered for analysis, and, further genetic analyses were no
longer possible in 10 subjects from the first cohort.

A total of 120 young (age range 19-34) healthy students
from the second cohort were recruited for the fMRI experi-
ment based on availability, exclusion of MRI contraindica-
tions and aiming for a balanced gender distribution, but not
selected by genotype, to avoid stratification effects. Two par-
ticipants were excluded from data analysis because of insuffi-
cient information regarding past neuropsychiatric illness and
one due to abnormalities in the T1-weighted MRI; therefore,
the data analysis comprised 117 participants.

Data for the VBM study were pooled from four cohorts
of young, healthy participants, yielding a total sample size
of N = 420. Cohort I included the same participants as the
fMRI experiment. Cohort II consisted of participants from
previously published imaging genetics studies (Barman
et al., 2014; Richter et al., 2011; Schott et al., 2014). The par-
ticipants from cohorts III and IV belong to an ongoing study
and underwent the same MRI protocol as in the DELCODE
study (Diizel et al., 2018; Jessen et al., 2018).

Demographic data of all study cohorts are summarized in
Table 1. All participants gave written informed consent in ac-
cordance with the Declaration of Helsinki and received finan-
cial compensation for participation. The work was approved
by the Ethics Committee of the University of Magdeburg,
Faculty of Medicine. All participants received financial com-
pensation for their participation, which was calculated based
on a fixed amount for blood sampling, plus an hourly rate for
neuropsychology and neuroimaging studies.

2.2 | Genotyping

Genomic DNA was extracted from EDTA-anticoagulated
venous whole blood using the GeneMole automated DNA
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GG AG/AA
Behavioural experiment
1st cohort
Women/Men 105/99 60/42
Mean age + SD 23.1+3.1 22.6 +2.7
2nd cohort
Women/Men 208/205 88/70
Mean age + SD 239+27 23.6 +£2.9
fMRI study
Cohort I
Women/Men 40/48 17/12
Mean age + SD 242 +2.5 25.1 +2.7
VBM study
Cohort I, II, III, IV
Women/Men 159/153 48/60
Mean age + SD 24.1 £2.84 242 +3.14
Cohort (I, II, IIT, IV) 88/165/45/14 29/60/14/5
TIV (cm®) + SD 1,529 + 141.4 1,502 + 128.2

Note: SD, Standard deviation; TIV, total intracranial volume.

extraction system (Mole Genetics) according to the manu-
facturer’s protocol. Genotyping of NCAN rs1064395 was
performed using a PCR followed by allele-specific restric-
tion analysis. The DNA fragment containing the rs1064395
polymorphism was amplified using standard PCR methods
with the primers NCAN-f (5’- CAG TCC TTA AGC AGA
CAT TGG TAG TGC C -3’) and NCAN-r (5’- GAC TGC
TGA AAG TGA GTA ACA GAC ATG GA -3’) (detailed
genotyping protocol available upon request). Allele-specific
restriction cutting of the G allele was performed with the Acil
isoschizomer Ssil (Thermo Fisher Scientific), and the result-
ing DNA fragments (G: 129 bp + 238 bp; A: 367 bp) were
separated on Midori-green-stained agarose gels and visual-
ized under UV light.

2.3 | Behavioural data
acquisition and analysis

All subjects of the first and second cohort performed
a computer-based version of the VLMT, adapted with

. TABLE 1 Demographic data of both
Statistics .
cohorts and fMRI experiment separated by
genotype
X2 =1.48;
p=.274
Fi304=1.89;
p=.17
x = 1.30;
p=.26
Fy 560 = 1.25;
p=.25
¥ =151;
p=.22
Fi 115 =2.90;
p=.09
X = 1.36;
p=.244
ty3 = —0.49;
p=.642
X3 =0.28;
p=.964
tyg = 1.72;
p=.09

minor modifications from the original version of the test
(Helmstaedter et al., 2001). Performance of the VLMT
was part of a larger-scale neuropsychological testing ses-
sion (Barman et al., 2014; Richter et al., 2011). Testing was
computer-based, and in each learning trial, participants were
presented with 15 words. Participants were asked to mem-
orize the words and then write down all words they could
remember.

In the first cohort a shortened version of the VLMT was
used consisting of three learning trials and an unexpected
free-recall test 24 hr after the last presentation of the original
word list. In the second cohort the full version was assessed
consisting of five learning trials and an interference list at
the end. An unexpected free-recall test of the original word
list was conducted immediately after the recall of the distrac-
tor list and 30 min and 24 hr after the last presentation of
the original word list. In all trials, the number of correctly
recalled words was the dependent variable of interest. To in-
crease statistical power, we combined both cohorts for statis-
tical analysis, considering only overlapping trials 1 to 3 and
the 24-hr delayed recall trial from both cohorts. Data were
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analyzed in SPSS with a two-way ANCOVA for repeated
measures with memory performance (correctly remembered
words in trials 1-3 and in the 24-hr delayed recall task) as
within-subject factor, NCAN genotype and cohort affiliation
(1 vs. 2) as between-subject factors and age and gender as
covariates of no interest. Post hoc two-sample t tests were
performed in the case of a significant main effect of genotype
in the ANCOVA.

