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Abstract
Spatial navigation is a crucial ability for living. Previous animal studies have shown that the S100B gene is causally related to
spatial navigation performance in mice. However, the genetic factors influencing human navigation and its neural substrates
remainunclear. Here,we provided thefirst evidence that the S100B genemodulates neural processing of navigationally relevant
scenes in humans. First, with a novel protocol, we demonstrated that the spatial pattern of S100B gene expression in
postmortem brains was associated with brain activation pattern for spatial navigation in general, and for scene processing in
particular. Further, in a large fMRI cohort of healthy adults of Han Chinese (N = 202), we found that S100B gene polymorphisms
modulated scene selectivity in the retrosplenial cortex (RSC) and parahippocampal place area. Finally, the serum levels of S100B
proteinmediated the association between S100B gene polymorphism and scene selectivity in the RSC. Our study takes the first
step toward understanding the neurogenetic mechanism of human spatial navigation and suggests a novel approach to
discover candidate genes modulating cognitive functions.
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Introduction
Spatial navigation is a crucial ability for creatures. Good naviga-
tion ability increased the survival rate for our ancestors, and
even in modern life, better navigation ability improves our jour-
ney during travel. Previous animal studies have shown that the
S100B gene is causally related to spatial navigation in mice. For
instance,mutantmicewith null S100B gene expression exhibit en-
hancednavigationperformance in thewatermaze test (Nishiyama
et al. 2002), while transgenic mice with over-expression of S100B
gene show impaired behavior in navigation (Gerlai et al. 1995).
However, whether S100B gene influences neural processing of spa-
tial navigation in thehumanbrain, and themechanismbywhich it
does so, remains unclear.

Perception of surrounding scenes is a critical component of
successful navigation in a complex environment. Neuroimaging

studies have identified several cortical regions selective for scene
processing in the human brain, including the parahippocampal
place area (PPA) in the posterior parahippocampal cortex (Epstein
et al. 1999), the retrosplenial cortex (RSC) in the parietaloccipital
sulcus (Maguire 2001), and the occipital place area (OPA, also
known as “TOS”) in transverse occipital sulcus (Grill-Spector
2003; Dilks et al. 2013). These regions respondmore strongly dur-
ing viewing of navigationally relevant scenes compared with
viewing of non-scene stimuli (e.g., objects) (Aguirre et al. 1998;
Epstein and Kanwisher 1998; Nakamura et al. 2000; Hasson
et al. 2003). Previous studies indicated that these regions play a
pivotal role in human spatial navigation (Epstein 2008). For ex-
ample, functional magnetic resonance imaging (fMRI) studies
have shown that these regions are activated inmental and virtual
navigation tasks (Ghaem et al. 1997; Maguire et al. 1998; Ino et al.
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2002; Rosenbaum et al. 2004; Spiers and Maguire 2006; Rauchs
et al. 2008). Moreover, lesions in these regions (e.g., PPA and
RSC) often lead to deficits in way-finding (Aguirre and D’Esposito
1999; Epstein et al. 2001; Mendez and Cherrier 2003). Together
with the association between the S100B gene and spatial naviga-
tion revealed in animal studies, we hypothesized that the S100B
gene may modulate cortical scene processing in the human
brain, especially in these scene-selective regions.

To test our hypothesis, we used a novel approach (see also
Gorgolewski et al. [2014]) to explore the association between the
S100B gene and neural processing of navigation. Specifically, we
examined the spatial similarity between the S100B gene expres-
sion map (from the Allen Human Brain Atlas, AHBA) (Hawrylycz
et al. 2012) and an activation map of navigation based on a large-
scale neuroimaging meta-analysis (from the Neurosynth) (Yar-
koni et al. 2011). After obtaining the association, we investigated
whether scene processing, the first and critical component of
spatial navigation, was modulated by the S100B gene; this was
done by examining whether the spatial pattern of S100B gene ex-
pression was related to that of brain activation during viewing of
natural scenes derived from a large cohort of participants (N =
202). Further, we examined whether single nucleotide poly-
morphisms (SNPs) in the S100B genemodulated scene selectivity
in the scene-selective regions. Finally, we examined whether the
serum level of the S100B protein, a proxy of S100B gene expres-
sion level in the brain (Reiber 2001; Rothermundt et al. 2004),
mediated the observed gene-brain association.

Materials and Methods
Participants

Two hundred and two college students (124 females; mean age =
20.3 years, standard deviation [SD] = 0.83 years) from Beijing Nor-
mal University (BNU), Beijing, China, participated in the study.
The sample sizewas determined based on 2 prior studies (Hohoff
et al. 2010; Dagdan et al. 2011),where reliable associations between
S100Bgeneand serumS100B levelswere revealed inhealthyadults
with the sample size of ∼200. The participants were recruited
through advertisement on campus, and all of them are Han Chin-
ese. All participants had no history of neurological or psychiatric
disorders andhadnormal orcorrected-to-normal vision. The data-
set is part of the Brain Activity Atlas Project (BAA, http://www.
brainactivityatlas.org/). The studywasapprovedby the Institution-
al Review Board of BNU. Written informed consent was obtained
from all participants before they took part in the experiment.

All participants (N = 202) underwent the fMRI scanning, and
no participant was excluded due to excessive head motion
(2 mm in translation or 2° in rotation from the first volume in
any axis) or visually detected registration errors (Zhen et al.
2015). In addition, most of these participants (N = 187; 111 fe-
males; mean age = 20.3 years, SD = 0.90 years) volunteered to pro-
vide venous blood samples for S100B SNP genotyping and serum
S100B measurement. Ten participants with undetermined geno-
types for any SNP were excluded during SNP genotyping, leaving
177 participants (103 females; mean age = 20.3 years, SD = 0.93
years) to be included for SNP analyses. No participant was ex-
cluded during serum S100Bmeasurement, leaving all 187 partici-
pants to be included for serum analyses.

Stimuli and fMRI Scanning

The stimuli used in the fMRI scanning contained colored movie
clips of 4 object categories (i.e., scenes, faces, objects and

scrambled objects) (Pitcher et al. 2011; Dilks et al. 2013). Movie
clips of scenes were mostly pastoral scenes shot from a car win-
dowwhile driving slowly through leafy suburbs, alongwith some
other films taken while flying through canyons or walking
through tunnels. Movie clips of faceswere filmed on a black back-
ground and framed close-up to reveal only the faces of 7 children
as they danced or played with toys or adults (who were out of
frame). Movie clips of objects showed moving toys, which were
included to examine cortical selectivity to scenes and faces.
Themovie clips of scrambled objects were constructed by scram-
bling each frame of the objectmovie clips (formore details on the
stimuli, see Pitcher et al. [2011]).

Each participant took part in a session of 3 blocked-design
fMRI runs. Each run lasted 3 min 18 s, and consisted of 2 block
sets intermixed with 3 18-s rest blocks at the beginning, middle,
and end of the run. Each block set consisted of 4 blocks, with 1
stimulus category presented in each 18-s block. Each block con-
tained 6 3-s movie clips from a stimulus category, which were
randomly drawn from a pool of 60 clips. The order of stimulus
category blocks in each run was palindromic and was rando-
mized across runs. During scanning, subjects were instructed to
passively view the movie clips.

fMRI Data Acquisition

Scanningwas conductedat BNU ImagingCenter for BrainResearch,
Beijing, China, on a Siemens 3T scanner (MAGENTOM Trio, a Tim
system) with a 12-channel phased-array head coil. Functional
blood-oxygen-level-dependent images were acquired with a T2*-
weighted gradient-echo, echo-planar-imaging (GRE-EPI) sequence
(TR/TE = 2000/30ms; flip angle = 90°, in-plane resolution= 3.1 × 3.1
mm). Whole-brain coverage for the functional data was obtained
using 30 contiguous interleaved 4.8 mm axial slices. Structural
T1-weighted images were acquired with a 3D magnetization-pre-
pared rapid acquisition gradient-echo (MP-RAGE) scan (TR/TE/TI =
2530/3.39/1100 ms, flip angle = 7°) for spatial normalization and
anatomically localizing the functional activations.

fMRI Data Analysis

Data were analyzed using imaging tools available in the Func-
tional MRI of the Brain’s Software Library (FSL, http://www.
fmrib.ox.ac.uk/fsl) and in-house Python-coded utilities. For the
functional data, the first-level analysis was conducted separately
for each run and each session. Preprocessing included the follow-
ing steps: high-pass temporal filtering (120-s cutoff ), motion cor-
rection, brain extraction, spatial smoothing (Gaussian kernel,
FWHM= 6 mm), and grand-mean intensity normalization. Statis-
tical analyses on time series were performed using FILM (FMRIB’s
Improved Linear Model) with a local autocorrelation correction.
The general linear model modeled the scene, face, object, and
scrambled object stimuli as explanatory variables (EVs), con-
volved with a hemodynamic response function. Within the
time course of each EV, the onset and duration of every stimulus
wasmodeled. The temporal derivative of each EVwasmodeled to
improve the sensitivity of the model. Six parameters from mo-
tion-correction were also included in the model as confounding
variables to account for the effect of residual head movements.
Statistical contrasts between pairs of different stimulus categor-
ies were evaluated.

After the first-level analysis, all runswithin each sessionwere
combined during the second-level analysis. Specifically, the par-
ameter (i.e., beta) images from the first-level analysis were firstly
aligned to the structural images of one’s own through FLIRT
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(FMRIB’s linear image registration tool) with 6° of freedom and
then warped to the MNI152 template through FNIRT (FMRIB’s
nonlinear image registration tool) with the default parameters.
The spatially normalized parameter images (resampled to 2-
mm isotropic voxels) were then summarized across runs in
each session using a fixed-effects model. The statistic images
from the second-level analysis were then used to create the prob-
abilistic activation map and extract individual’s scene selectivity
(see below).

Probabilistic Activation Map

The Probabilistic Activation Map (PAM) for scene processing was
created by overlaying the z-statistic maps from all participants
for the contrast of scenes versus objects onto the MNI152 tem-
plate, and then dividing by the total number of participants (e.
g., Zhen et al. 2013). The value for each voxel in themap indicated
the probability of the voxel showing a significantly higher re-
sponse for scenes than for objects (Z > 2.3, P < 0.01 uncorrected)
across population. As a control, the PAM for face processing
was created under the contrast of faces versus objects with the
same procedure.