2.4 | FMRI experiment

2.4.1 | Experimental paradigm

117 Participants from the second cohort of the behavioural
study underwent a well-established visual memory task
in which novel scenes are encoded (Diizel et al., 2011),
with minor modifications, as described previously (Schott
et al., 2014). Before MRI acquisition one indoor and one out-
door scene (=“master pictures”) were presented five times
each. In the scanner, participants were presented with 88
novel images (44 indoor and 44 outdoor scenes) as well as
22 repetitions of each of the two familiar master pictures.
The pictures were presented in a pseudo-random order. Each
stimulus was shown for 2.5 s, followed by an average delay
of 1,000 ms (jittered with SD 500 ms), during which a fixa-
tion cross was shown. The order of stimulus presentation was
optimized for event-related fMRI time series (Hinrichs et al.,
2000). Participants indicated via button press whether an in-
door or an outdoor scene was presented. After completing the
task, participants underwent further structural MR imaging
and, after leaving the scanner, were asked to complete the
NEO-FFI personality questionnaire. Approximately 90 min
after the start of the fMRI session, a recognition memory task
with a five-level confidence rating was performed outside the
MR tomograph, during which the 90 images from the fMRI
session were presented randomly intermixed with 44 distrac-
tors that had not been presented before (22 indoor and outdoor
scenes each). Subjects rated their recognition confidence on a
scale ranging from 1 to 5 (*1”: definitely new; “2”: probably
new; “3”: unsure; “4”: probably old; and “5”: definitely old).
These confidence ratings were used as behavioural measures
to form the regressors during first-level fMRI data analysis.

2.4.2 | MRI data acquisition

Structural and functional MRI was acquired using a Verio
Syngo 3T MR system (Siemens Medical Systems) with
a 32-channel head coil. Prior to the functional MRI ses-
sion a Tl-weigthed sagittal 3D Magnetization Prepared
Rapid Acquisition Gradient Echo image (MPRAGE)
was acquired (192 slices, 256 X 256 pixel matrix, field of
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view (FOV) = 256 x 256 mm2, slice thickness = 1 mm,
TE = 4.37 ms, TR = 2,500 ms, flip angle = 7°, voxel size
of 1 x 1 x 1 mm?), followed by the actual fMRI encoding
experiment. A total of 206 T2*-weighted echo-planar im-
ages (EPIs) were acquired in a single session that lasted
approximately 8 min (40 axial slices; in-plane resolu-
tion = 104 X 104; FoV = 208 mm X 208 mm; voxel size:
2X2x%X3 mm3; TR = 2,400 ms; TE = 30 ms; flip angle
80°; odd—even interleaved acquisition order). Thereafter, a
co-planar T1-weighted inversion recovery echo-planer image
(IR-EPI, voxel size =2 X 2 X 2 mm°) was acquired for spatial
normalization (see below).

2.4.3 | Data processing and analysis

Data analyses were performed using Statistical Parametric
Mapping (SPM8; Wellcome Trust Centre for Neuroimaging,
Institute of Neurology, London, UK). A detailed description of
the analysis has been described previously (Barman et al., 2014;
Schott et al., 2014). Briefly, EPIs were corrected for acquisition
delay and head motion, normalized to the MNI reference space
using the normalization parameters obtained from segmenta-
tion of the IR-EPI and smoothed with an isotropic Gaussian
kernel of 6 mm at full width half maximum (FWHM). A two-
stage mixed effects model was used for statistical analysis,
using a previously described protocol to maximize comparabil-
ity with earlier studies (Barman et al., 2014; Schott et al., 2014).
At the first stage, 6 regressors of interest (novel pictures, sorted
by later recognition confidence and master pictures) were con-
volved with the canonical hemodynamic response function pro-
vided by SPM, and parameters of the general linear model were
estimated using a restricted maximum likelihood fit, with the
six movement parameters obtained from motion correction as
covariates of no interest. Linear contrast images were computed
for the novelty encoding condition (novel stimuli with recogni-
tion confidence ratings 4 and 5 compared to the master stimuli)
and for the difference-due-to-memory effect (DM effect; stim-
uli with recognition confidence ratings 4 and 5 compared to
stimuli with recognition confidence ratings 1 and 2). The result-
ing t contrasts of parameter estimates were then submitted to
a second-level full-factorial random effects model with NCAN
genotype as fixed factor and age and sex as covariates of no in-
terest. Because of our a priori hypothesis that, in the task at hand,
genotype-related effects would most likely be observable in the
hippocampus, we performed a region of interest (ROI)-based
analysis in the hippocampus bilaterally, using ROIs obtained
from the probabilistic cytoarchitectonic atlas (SPM Anatomy
Toolbox; Eickhoff et al., 2005). Accordingly, the significance
level was set to p < .05, family-wise error (FWE)-corrected for
the respective ROI with an a priori search threshold of 0.001
(uncorrected) and a minimum cluster size of five voxels. At the
second level, we computed an initial F contrast of the novelty
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effect, comparing NCAN genotype groups against each other,
and a ¢ contrast of the DM effect, based on the direction of the
novelty contrast.

2.4.4 | Behavioural data analysis of the
fMRI paradigm

The corrected hit rate was computed by subtracting the hit rate
(confidence ratings 4 and 5 for pictures displayed in the fMRI
scanner) from the rate of false alarms (confidence ratings 4 and
5 to new distractor pictures). A multivariate analysis of covari-
ance (MANCOVA) with hits and false alarms as dependent
variables, NCAN genotype as between-subject factor and sex
and age as covariates was calculated. To control for effects of
genotype on the indoor/outdoor scene decision in the encoding
phase in the MRI scanner, an additional MANCOV A was con-
ducted with reaction times and error rates (sex and age as covar-
iates). Guided by the results of the experiment by Raum et al.
(2015) with worse memory performance in risk allele carriers,
we conducted a one-tailed ¢ test for hits and the corrected hit
rate. As Kolmogorov—Smirnov test showed a significant devia-
tion from normal distribution for false alarms (Kolmogorov—
Smirnov-Z = 1.378; p = .045), we performed a Mann—Whitney
U test to test false alarms rate.