Delineation of Scene-Selective Regions

Further, we identified 3 well-established scene-selective regions
as the regions of interest (ROIs) by thresholding the PAM, includ-
ing the PPA, RSC, and OPA. The PAM for scene processing was
thresholded at 30% (i.e., >30% participants showed scene select-
ivity) and segmented into several clusters using watershed
segmentation codes developed in Python (available in the sci-
kits-image project, http://scikits-image.org). The PPA for each
hemisphere was defined as a set of contiguous voxels localized
in the posterior parahippocampus gyrus (Epstein et al. 1999).
The RSC and OPA were defined in the same way but localized in
the parietaloccipital sulcus (Maguire 2001) and the transverse oc-
cipital sulcus (Grill-Spector 2003; Dilks et al. 2013), respectively.
Locations and sizes of these scene-selective regions are shown
in Table 1.

S100B Gene SNPs Genotyping

The human S100B gene is located on chromosome 21q22.3. Five
S100B gene SNPs were taken as candidate SNPs. First, previous
studies have shown that rs3788266 (at 5′-UTR) modulates the
S100B gene expression and is associated with serum levels of
S100B protein (Roche et al. 2007; Dagdan et al. 2011). Second, Hoh-
off et al. (2010) identified the association of rs11542311 (at exon 2)
with S100B serum levels and S100B mRNA expression (Hohoff
et al. 2010). In addition, to cover the full length of S100B gene,
tag SNPs were selected from the Han Chinese in Beijing in the
HapMap database (http://www.hapmap.org/, HapMap Data Rel

27 Phase II + III) using the Tagger program (S100B gene and its
2 kb upstream and downstream region as the region of interest;
SNPs with minor allele frequency [MAF] <20% excluded, and
pair-wise tagging with r2 threshold of 0.80) (de Bakker et al.
2005). Thus, 3 other SNPs (rs2839349 at 3′-UTR, rs2839357 at
intron 1, and rs881827 at intron 2) were included into the geno-
typing analyses.

Genomic DNAwas extracted from 200ul venous blood sample
of each subject using the QuickGene-Mini80 equipment and
QuickGene DNA whole blood kit S (Fujifilm). All the SNPs were
genotyped using Taqman allele-specific assays on the 7900HT
Fast Real-Time PCR System (Applied Biosystems). Genotypes
were determined automatically. The Hardy–Weinberg test was
performed for each SNP using the PLINK program (Purcell et al.
2007). In addition, the allele frequencies in our sample were
very similar to those of the Han Chinese sample in the HapMap
dataset (HapMap Data Release 27 Phase II + III). All SNPs met
the following criteria: MAF >0.10, Hardy–Weinberg equilibrium
(HWE) P > 0.05, and genotyping call rate >0.95.

The Serum Levels of S100B Protein

Peripheral venous samples were collected in serum separator
tubes following an overnight fast. The plasma samples were se-
parated within 2 h by centrifugation, and serum was isolated
and stored at −70°C until the samples were analyzed. Serum le-
vels of S100B protein were measured using a commercially avail-
able ELISA kit as described previously (Qi et al. 2009). Mean serum
S100B level in our sample (0.15 ± 0.037 μg/L) was in the normal
range of healthy subjects (Portela et al. 2002) and showed no
sex difference, t(185) < 1.0.

Navigation Map from the Meta-Analysis with the
Neurosynth

To obtain the activation map relevant for spatial navigation, we
used an automated meta-analysis tool, Neurosynth (https
://github.com/neurosynth/neurosynth) (Yarkoni et al. 2011), to
generate the reverse inference map which shows the likelihood
that the term “navigation” was used in a study if activation was
reported at a particular voxel. Neurosynth uses text-mining tech-
niques to detect frequently used terms (as proxies for concepts of
interest) in the neuroimaging literature: terms that occur at a
high frequency in a given study are then associated with all acti-
vation coordinates in this publication, allowing for automated
term-based meta-analysis. Despite the automaticity and the po-
tentially high noise resulting from the association between term
frequency and coordinate tables, this approach has been shown
to be quite robust and reliable (e.g., Yarkoni et al. 2011; Helfinstein
et al. 2014). The database was accessed on 7 November 2014,
searching for the feature “navigation” (55 studies with 2765 acti-
vations; 91% of these studies were conducted in North America
and Europe according to the authors’ affiliations). As expected,
the resulting statisticalmap included the hippocampus, parahip-
pocampal gyrus, and RSC, which have been revealed in previous
navigation studies (e.g., Ohnishi et al. 2006; Sherrill et al. 2013).

S100B Gene Expression in Postmortem Human Brain

In this study, S100B gene expression across the brain was ex-
tracted from the Allen Human Brain Atlas (http://www.brain-
map.org), a publicly available online resource for gene expression.
The atlas characterizes gene expression in postmortem human
brain with genome-wide microarray-based gene expression

Table 1 MNI coordinates and size of the scene-selective regions

Brain region Hemi Peak MNI coordinates Cluster size (voxel)

PPA L −26, −46, −8 865
R 24, −42, −10 910

RSC L −10, −54, 4 1506
R 14, −50, 4 1371

OPA L −40, −80, 34 443
R 50, −68, 34 330

L, left; R, right.
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profiles including over 62 000 gene probes for 500 sampling sites
from each hemisphere covering the whole brain (See Hawrylycz
et al. [2012] for more details about the data collection). Microarray
analysis data, normalized across each individual brain, are
included in the gene expression dataset. Thenormalized scores re-
present regional gene expression of that sampling site normalized
to whole-brain expression of a specific gene. To date (search con-
ducted on the 9 July 2014), 6 adult donors with no history of neuro-
psychiatric or neurological conditions are available in the database
(age 24, 31, 34, 49, 55, and 57 years; 1 female). Among these 6 do-
nors, 3 are Caucasian, 2 are African American, and 1 is Hispanic.
Detailed information for donors included and analysis methods
is available at www.brain-map.org. Furthermore, structural brain
imaging data of each donorwere used to visualize gene expression
data in its native three-dimensional anatomical coordinate space,
allowing for correlation analysis between the spatial distributions
of fMRI data and gene expression.