2.5 | Brain-behaviour correlations

Guided by the observed association of the NCAN A allele with
lower memory performance and higher memory-related hip-
pocampal activation, we conducted an exploratory brain—be-
haviour correlation to further elucidate the relationship between
recognition performance and activation of left hippocampus
during successful encoding. A power analysis using G*Power
(Faul, Erdfelder, Buchner, & Lang, 2009; Faul, Erdfelder,
Lang, & Buchner, 2007) suggested that at an expected effect
size of Ipl = 0.3 and a power of 0.8, a sample size of 84 subjects
would be required. Therefore, we performed the correlational
analyses only in the entire sample, but not in the two genotype
groups separately. We extracted DM-related fMRI activations
(fitted and adjusted response) of the largest activation cluster
in the left hippocampus ([x y z] = [-30 —28 —12]; the contrast
testing subsequently remembered against subsequently forgot-
ten pictures). These values were correlated with individual rec-
ognition performance scores (hits, false alarms and corrected
hit rates), using Spearman’s rank correlations. To verify the
reliability of the correlations, we also computed Shepherd’s Pi
correlations, which have been proposed to improve robustness
of brain—behaviour correlations. Shepherd’s Pi correlations are
based on Spearman’s non-parametric correlation and addition-
ally include a bootstrap-based estimation of the Mahalanobis
distance (D,) and a rejection of data points beyond 6 squared

units as outliers, thereby allowing for an unbiased outlier re-
moval (Schwarzkopf, de Haas, & Rees, 2012).

2.6 | Voxel-based morphometry
Genotype-related differences in local cortical morphology
were investigated with VBM, employing the Computational
Anatomy Toolbox (CATI12; http://www.neuro.uni-jena.de/
cat/). To obtain a reasonably large sample size, we pooled
data from 420 participants belonging to four cohorts (see
above and Table 1, bottom). Participants from cohorts I, TII
and IV were scanned on Siemens 3T MR systems (cohorts
I, III: Verio; cohort IV: Skyra), and participants from cohort
IT were scanned on a GE Signa 1.5 MR tomograph (General
Electric). In all participants, T1-weighted 3D MR images
were acquired at an isotropic resolution of 1 X I X 1 mm,
using a spoiled gradient-recalled sequence in cohort II, and
MPRAGE sequences in the other cohorts (details available
upon request).

Data processing and analysis were performed as described
previously (Gvozdanovic, Stampfli, Seifritz, & Rasch, 2020;
Weise, Bachmann, Schroeter, & Saur, 2019), with minor
modifications. Images were segmented into GM, white mat-
ter and cerebrospinal fluid using the segmentation algorithm
provided by CAT12. Segmented GM images were normal-
ized to the SPM 12 DARTEL template, employing a Jacobian
modulation and keeping the spatial resolution at an isotropic
voxel size of 1 mm®. Normalized GM maps were smoothed
with a Gaussian kernel of 8§ mm at FWHM. Statistical anal-
ysis was performed using an ANCOVA model with gen-
otype as fixed factor and age, gender and total intracranial
volume (TIV) as covariates. To account for the trend-wise
difference in TIV between the two genotype groups (Table 1,
bottom) and considering the previously reported influence of
TIV on VBM results (Crowley et al., 2018), voxel intensities
were proportionally scaled to the mean TIV of all subjects.
Genotype-related differences in local GM concentrations
were computed as two-sample T contrasts, using a cluster-de-
fining a priori threshold of p < .001. We report cluster-level
FWE-corrected results at this threshold (Eklund, Nichols, &
Knutsson, 2016), and for explorative purposes, additional
clusters that came out significant at p < .001, uncorrected,
with a minimum cluster size of k = 100 voxels.

3 | RESULTS

3.1 | Genotype distribution

Among the 306 participants of the first cohort, we identi-
fied 10 individuals homozygous for the high-risk allele A of
NCAN genotype, 92 heterozygotes and 204 G homozygotes.
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Genotype distribution did not deviate from Hardy—Weinberg
equilibrium (HWE) (X2 = 0.01; p = .92). In the second co-
hort, the sample of 571 volunteers included 13 A homozy-
gotes, 145 heterozygotes and 413 G homozygotes. As in the
first cohort, there was no significant deviation from HWE
(X2 < 0.01; p = .95). Among the participants of the fMRI
experiment, 88 subjects were homozygote for the low-risk
allele G and 29 were carriers of the high-risk allele A (27
heterozygotes and two homozygotes). As in the two co-
horts of the behavioural experiment, allele frequencies did
not deviate from Hardy—Weinberg equilibrium (x* = 0.002;
p = .97). Across the four cohorts contributing to the VBM
study, we identified eight A homozygotes, 100 heterozygotes
and 320 G homozygotes. Allele frequencies were at HWE in
the pooled cohort (X2 =0.003; p = .954) as well as in all sub-
cohorts I to IV (all X2 < 1.07; all p > .301). Due to the low
number of A homozygotes, we compared all A (risk allele)
carriers to the G homozygous subjects in all comparisons.

3.2 | Genotype effects on explicit memory
performance

3.2.1 | Verbal learning and memory task

A two-way ANCOVA for repeated measures with memory
performance (correctly remembered words in trials 1-3 and
in the 24-hr delayed recall task) as within-subject factor,
NCAN genotype and cohort affiliation (1 vs. 2) as between-
subject factors and age and gender as covariates of no interest
was conducted. As Mauchly’s test of sphericity was signifi-
cant (X2 =221.17; p < .001), Greenhouse—Geisser correction
was used whenever a factor had more than two levels.
ANCOVA revealed a significant main effect of NCAN geno-
type on memory performance (F)g;; = 4.15; p = .042)
(Figure 1a, Table 2). There was also a significant main effect
of memory (F(361:027504=19.567; p < .001), reflecting the
learning curve from the first to the third trial, and a signifi-
cant main effect of cohort (I g;; = 5.29; p = .022), most
likely reflecting differences in testing conditions’ A detailed
description of further significant effects of covariates of no
interest and significant interactions can be found in Table S1.