The Combined fMRI and Gene Expression Analysis

First, we extracted the values of the normalized S100B gene ex-
pression for each sampling site and each donor using the Allen
Brain Institute REST API (http://www.brain-map.org/). Note that
gene expression of S100B was analyzed with 2 probes (i.e.,
A_23_P143526 and CUST_17042_PI416261804) in the Allen Human
Brain Atlas, and values of the 2 probes were averaged to estimate
S100B expression. This provides a vector of the normalized gene
expression values in a set of sampling sites, representing the spa-
tial distribution of S100B gene expression across the brain of each
donor (Fig. 1A for a typical donor, donor ID: H0351.2002).

We next translated the location of each sampling site to MNI
space with nonlinear co-registration and drew a spherical ROI
centered on the sampling site (r = 4 mm) using the alleninfo
tool (https://github.com/chrisfilo/alleninf ) (Gorgolewski et al.
2014). For each spherical ROI, we extracted and averaged the stat-
istical values of all voxelswithin the ROI from the navigationmap
based on the meta-analysis. This provides a vector of the statis-
tical values of the ROIs centered on the sampling sites, represent-
ing the spatial distribution of the activation likelihood relevant to
navigation across the brain.

To examine the spatial similarity of the S100B gene expres-
sion map and the navigation map, the approximate random ef-
fect analysis from the alleninfo (Gorgolewski et al. 2014) was
performed. Briefly, we first correlated the spatial distribution of
S100B gene expression of each donor with that of the navigation
map, getting a slope of best linear fit for each donor, and then per-
formed a one-sample t-test on those estimates. The randomeffects
model allows us to test whether the results can be generalized be-
yond the 6 donors to the whole population.

The samemethod was used to investigate the association be-
tween S100B gene expression and cortical scene processing, ex-
cept this test used the PAM for scene processing from our
participants instead of the navigation map from meta-analysis.
For each spherical ROI, we extracted and averaged the activation
probability values for all voxels within the ROI from the PAM for
scene processing. The approximate random effect analysis was
constrained within the regions showing reliable activation dur-
ing scene processing across participants (PAM >30%). As a con-
trol, we also conducted the same analysis with the face PAM.

The Combined fMRI and SNP Analysis

To explore the association between the S100B gene SNPs and re-
gional scene selectivity, we compared the scene selectivity

between participantswith different genotypes for each candidate
SNP for each voxel in the predefined scene-selective ROIs. There
were 3 pair-wise comparisons for each SNP (e.g., for the SNP
rs11542311: CC versus GG, CC versus CG, and GG versus CG),
and therefore, 15 comparisons for all 5 SNPs in each voxel. We
controlled for age and gender in these analyses. To perform the
multiple comparisons correction, the voxel-wise intensity
threshold was set at P < 0.005 and the alpha threshold was set
at alpha <0.0033 (0.05/15). Next, the cluster-level threshold within
each ROI was calculated using 3dClustSim from AFNI (http://afni.
nimh.nih.gov/afni/), with Monte Carlo simulation (Ward 2000).

Additionally, simplified SNP models were fitted for each SNP
that showed a significant association with scene selectivity: a
dominant model (the major allele homozygous was given a
score of 1, and the heterozygous grouped with the minor allele
homozygous was given a score of −1, e.g., for rs11542311: GG = 1,
CC/CG =−1), a recessivemodel (theminor allele homozygouswas
given score of 1, and the heterozygous groupedwith themajor al-
lele homozygous was given a score of −1, e.g., for rs11542311: CC
= 1, CG/GG =−1), and an additive model (a score was assigned by
counting the number of minor alleles: the homozygote for the
major allele was given a score of 0, the heterozygote was given
a score of 1, and the homozygote for the minor allele was given
a score of 2;, e.g., for rs11542311: GG = 0, CG = 1, CC = 2). For each
candidate model, the analysis was conducted with a linear re-
gression model, in which genotype was entered as independent
variable, regional scene selectivity was entered as dependent
variable, and gender and age were entered as covariates. All the
analyses were done using SPSS version 18.0. False discovery
rate correction for multiple comparisons was used.

Finally, we explored the potential pathway of the observed
gene-neural association through the S100B protein. First, we cal-
culated the partial correlation between the serum levels of S100B
protein and scene selectivity in the clusters modulated by the
S100B genotype, with sex and age controlled. Second, we exam-
ined the association between S100B SNP genotypes and the
serum levels of S100B protein. Finally, a mediation analysis was
performed with SNP genotypes, serum levels of S100B protein,
and regional scene selectivity as the predictor,mediator, and out-
come, respectively (Wager et al. 2008). Age and gender were trea-
ted as covariates in the model. A bootstrapping procedure was
applied to obtain an unbiased estimate of the indirect effect
and a 95% confidence interval (CI). If the 95% CI did not contain
zero, the indirect effect was considered significant (i.e., P < 0.05).
In addition, we calculated the proportion of variances mediated
by serum S100B level in the mediation model (MacKinnon et al.
2007).

Results
S100B Gene Expression was Associated with Brain
Activation of Navigation in Humans

We first explored the possible involvement of the S100B gene in
human spatial navigation by examining the similarity between
the S100B gene expression map and the activation map for navi-
gation. The S100B gene expression map was obtained from the
AHBA (Fig. 1A), and the navigationmapwas obtained fromaneu-
roimaging meta-analysis with Neurosynth (Fig. 1B). We found a
consistent negative association between the spatial pattern of
the S100B gene expression map and that of the navigation map
across all 6 donors of the AHBA (Fig. 1E, for a typical donor; beta
=−0.19; r =−0.25, P < 0.001). Moreover, the random effects model
confirmed that the results could be generalized beyond the 6
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donors to the whole population (Fig 1H; t =−6.77, P = 0.001). That
is, regions with lower S100B gene expression were more likely to
be activated in navigation-related tasks. Notably, the negative
correlation between S100B gene expression and navigation
activation fits nicely with animal studies showing a negative as-
sociation between S100B gene expression and navigation per-
formance (Gerlai et al. 1995; Nishiyama et al. 2002). Because
spatial navigation is a complex cognitive function consisting of

multiple components, such as scene recognition, localization
and orientation, accessing long-term spatial representations,
and route planning (Shah andMiyake 2005; Wolbers and Hegarty
2010; Epstein and Vass 2014), we next focused on scene process-
ing, the first and critical component of spatial navigation.

To do this, we correlated the S100B gene expressionmap with
the activation probability map derived from fMRI data when
participants viewed natural scenes (Fig. 1C). Similar to the

Figure 1. Association between the S100B gene expression map and brain activation map for human navigation. (A) Left: The sampling site and normalized S100B gene

expression in a typical donor from the AHBA; Right: The gene expression data are rendered on the surface of a brain template. (B) The navigation map from a meta-

analysis with Neurosynth. (C) The activation probability map for scene processing and (D) for face processing from our participants. (E) Spatial correlation between the

S100B gene expression map in a typical donor and the navigation map, (F) scene activation probability map, and (G) face activation probability map. (H) Beta value

distribution of the linear regression between the S100B gene expression map and the navigation map, (I) scene activation probability map, and (J) face activation

probability map for all 6 donors.
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aforementioned association, we found a negative correlation be-
tween the S100B gene expression map of each donor and the
scene-selective activation probability map reliably activated
during scene processing derived from our participants (Fig. 1F
left for a typical donor, beta =−1.97; r =−0.34, P < 0.001). The ran-
dom effectsmodel showed that the association could be general-
ized beyond the 6 donors (Fig. 1I right; t =−5.99, P = 0.002). That is,
regions with lower S100B gene expression were more likely to be
activated during scene processing.

To examine the specificity of the association between S100B
gene expression and scene processing, we asked whether the
S100B gene expression map was also associated with the activa-
tion probability map when participants viewed faces (Fig. 1D). We
found that the association was discrepant across the donors
(Fig. 1G left for a typical donor, beta =−0.45; r =−0.08, P = 0.39),
and random effects analysis showed that the association was not
significant at group level (Fig. 1J right; t < 1.00). Taken together,
these results indicate that the S100B gene may be selectively
involved in modulating cortical processing of scenes.

S100B Gene Polymorphisms Modulated Cortical Scene
Selectivity

Next, we asked what specific S100B gene polymorphisms modu-
late cortical processing of scenes. Based on the functions and lo-
cations of the S100B gene SNPs reported in previous studies
(Roche et al. 2007; Hohoff et al. 2010; Dagdan et al. 2011; Zhai
et al. 2012), 5 candidate SNPs, including rs3788266, rs11542311,
rs2839349, rs881827, and rs2839357, were selected. Genotype fre-
quency for each candidate SNP and demographic information of
each genotype groups are shown in Table 2. No deviation from
the HWE was found in the sample (P values > 0.30), and all geno-
type groupswerematched for age and gender (P values > 0.15). To
relate the S100B gene polymorphisms to cortical scene selectiv-
ity, we conducted voxel-wise analysis within 3 well-established
scene-selective regions, the PPA, RSC, and OPA, to compare

scene selectivity between participants with different genotypes
for the 5 candidate SNPs.

After controlling for age and gender, 4 clusters in 2 scene-se-
lective regions showed significant differences in scene selectivity
between participants with different genotypes (corrected P ≤
0.0033 [0.05/15]). Specifically, a cluster in the posterior part of
the right RSC (prRSC) showed different scene selectivity between
2 genotypes of rs11542311 (CC > CG:MNI coordinates [18,−54,−2],
Z-value = 3.04, P = 0.0012, 288 mm3; Fig. 2A Red). Two compari-
sons of rs3788266 genotypes (AA >AG; AA >GG) showed different
scene selectivity in 2 clusters in the anterior part of the right RSC
(MNI coordinates [16,−48, 4], Z-value = 3.25, P = 0.00058, 264 mm3;
MNI coordinates [22, −50, 12], Z-value = 2.99, P = 0.0014, 264 mm3,
respectively). Because these 2 clusters were largely overlapped
(∼80%),weused their intersectionasthe anterior ROI (arRSC:Center
MNI coordinates [12, −46, 5], 208 mm3; Fig. 2A Blue) in the following
analyses. Finally, a cluster in the left PPA (lPPA) showed different
scene selectivitybetweengenotypes of rs3788266 (AA>AG:MNI co-
ordinates [−16, −40, −10], Z-value = 3.57, P = 0.00018, 1056 mm3;
Fig. 2A Green). No significant association was found in other
regions.