3.2.2 | Visual recognition memory (fMRI
experiment)

In analogy to the VLMT, high-risk A allele carriers exhib-
ited lower memory performance for visual scenes in the

'Cohort 1 was investigated in a classroom-like setting (approx. 20 subjects
per session), while the testing in Cohort 2 was performed in a smaller
testing room with a maximum of five participants per session.
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FIGURE 1 Influence of NCAN rs1064395 on recognition: (a)

Participants with no risk allele (GG) exhibited a significant higher
memory performance in the VLMT. (b) hits, false alarms and corrected
hit rates during recognition phase of the fMRI task: risk-allele carriers
showed trend-wise lower corrected hit rates (1 = 1.423; p = .079
(one-tailed), mainly driven by significantly higher false alarm rates in
risk-allele (A) carriers (U = 864.50; p = .009)

recognition phase of the fMRI experiment compared to par-
ticipants homozygous for the low-risk G allele (MANCOVA
effect of NCAN genotype: Wilks’ A =0.931; p =.018) driven
by the false alarms (F = 8.31; p = .005). A one-tailed ¢ test
showed an effect of NCAN genotype on corrected hit rate at
trend level (T = 1.423; p = .079), which was mainly driven
by the significant higher rate of false alarms in risk allele
carriers (U = 864.50; p = .009). Hit rates did not differ sig-
nificantly (7= 0.13; p = .893). See Figure 1b and Table 2.

Importantly, no genotype effects were observed with re-
spect to reaction times or error rates of the indoor/outdoor
decision during the encoding phase in the MRI scanner (no
MANCOVA effect of NCAN genotype: Wilks” A = 0.973;
p = .214; participants were not instructed to respond as fast
as possible).

3.3 | Genotype effects on memory-related
hippocampal activity

All fMRI results are based on a comparison of the first-
level novelty and DM effect contrasts between the genotype
groups. We first report neural correlates of novelty and suc-
cessful encoding for the sake of comparability with previ-
ous studies, followed by differences between the genotype
groups.
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TABLE 2 Behavioural data

Cohen's
GG AA/AG Statistics d
VLMT
Trial 1 10.01 +2.34 10.08 +2.24 T=-0374;p=.708 0.03056
Trial 2 12.97 + 1.87 12.76 + 1.90 T=1.546;p=.122 0.11140
Trial 3 13.86 + 1.44 13.63 + 1.54 T=2.084; p =.037 0.15428
Trial 24h 12.69 +2.57 12.20 +2.83 T=2371;p=.018 0.18127
fMRI task
Corrected hit 50.98 + 14.01 46.75 + 13.50 T=1423;p=.157 0.30747
rate
Hits 62.06 + 12.10 62.42 + 13.98 T=-0.134;p=.893  0.02754
False alarms 11.08 + 7.87 15.67 + 8.20 U=2864.50;p=.009 0.57113

Note: VLMT: Number of correct remembered words + standard deviation (SD). FMRI task: corrected hit rate,

hits and false alarms in percent + SD. p values of the T tests are indicated two-tailed.

3.3.1 | General neural correlates of novelty
encoding processing and DM effect

As expected, the analysis of the novelty contrast (BOLD
response to novel stimuli with subsequent recognition con-
fidence ratings 4 and 5 compared to the “master” scenes)
revealed significant activations in the left hippocampus ([x
y z] = [-20 =16 20]; T};; = 9.52; p < .001, whole-brain
FWE-corrected, cluster size = 60 voxels) and the right par-
ahippocampal gyrus ([x y z] = [26 42 —14]; Ty1; = 24.20;
p < .001; whole-brain FWE-corrected) independently of
NCAN genotype. Further significant activations were regis-
tered in the dorsolateral and medial prefrontal cortex (BA
11 + 46) as well as in the cingulate gyrus. For further infor-
mation see Table S2.

When analyzing the DM (difference-due-to-memory)
effect (BOLD response to novel stimuli with subsequent
recognition confidence ratings 4 and 5 compared to those
with recognition confidence 1 and 2) significant brain acti-
vations were observed in the left parahippocampal gyrus ([x
y z] = [-26 —44 —-14]; Ty;; = 6.55; p < .001; whole-brain
FWE-corrected, cluster size = 44 voxels) and the right par-
ahippocampal gyrus ([x y z] = [24 —40 -14]; Ty, = 6.57;
whole-brain FW-corrected, cluster size = 41 voxels). For fur-
ther information see Table S3.

3.3.2 | Genotype effects on novelty
encoding and subsequent memory effect

An ANCOVA with NCAN genotype as fixed factor and sex
and age as covariates of no interest revealed a significant
main effect of genotype on left hippocampal activation in
the novelty contrast ([x y z] = [-30 -28 —10]; F = 16.76;
p = .022) with high-risk A allele carriers showing a sig-
nificantly higher hippocampal activation (Figure 2a). The

same effect could be observed examining the DM effect
(comparison of later remembered words with confidence
rating 4 and 5 compared to later forgotten words with con-
fidence rating 1 and 2). In this condition, high-risk allele
carriers showed likewise a significantly higher hippocam-
pal activation ([x, y, z] = [-30, —28, —12]; T = 3.80;
p =.029) (Figure 2b).

3.3.3 | Brain -behaviour correlations

When correlating the fMRI response of the hippocampal ac-
tivation during successful memory formation (DM effect)
with the memory performance (corrected hit rates) in the
recognition phase, we found higher left hippocampal activa-
tion during encoding to exhibit a significant negative cor-
relation associated with memory performance (Spearman's
p = —0.285; p = .0018). This correlation remained signifi-
cantly negative when performing an unbiased outlier ex-
clusion based on the Mahalanobis distance (Shepherd’s Pi
correlation; Schwarzkopf et al., 2012; see Figure 2c). When
directly correlating the hippocampal DM responses with hits,
the correlation was negative, but did not reach significance
(Spearman’s p = —0.131; p = .159). False alarms showed a
marginally significant positive correlation with the hippocam-
pal response (Spearman’s p = 0.182; p = .0493), but this was
no longer significant after outlier exclusion (p = .261).

3.4 | Genotype effects on human
cortical anatomy

Using VBM as implemented the CAT12 toolbox, we aimed
to assess potential differences in local GM distribution be-
tween NCAN genotype G homozygotes and A carriers. While
we detected no differences in GM density in the hippocampus
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FIGURE 2 Modulation of memory-related hippocampal activity
by NCAN genotype: (a) allele carriers showed a significantly higher
hippocampal activation during novelty encoding (F = 16.76; p = .022
FWE-corrected for hippocampal ROI volume) and when comparing
in the recognition phase correctly remembered items versus later
forgotten pictures (DM effect; T = 3.80; p = .029 FWE-corrected for
ROI volume). Coordinates are in MNI space; bar plots depict SPM
contrasts for the remembered versus forgotten scenes, separated by
genotypes. Error bars depict standard error of the mean. (c) Increased
hippocampal activation during successful encoding was negatively
correlated with recognition performance (corrected hit rate). The plot
depicts an outlier-robust Shepherd’s pi correlation (Schwarzkopf

et al., 2012). Data points of G homozygotes are shown in blue, and
data points of A carriers are shown in red.

or adjacent medial temporal lobe (MTL) structures, we found
that A carriers showed lower GM density in three regions
within the prefrontal cortex (PFC; Figure 3). The largest
and most robustly significant cluster (p < .05, whole-brain
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FWE-corrected at cluster level with an a priori significance
level of p < .001) encompassed portions of the left ventro-
lateral PFC (VLPFC), mostly the left inferior frontal gyrus
(LIFG), pars triangularis (BA 44, 45; [x y z] = [-49 8 2]),
and extended into the left frontal operculum (BA 44) and the
most anterior portions of the left insula. In a further explora-
tory analysis (p < .001, uncorrected, with a minimum cluster
size of 100 voxels), we observed two smaller clusters within
the PFC (Table 3). One was located in the right frontopolar
cortex (BA 10; [x y z] = [12 74 16]), and the other extended
from the left VLPFC into the precentral gyrus (BA 44; [x y
z] =[-722 24)).

3.5 | Expression quantitative trait loci
(eQTLs) linked with NCAN rs1064395

To link our genotype-dependent behavioural and brain struc-
tural and functional data to the potential molecular conse-
quences of the SNP, we performed an eQTL analysis for
gene expression changes. In 2016, Wang et al. (2016) pub-
lished significantly increased neurocan expression in the
frontal cortex of A allele carriers, based on eQTL data from
the BrainEAC database. However, due to the small sample
size (95 GG, 37 GA, 2 AA), the statistical significance was
rather poor (p = .0022). Here, we conducted eQTL analyses
in the eQTL BrainSeq database (Schubert et al., 2015; http://
eqtl.brainseq.org/) and found a moderate association of the A
allele with NCAN expression levels in the dorsolateral pre-
frontal cortex (DLPFC) (p = 3.2559¢-4, FDR = 3.0763e-2).

GG > A carriers

4.0

35

SPM {T}

3.0

FIGURE 3 NCAN rs1064395 and prefrontal grey matter density.
A allele carriers showed significantly reduced grey matter density

in the left ventrolateral PFC (p < .05, family-wise error-corrected

at cluster level) and, to a lesser degree, also in the right rostral PFC
(minimum cluster size = 100 voxels). Cluster-defining threshold

p < .001, uncorrected
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TABLE 3 Genotype-related differences

Cluster . .
Structure BA size [xyz] SPM{T} in grey matter density
GG > A carriers
Left inferior frontal gyrus/ 44,45 1,340* -50122 3.97
frontal operculum
Left anterior insula 45 -4620 3.82
Left rolandic operculum 44 —5428 3.39
Right medial frontal gyrus 9,10 353 1274 16 4.21
Right superior frontal gyrus 9,10 16 68 18 3.41
Left postcentral gyrus 44 179 -70224 3.86
44 -58018 3.36
A carriers > GG
Left cerebellum/vermis 287 —4 —-44 =34 3.83
Left cerebellum 134 -6 —-62 -63 3.51
122 —6 —58 =50 3.29

Note: Clusters of significant grey matter density are reported at p < .001, uncorrected, with a minimum cluster

size of k = 100 voxels.

BA, Brodmann area.

“All clusters are reported at p < .001, uncorrected, with a minimum cluster size of k = 100 voxels. p < .05,

FWE-corrected at cluster level.