To further illustrate how the S100B gene polymorphisms
modulate cortical scene selectivity, 3 SNP models were exam-
ined: a dominant model, a recessive model, and an additive
model. Overall, we found that only the recessive model fitted
the association between the S100B SNPs and scene selectivity
in the identified clusters (rs11542311 and prRSC: t = 2.80, P = 0.006,
Fig. 2B Left; rs3788266 and arRSC: t = 3.36, P = 0.001, Fig. 2BMiddle;
rs3788266 and lPPA: t = 3.52, P = 0.001; Fig. 2B Right). In other
words, homogenous A-allele carriers of rs3788266 showed sig-
nificantly higher scene selectivity than G-allele carries in both
the arRSC and the lPPA (AA >AG +GG), and homogenous C-allele
carriers of rs11542311 showed significantly higher scene selectiv-
ity than G-allele carries in the prRSC (CC > CG + GG). Other SNP
models did not generate any significant results (rs11542311 and
prRSC, dominant model: t =−0.035, P = 0.725; additive model: t =
1.30, P = 0.197; rs3788266 and arRSC, dominantmodel: t = 0.61, P =
0.545; additivemodel: t = 1.73, P = 0.085; rs3788266 and lPPA, dom-
inant model: t = 0.39, P = 0.697; additive model: t = 0.94, P = 0.351).

Serum S100B Levels Mediated the Relation Between
S100B Gene and Scene Selectivity

Finally, we explored whether the S100B SNPs, rs11542311, and
rs3788266 modulated scene selectivity in the arRSC, prRSC, and
lPPA through its gene product, the S100B protein. Previous stud-
ies have demonstrated that rs11542311 and rs3788266 directly
modulate the serum levels of S100B protein (Hohoff et al. 2010;
Dagdan et al. 2011); here, we asked whether the serum levels of
S100B protein mediated the association between the S100B
SNPs and cortical scene selectivity. First, as reported in previous
studies (Roche et al. 2007; Dagdan et al. 2011), significantly lower
serum levels of S100B protein were found in homogenous
A-allele carriers than in G-allele carries of rs3788266 (AA versus
AG + GG: t = −2.67, P = 0.022, Bonferroni-corrected P < 0.05;
Fig 3B). In contrast, variation in rs11542311 was not related to
the serum levels of S100B protein (CC versus CG + GG: t = 1.26,
P = 0.216, uncorrected). Further, we found that the serum levels
of S100B proteinwere negatively correlatedwith scene selectivity
in the arRSC (r = −0.18, P = 0.021; Fig. 3A), but not in the prRSC
(r = −0.13, P = 0.090) or lPPA (r = −0.12, P = 0.134). Therefore, we
focused on rs3788266 and the arRSC in the mediation analysis.

The mediation analysis showed that the differences in scene
selectivity in the arRSC between homogenous A-allele carriers

Table 2 Distribution of the S100B genotype groups and demographic
information

SNP ID N Sex Age (years)

rs2839349
AA 77 (43.5%) 41F/36M 20.17 ± 0.96
AG 77 (43.5%) 45F/32M 20.25 ± 0.83
GG 23 (13.0%) 17F/6M 20.60 ± 1.07

rs881827
AA 22 (12.4%) 11F/11M 20.23 ± 1.12
AG 76 (42.9%) 45F/31M 20.18 ± 0.83
GG 79 (44.6%) 47F/32M 20.35 ± 0.96

rs11542311
CC 30 (16.9%) 18F/12M 20.25 ± 0.92
CG 94 (53.1%) 57F/37M 20.28 ± 0.95
GG 53 (29.9%) 28F/25M 20.24 ± 0.92

rs2839357
AA 89 (50.3%) 54F/35M 20.30 ± 0.92
AG 72 (40.7%) 41F/31M 20.23 ± 0.95
GG 16 (9.0%) 8F/8M 20.19 ± 0.93

rs3788266
AA 9 (5.1%) 6F/3M 20.40 ± 0.99
AG 70 (39.5%) 40F/30M 20.33 ± 0.97
GG 98 (55.4%) 57F/41M 20.21 ± 0.90

F, female; M, male.
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and G-allele carries of rs3788266 (beta = 0.57, P = 0.0008) was re-
duced after being adjusted by the mediator of the serum levels
of S100B protein (beta = 0.53, P = 0.019; Fig. 3C). Further analysis
revealed that 8% of the total effect of rs378866 genotype on
scene selectivity in the arRSC was mediated by the serum levels
of S100B protein. Bootstrapping simulation (n = 10 000) confirmed
that the indirect effect though the serum levels of S100B protein
was significant (P < 0.05) with a 95% CI of 0.004–0.193. That is, the
serum levels of S100B protein significantly mediated the as-
sociation between rs3788266 genotype and the arRSC scene
selectivity.