&1 chr. 19
19210k [19,215k  [19,220k  [19,225k 19230k 19,235k  [19,240k  [19,245k  J19,250k  J19,255k 19,260k |
NCAN rs1064395 HAPLN4
N | [TH ~ 11 l - l 1
| Kl | mni I. 2 1 | Zs | 1 >
(b)
20 2.6 >8
2.6
5 24 3
;' 15 hs 24
£ E = 22 2 322
f10 & g 2 g 20
] ¥ H %ﬁ' g 18
205 K3 g 18 e gL
:I’:‘ 0—#7 N 1.6 { 14 2
_s - 14 : 1.2 %
RS 12 1.0 %
GG (197) GA (146) AA (41) GG (197) GA (146) AA (41) GG (193) GA (144) AA (43)
DLPFC NCAN DLPFC HAPLN4 Hippocampus HAPLN4

FIGURE 4 Gene locus of rs1064395 and potential effects on ECM gene expression. (a) Alignment of the SNP rs1064395 to the 3¢

untranslated region of the human NCAN gene located on chromosome 19. The neighbouring inversely oriented HAPLN4 gene is also depicted. (b)
eQTL analysis of the SNP rs1064395 in the eQTL Brainseq database (http://eqtl.brainseq.org/) has revealed significant effects on the expression of
NCAN in the DLPFC, but also on HAPLN4 expression in DLPFC and hippocampus of risk allele carriers

Interestingly, the expression of the neighbouring HAPLN4
gene encoding the ECM link protein Hapln4/Bral2 (Figure 4a)
correlated with the NCAN SNP rs1064395 with much higher
statistical significance both in the DLPFC (p = 3.1169e-7,

FDR = 6.5569¢-5; replication in first phase BrainSeq:
p = 1.534e-12, FDR = 3.068e-10) and in the hippocampus
(p = 4.1180e-17, FDR = 5.1398e-14; same allelic direction
in the GTExX project) (Figure 4b).
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4 | DISCUSSION

Our study provides evidence for an effect of NCAN rs1064395
on memory performance and hippocampal function in young,
healthy adults. We could replicate previous results (Raum
et al., 2015) that NCAN rs1064395 is associated with lower
memory performance. Specifically, individuals carrying the
NCAN psychiatric risk allele A showed a significantly lower
memory performance during delayed verbal recall and a
higher false alarm rate during recognition of scene stimuli. In
our fMRI study, we found a significant association of NCAN
rs1064395 with hippocampal activation during encoding,
with A carriers showing inefficiently increased hippocampal
activation in both the novelty contrast (novel vs. highly fa-
miliar scenes) and the DM contrast (later recognized pictures
vs. forgotten scenes). Finally, using VBM, we found that A
carriers showed lower GM density in the ventrolateral and
rostral prefrontal cortex.

4.1 | Effect of NCAN genotype on
hippocampus-dependent memory

Our observation of lower performance in the delayed recall
phase of the VLMT replicates a previous study by Raum
et al. (2015), who also found an association of the A allele
with poorer immediate and free recall performance in the
same memory test. Furthermore, we also observed higher
false alarm rates and, as a result, trend-wise lower corrected
hit rates in rs1064395 A carriers during the recognition phase
of the scene encoding task performed in the fMRI study.
Together with the findings by Raum et al. and a study report-
ing a deleterious effect of the A allele on memory perfor-
mance in patients with SCZ (Wang et al., 2016), our results
provide converging evidence for a role of the NCAN genomic
locus in human hippocampus-dependent memory. The effect
sizes observed in our present study (Table 2) were lower than
those reported by Raum et al. (2015), which were in a range
of 0.51 < Cohen’s d < 0.62.% This is of note when consider-
ing that the sample size contributing to the VLMT data was
substantially larger in our study (N = 877 vs. 110). One likely
reason for this is a difference in sample homogeneity. While
Raum and colleagues included individuals of a rather broad
age range (18-56) and from different educational back-
grounds (mean years of education ~11.8 years), our sample
was very homogeneous, consisting solely of students or uni-
versity graduates with at least a high school diploma (German
Abitur or similar) and age of 18-35 years. In such a

Raum et al. did not report effect sizes in their article from 2015, and
Cohen’s d values were calculated by the authors of the present study based
on the descriptive statistics reported by Raum et al. (i.e., means, standard
deviations, and sample sizes).
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homogenous sample, effect sizes of genetically mediated dif-
ferences should be expected to be low. Moreover, a common
phenomenon in genetic association studies, but not limited to
these, is that effect sizes tend to be relatively large in the ini-
tial reports and turn out to be smaller in replications and
meta-analyses (Ioannidis, 2008). This phenomenon is par-
ticularly common in small, and thus likely underpowered,
samples (Button et al., 2013), Therefore, while the replicabil-
ity of the association between the NCAN psychiatric risk vari-
ant and explicit memory performance is so far encouraging
with three studies reporting converging results (Raum
etal., 2015; Wang et al., 2016, and the present study), further
replications and perspectively meta-analyses will be required
to estimate the true strength of the observed association.

To further elucidate how the NCAN psychiatric risk variant
might exert its influence on memory processing, we investi-
gated its effects on hippocampal function during the process-
ing of novel scene stimuli and their encoding into episodic
memory using fMRI. The task employed has previously been
evaluated extensively and provides a useful measure to assess
altered brain activity patterns during encoding in relation to
aging (Diizel et al., 2011) and genetics (Barman et al., 2014;
Schott et al., 2014). Analyses of novelty processing and suc-
cessful encoding (DM effect) yielded significant activations
in the bilateral hippocampus and parahippocampal gyrus, in
line with previous findings (Diizel et al., 2011). Notably, A
carriers exhibited increased rather than decreased hippocam-
pal activation during novelty processing and successful en-
coding compared to G homozygotes. In both contrasts, the
novelty contrast and the DM contrast, only successfully en-
coded (i.e. later remembered) items were compared to either
the highly familiar master images (novelty contrast) or the
subsequently forgotten novel images (DM contrast). The rel-
ative hyperactivation of the left hippocampus in A carriers
during successful encoding (DM) further showed a signif-
icant negative correlation with memory performance. This
may at first seem counterintuitive, but it should be noted that
the DM contrast already reflects a differential rather than
an absolute hippocampal activation, suggesting that A car-
riers, who exhibit lower memory performance, may show
additional recruitment of the hippocampus as compensatory
mechanism to achieve encoding success.

A number of studies have assessed the modulation of hip-
pocampal activity during encoding and retrieval by geneti-
cally mediated individual differences. While gene variants of,
for example, CACNA1C, PCLO or RASGRF1 have been as-
sociated with reduced activation of the hippocampus in carri-
ers of the allele associated with poorer memory performance
(Barman et al., 2014; Schott et al., 2014) or increased risk
of psychiatric illness (Erk, Meyer-Lindenberg, Linden, et al.,
2014; Erk et al., 2010), other studies, for example on BDNF
and COMT (Fera et al., 2013; Krach et al., 2010; Wegman,
Tyborowska, Hoogman, Arias Véasquez, & Janzen, 2017),
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have revealed increased hippocampal activation in carriers
of the presumed risk alleles. There is, thus far, little agree-
ment with respect to the memory-related contrasts that are
employed in imaging genetics studies of human memory.
Some studies have compared high to low memory conditions
(e.g. Bertolino et al., 2006; Erk, Meyer-Lindenberg, Linden,
etal., 2014), while others have employed subsequent memory
contrasts (Barman et al., 2014; Schott et al., 2006). Therefore,
in addition to the specific genes investigated, one potential
explanation for the discrepancy regarding increased versus
decreased hippocampal activation in carriers of the presumed
risk allele observed in imaging genetics studies of hippocam-
pus-dependent memory may also be related to the specific
contrasts tested.

4.2 | Hippocampal dysfunction in psychosis
risk and a potential role for the ECM

Previous neuroimaging studies have shown altered neu-
ral activation patterns related to episodic memory and
novelty processing in patients with SCZ (Oertel-Knochel
et al., 2014; Preston et al., 2005; Ragland et al., 2009; Schott
et al., 2015; Zierhut et al., 2010) and also BD. Those re-
sults are mirrored by similar findings in individuals at high
psychosis risk (Lieberman et al., 2018) and in unaffected
relatives of patients with SCZ (Christodoulou, Messinis,
Papathanasopoulos, & Frangou, 2012; Saleem, Kumar, &
Venkatasubramanian, 2018), demonstrating that they may
reflect a risk state rather than an effect of the disease itself.
Furthermore, unaffected relatives and carriers of a genetic
risk variant in the CACNAIC gene exhibit qualitatively
similar alterations of memory-related frontolimbic network
activity (Erk, Meyer-Lindenberg, Schmierer, et al., 2014),
supporting the notion that genetically driven risk mecha-
nisms for psychiatric disorders may be even observable in
healthy allele carriers of single risk variant.

The precise role of the hippocampus and MTL memory
system in the pathogenesis of psychotic disorders is a matter
of ongoing debate. While hippocampal volumes are typically
reduced in patients with SCZ compared to healthy controls
even at a very early stage of the disorder (Bartsch, Schott,
& Behr, 2019; Bogerts et al., 1990), hippocampal neural ac-
tivity has been suggested to be tonically increased, and this
increase is inversely associated with cognitive performance
(Friston, Liddle, Frith, Hirsch, & Frackowiak, 1992; Schobel
et al., 2009; Suazo, Diez, Tamayo, Montes, & Molina, 2013;
Talati et al., 2014; Tregellas et al., 2014). While patients with
SCZ usually show only moderate memory deficits, several
authors have emphasized the role of the hippocampus in
the manifestation of the core clinical features of psychosis
like delusions and hallucinations, which are collectively re-
ferred to as positive symptoms (for two recent reviews, see

Bartsch et al., 2019; Lieberman et al., 2018). One mechanism
underlying this phenomenon may be that hippocampal hy-
perfunction promotes mesolimbic dopamine release (Bartsch
et al., 2015; Lisman & Grace, 2005; Lisman et al., 2008;
Lodge & Grace, 2007). Notably in this context, ECM proteo-
glycans modulate the outgrowth of dopaminergic midbrain
neurons during development (Berglof et al., 2008), and D1
type dopamine receptor activation can promote proteolysis
of ECM components (Mitlohner et al., 2020). The interac-
tion between the ECM and the dopaminergic system may
thus provide an interesting candidate mechanism for the mo-
lecular pathophysiology of SCZ. While those concepts are
primarily derived from animal models, it should be noted
that both dysproportional hippocampal engagement during
episodic encoding (Zierhut et al., 2010) and altered hippo-
campal—frontolimbic functional connectivity during novelty
processing (Schott et al., 2015) have been associated with
severity of positive symptoms. A limitation of the present
study is that we did not assess subclinical traits of psychosis
proneness (e.g. schizotypy). Future studies should be investi-
gated to what extent atypical hippocampal and frontolimbic
response patterns in individuals at genetic risk of psychosis
might be related to subclinical psychosis-related traits.