Discussion
In this study, we combined fMRI andmultiple modalities of gene
data, including gene expression in postmortem brains, gene
polymorphisms, and serum levels of gene product (i.e., the

S100B protein) and established a reliable link between the
S100B gene and cortical processing of navigationally relevant
scenes in humans. First, we observed that the spatial pattern of
S100B gene expression in postmortem brains was associated
with that of the activation map for spatial navigation in general,
and for scene processing in particular. Then, in a large cohort of
Han Chinese adults, we found that S100B gene polymorphisms
(rs3788266 and rs11542311) modulated scene selectivity in the
left PPA, anterior, and posterior right RSC, respectively. Finally,
we found that the serum levels of S100B proteinmediated the as-
sociation between rs3788266 and the arRSC scene selectivity,
suggesting that the S100B gene may modulate cortical scene se-
lectivity through the S100B protein. Together, these convergent
findings indicate a functional role for the S100B gene in human
spatial navigation.

To the best of our knowledge, this is the first evidence for the
effect of the S100B gene on navigation-related cortical activity

Figure 2.Modulatory Effects of S100B SNPs on scene selectivity in the scene-selective regions. (A) Clusters that showed significant associations between scene selectivity

and S100B SNPs (P < 0.05, cluster corrected), and (B) the enlarged views of the regions within the corresponding yellow box above. Red: the posterior part of the right

retrosplenial cortex (prRSC) associated with rs11542311; Blue: the anterior part of the right RSC (arRSC) associated with rs3788266; Green: the left parahippocampal

place area (lPPA) associated with rs3788266. White line: the region boundaries of the right RSC (left and middle panel) and lPPA (right panel). (C) The recessive models

for rs11542311 (left panel) and rs3788266 (middle and right panel). *P < 0.05; **P < 0.005.
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phenotype in humans. Consistent with our results, previous ani-
mal studies have shown that the S100B gene regulates neuronal
synaptic activity related to spatial navigation in mice. Specifical-
ly, over-expression of human S100B gene in the transgenic mice
results in decreased post-tetanic excitatory postsynaptic poten-
tials in hippocampus and impaired spatial learning (Gerlai et al.
1995), whereasmutant micewith null expression of S100B exhib-
ited increased long-term potentiation (LTP) and enhanced spatial
ability (Nishiyama et al. 2002). Extending these findings from an-
imals to humans, our study demonstrated the influences of the
S100B gene on neural basis supporting spatial navigation in the
human brain, and thus, took the first step to illuminate the neu-
rogenetic mechanism of spatial navigation in humans.

In addition, our results echo the spatial ability impairments
reported in the psychiatric disorders associated with the S100B
gene, and advance previous human studies on the S100B gene
in several aspects. First, while previous studies on the S100B
gene in humans focused mainly on its involvement in various
psychiatric disorders (Schroeter and Steiner 2009), our findings
indicate that the S100B gene is implicated not only in pathologic-
al brain conditions, but also in normal neural processing of navi-
gation in the healthy population. Moreover, our results indicate
that the effect of the S100B gene on neural processing is specific
to scene processing, but not to face processing. Given that the
scene-selective regions constitute a specialized mechanism for
scene recognition in human brain (Epstein and Vass 2014), our

finding provides the first evidence that the specialized cortical
machinery of scene recognition in human brain is genetically
specified and illuminates which specific gene is involved. Note
that of the 3 scene-selective regions, we obtained the gene-neural
association in the RSC and PPA, but not in the OPA. Although all
these regions are involved in scene processing (Epstein et al. 1999;
Maguire 2001; Dilks et al. 2013), they appear to play different roles
in navigation (Epstein 2008; Park and Chun 2009). A recent study
showed that the RSC and OPA are parts of 2 parallel networks
that include different connections to the PPA (Nasr et al. 2013).
Our results suggest that the S100B gene may modulate scene
processing mainly in the RSC-PPA network. Finally, our findings
may provide a novel explanation for the spatial impairments in
the disorders associated with the S100B gene on a neurogenetic
level. Specifically, previous studies have indicated rs3788266 as
a risk variant for bipolar affective disorder (BPAD) (Roche et al.
2007), and rs11542311 for schizophrenia (Liu et al. 2005), and
serum levels of S100B protein are elevated in BPAD (Machado-
Vieira et al. 2002; Andreazza et al. 2007) and schizophrenia
(Schroeter and Steiner 2009). Interestingly, impairment in spatial
ability has been reported in schizophrenia (Hanlon et al. 2006;
Weniger and Irle 2008) and BPAD (Dickstein et al. 2004; Olvera
et al. 2005), and S100B gene polymorphisms including
rs11542311 can predict performance in spatial tasks in schizo-
phrenia patients (Zhai et al. 2011; Zhai et al. 2012). Our results
imply that the spatial deficits in schizophrenia and BPAD may

Figure 3.Relationship between S100B SNP, serum levels of S100B protein, and scene selectivity. (A) Correlations between individual’s serumS100B levels (with age and sex

controlled) and cortical scene selectivity in the prRSC, arRSC, and lPPA. (B) Serum levels of S100B protein in homogenous A-allele carriers and G-allele carries of rs3788266.

*P < 0.05. (C) Serum levels of S100B protein mediated the association between S100B SNP and scene selectivity in the arRSC.
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partly result from the decreased neural activity in response to en-
vironmental scenes, especially in the RSC and PPA, associated
with the risk alleles of the S100B gene in these patients.

The exact biological mechanism bywhich the S100B genemay
influence cortical scene processing is unknown and remains to be
elucidated. Both of the SNPs (rs11542311 and rs3788266) affecting
scene selectivity in our study have been shown to exert direct in-
fluence on S100B gene expression and serum levels of the S100B
protein (Roche et al. 2007; Hohoff et al. 2010; Dagdan et al. 2011),
yet we obtained an association only between rs3788266 and
serum levels of the S100B protein, possibly due to the modest
size of the cohort. This raises the hypothesis that the S100B gene
maymodulateneural processingofnavigationbyaffecting expres-
sion of the S100B protein. As a calcium-binding protein secreted
mainly by glia cells, the S100B protein has been thought in previ-
ous animal studies to be involved in glia-to-neuron signaling
throughwhichgliamayplaya role inmodulatingneuronal activity
either intracellularly or extracellularly (Donato et al. 2009; Donato
et al. 2013). In humans, indeed, we found that the serum levels of
S100B protein could predict individual differences in scene select-
ivity, given that the serum level of S100B protein is an accurate re-
flection of S100B protein level in human brain tissue (Reiber 2001;
Rothermundt et al. 2004). More importantly, our mediation result
suggests that rs3788266 may have an impact on scene selectivity
in the arRSC through its modulation of S100B protein level.
Taken together, we can tentatively speculate that theAAgenotype
of rs3788266may produce lower S100B protein level, which lead to
higher scene selectivity in the arRSC. Future studies are needed to
investigate the cellular and molecular mechanisms by which the
S100B protein exerts influences on regional responses in the
human brain. On the other hand, scene selectivity in the left PPA
and prRSC was modulated by the S100B gene but not associated
with the serum levels of S100B protein. This suggests the possibil-
ity that, in addition to directly influencing expression of the S100B
protein, variations in the S100B gene may also modulate neural
processing of navigation by acting in combinationwith other gen-
etic and environmental factors. This topic warrants further inves-
tigation in future studies. Finally, the failure to achieve statistical
significance for the association between variation in rs11542311
and serum levels of S100B may be related to the different age dis-
tribution or the different sample population used in the current
study (Portela et al. 2002; Hohoff et al. 2010). Analysis of larger
samples is required to validate the effect of rs11542311 on S100B
expression in Han Chinese population.

Notably, correlation coefficients observed in the present study
were moderate in general. For example, the correlation coeffi-
cients between the S100B gene expression map and the activa-
tion maps of spatial navigation and scene processing ranged
from 0.2 to 0.3. However, the correlations were stable because 1)
the association was consistently observed in all 6 donors and 2)
the correlation between the S100B gene expression map and
the activation map of face processing failed to reach significance
with a similar sample size. Therefore, sample sizes were unlikely
themajor factor that drove the significance of the correlations. In
addition, the level of the correlation between serum S100B levels
and scene selectivity reported here (e.g., r = 0.18) is in line with a
recent study showing a small level of the serum-brain association
with a large sample size (r = 0.18,N = 247) in particular (Jiang et al.
2015), andwith other fMRI studies based on a large sample size in
general (e.g., Holmes et al. 2012; He et al. 2013; Huang et al. 2014;
Kong et al. 2014). The small effect size of the correlations in the
present study may reflect the fact that the genetic measures of
the S100B used here (i.e., the S100B gene expression in brain
and the serum S100B level) are a part of many genetic and

environmental factors accounting for the variance in neural
basis of scene processing. In addition, the reliability of the meas-
urement of both the fMRI activations and the S100B gene factors
(particularly the serum S100B levels) is not perfect, which may
further underestimate the strength of the correlations.

Moreover, the differences in scene selectivity for different
genotypes of rs3788266 shall be interpreted with caution, be-
cause the association was based on Han Chinese, and the AA
genotype in rs3788266 ismuchmore common in European popu-
lation (∼25% in population CEU from the HapMap) than in Han
Chinese (∼5% in the present study). On the other hand, the con-
vergent results across multiple modalities of the datasets with
various geographic origins observed here, as well as analogous
results in animals (Gerlai et al. 1995; Nishiyama et al. 2002),
suggest that the association between S100B gene and scene pro-
cessing may not be limited to the Han Chinese. The test of the
generality of the association awaits future studies with a replica-
tion attempt in groups of other geographic origins.

In sum, our results provide convergent evidence for an asso-
ciation between the S100B gene and cortical processing of naviga-
tionally relevant scenes, suggesting that S100B genemay play an
important role in human navigation. In this study, we adopted a
novel discovery-based method which allows researchers to
generate hypotheses about the neurogenetic basis of cognitive
functions by relating patterns of brain activation with gene ex-
pression measured in postmortem brains (see also Gorgolewski
et al. [2014]). For the first time, we adopted this method to relate
the S100B gene to spatial navigation in humans, which served as
a guide for a subsequent investigation in which we established
the gene-neural association with a combination of multiple mo-
dalities of gene data. Thus, our study suggests the potential appli-
cations of the novel method in more imaging genetics studies to
provide clues about involvement of candidate genetic factors in
other cognitive functions and complex phenotypes. In addition,
the current study focused on one component of spatial navigation,
sceneprocessing. Future studiesareneeded toexplorewhether the
S100B gene also modulates other higher-level components of spa-
tial navigation with more complex spatial tasks (Wolbers and He-
garty 2010). Finally, although intermediate phenotypes at the
neural level as measured by fMRI are considered more sensitive
to genetic influences than phenotypes at the behavioral level (Har-
iri et al. 2006; Green et al. 2008; Mattay et al. 2008), future studies
collecting genetic, neural, and behavioral data in the same group
of participants are needed to investigate the complex gene-neur-
al-behavioral interactions in human spatial navigation.
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