43 | Neurocan genetic variant and
prefrontal cortex structure

Despite the observed relationship between NCAN rs1064395
and human memory performance and the dysfunctional hip-
pocampal activation found in A carriers, we did not observe
an effect of the polymorphism on hippocampal morphology,
as previously reported (Dannlowski et al., 2015). We could,
however, replicate the finding from the same study that
rs1064395 was associated with reduced circumscribed pre-
frontal GM density in healthy carriers of the A allele. Similar
to our findings, Dannlowski and colleagues also observed
lower GM concentrations in the LIFG and in the right anterior
PFC of A allele carriers. More recently, NCAN rs1064395
has also been suggested to affect white matter volume in sev-
eral brain regions in young adults and infants, including the
left inferior prefrontal cortex (Einarsdottir et al., 2017). An
earlier study by Schultz et al. (2014) had reported reduced
cortical folding in the left dorsolateral PFC in patients with
SCZ, but not in healthy controls. It should be noted, though,
that the sample size in that study (N = 65) may have been
too small to detect subtle genetically mediated differences in
cortical morphology in a psychiatrically healthy population.
Reduced ventrolateral and rostral PFC GM has been reported
in patients with SCZ compared to both healthy controls and
patients with BD (Nenadic et al., 2015) as well in BD pa-
tients with compared to those without history of psychotic
symptoms (Ekman et al., 2017). In a meta-analysis of VBM
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studies in patients with SCZ and their unaffected relatives
(Palaniyappan, Balain, & Liddle, 2012), the medial PFC (in
vicinity of the frontopolar cluster identified here) was among
the brain structures showing reduced GM density as a func-
tion of disease diathesis (relatives < controls), whereas the
LIFG was one of the regions with reduced GM density re-
lated to disease expression (patients < relatives). While all
participants of the present study were young, healthy indi-
viduals, the observation that NCAN A allele carriers showed
reduced GM density in both the LIFG and the right (medial)
frontopolar cortex provides further support for subtle struc-
tural alterations in these parts of the PFC in the risk develop-
ment for SCZ and possibly other major psychiatric disorders
like BD. Notably in this context, reduced frontopolar and
ventrolateral prefrontal activation during episodic encoding
has been found in a meta-analysis of fMRI studies in patients
with SCZ (Ragland et al., 2009), providing further evidence
for a role of these parts of the PFC in the pathophysiology of
psychotic disorders.

An additional explanation for the observed prefrontal GM
reductions in A carriers may be related to the neuroinflam-
mation hypothesis of SCZ (Buckley, 2019), which has re-
cently gained considerable attention. In a post-mortem study
of multiple sclerosis (MS), a paradigmatic neuroinflamma-
tory disorder, Fransen et al. (2020) found that carriers of the
A allele of NCAN rs1064395 exhibited a higher incidence
of cortical GM lesions compared to G homozygotes. While
neuroinflammatory activity in SCZ does by no means reach
the degree of inflammation regularly found in MS, future
research should nevertheless explore the possibility of neu-
roimmunological dysregulation as a potential factor contrib-
uting to the observed effects of the NCAN polymorphism.

4.4 | Potential underlying
cellular mechanisms

The human NCAN gene is located on chromosome 19p12-
13.1 in close neighbourhood to the inversely oriented
HAPLN4 gene encoding the ECM link protein Hapln4/Bral2
(Bekku et al., 2003; Spicer, Joo, & Bowling, 2003). The
product of this gene is another important constituent of brain
ECM. It binds to hyaluronic acid and largely colocalizes
with brevican, one of the major brain proteoglycans (Bekku
et al., 2003). Hapln4 has been shown to be strongly expressed
in normal human cortex, but its expression is decreased in
high-grade glioma samples (Sim, Hu, & Viapiano, 2009).
Studies report an impact of Hapln4/Bral2 deficiency on extra-
cellular space architecture and diffusion properties in several
brain areas in HAPLN4 knockout mice (Cicanic et al., 2018;
Sucha et al., 2020). Thus, the eQTL results presented here
point to a rather complex scenario of potentially subtle ECM
modifications comprising not only (if at all) the NCAN gene
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product itself but also a hyaluronan link protein and poten-
tially also brevican as Hapln4 partner molecule in brain ECM
perineuronal nets.

5 | LIMITATIONS
One limitation of the current study is related to the analysis
of the fMRI data. To maximize comparability with previ-
ous studies using the same experimental paradigm (Barman
et al., 2014; Schott et al., 2014), we computed differential
contrasts of interest (novelty, DM) at the first level. Therefore,
no main effects of genotype independent of these contrasts
could be computed. It should be noted, though, that the use
of differential contrasts, such as high versus low memory
conditions (Bertolino et al., 2006; Erk, Meyer-Lindenberg,
Linden, et al., 2014; Kauppi, Nilsson, Adolfsson, Eriksson,
& Nyberg, 2011) or subsequently remembered versus sub-
sequently forgotten items (Barman et al., 2014; Schott
et al., 2006), in second-level analyses is currently the most
common approach in imaging genetics studies of human
memory. A more recently used alternative approach is the
use of encoding success as a parametric modulator (Richter
et al., 2017), which should be further explored in the future.
Another limitation concerns the brain—behaviour correla-
tion, which was only computed across the entire study sam-
ple (Figure 2¢). While the observed correlation supported our
assumption that increased hippocampal activation in relation
to the NCAN polymorphism was to some degree inefficient,
separate correlations for each genotype group might have
been more informative. However, power analysis suggested
that the sample sizes would be likely too small, particularly
in the group of A carriers. Yarkoni noted that the power to de-
tect a correlation of r = .2 with a significance level of p < .05
would be as low as about 0.2 (see Yarkoni, 2009, Figure 1).
Button et al. (2013) have further pointed out that low power
increases the risk of reporting not only false-negative but also
false-positive results, as it decreases the positive predictive
value. Therefore, the brain—behaviour correlations were not
performed separately for the genotype groups.

6 | CONCLUSIONS
Our results provide evidence for a role of the genome-
wide psychiatric risk variant NCAN rs1064395 in human
hippocampus-dependent memory. Carriers of the high-risk
A allele exhibit lower memory performance, but atypically
increased hippocampal activity during episodic encoding.
Furthermore, the A allele could be linked to decreased PFC
volume and higher expression of NCAN and of the neigh-
bouring ECM gene HAPLN4 in the PFC, pointing to a com-
plex scenario of developmentally manifested ECM and brain
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structure—function alterations. The present study thereby pro-
vides further evidence for the pivotal role of ECM-encoding
gene loci in the establishment of intermediate phenotypes of
neuropsychiatric disorders.
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