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Abstract

Mpyelination of axons in the central nervous system is critical for human cognition and behavior. The predominant protein
in myelin is proteolipid protein—making PLPI, the gene that encodes for proteolipid protein, one of the primary
candidate genes for white matter structure in the human brain. Here, we investigated the relation of genetic variation
within PLP] and white matter microstructure as assessed with myelin water fraction imaging, a neuroimaging technique
that has the advantage over conventional diffusion tensor imaging in that it allows for a more direct assessment of myelin
content. We observed significant asymmetries in myelin water fraction that were strongest and rightward in the parietal
lobe. Importantly, these parietal myelin water fraction asymmetries were associated with genetic variation in PLPI.
These findings support the assumption that genetic variation in PLP/ affects white matter myelination in the healthy
human brain.
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Introduction

White matter is one of the two main components of the human
cerebral cortex, making an understanding of its genetic deter-
minants of pivotal interest for neuroscience [1]. White matter
is mainly comprised of axons that are ensheathed by myelin in
order to electrically insulate them and enhance the conduction
speed of neuronal information by 10 to 100 times [2]. Myelin
is therefore critical for human cognition and behavior, as con-
duction speed is an essential factor in coordinating complex
cognition and motor behavior in order to interact with the
environment [3, 4]. The predominant protein in myelin is
proteolipid protein, which constitutes around 50% of myelin
protein mass [5—7]. Proteolipid protein maintains the extracel-
lular spacing of compact myelin by electrostatic interactions
with myelin lipids [7]. It has been implicated in oligodendro-
cyte development, the formation of the intraperiod line of
myelin, compaction of myelin, oligodendrocyte-axon interac-
tions, wrapping of the axon, and axonal survival [8—12]. This
makes PLPI, the gene that encodes for proteolipid protein,
one of the primary candidate genes for white matter structure
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[13]. PLPI is located at Xq22.2 and shows tissue-specific
expression in the brain [14]. Mutations in PLP!I can lead to
rare X-linked myelination disorders like Pelizaeus-
Merzbacher disease or spastic paraplegia type 2 [15].

PLP1I has been linked to white matter structure in the ver-
tebrate brain. For example, Ruest et al. [16] performed high-
resolution diffusion tensor imaging (DTI) of fixed brains ob-
tained from mice transgenic for Plpl. Fractional anisotropy
(FA) data, as well as axial and radial diffusivity data, were
analyzed. Moreover, tract-based spatial statistics (TBSS), a
method to assess whole-brain voxel differences in white mat-
ter [17], was used, as well as a region of interest (ROI) ap-
proach using the anterior commissure, corpus callosum, and
hippocampal fimbria. For the whole-brain analyses, the au-
thors found that the Plp /-transgenic mice showed significant-
ly lower FA than wild-type mice. The TBBS analysis also
showed a widespread reduction of FA and an increase in water
diffusion in Plpl-transgenic mouse brains compared with
wild-type mice. These results were also supported by the
ROI analyses. Overall, the results indicated significant chang-
es in white matter microstructure in the Plp /-transgenic mice.
Widespread changes in white matter microstructure have also
been reported in human patients with Palizeus-Merzbacher
disease using DTI [18]. Other studies also reported tract-
specific atrophies, e.g., for the corpus callosum [19] or the
corticospinal tract [20] in these patients.

In addition, genetic variation in PLPI has also been linked
to white matter function in the human brain. In a recent study
using an interhemispheric integration task [21], it was shown
that genetic variations in PLP/ SNPs rs1126707 and rs521895
were related to interhemispheric integration, e.g., the integra-
tion of neuronal information between the left and right hemi-
sphere via commissural white matter tracts to successfully
complete a task [3]. In addition, it was shown that the same
two SNPs were also associated with interindividual differ-
ences in dichotic listening and line bisection, two commonly
used tasks to assess hemispheric asymmetries, e.g., functional
differences between the two hemispheres [13]. As hemispher-
ic asymmetries are thought to critically depend on white mat-
ter structure [22], these findings further support the idea that
genetic variation in PLP] might be related to interindividual
variations in white matter structure in the healthy human
brain. However, the actual impact of genetic variation in
PLPI on white matter microstructure in the healthy human
brain is still completely unclear. Revealing this relationship
would be a critical step in further understanding the relevance
of PLP1 for white matter organization in the human brain.

One of the most critical steps in investigating the
neurogenetics of human white matter microstructure in vivo
is to identify reliable neuroimaging protocols that specifically
target myelin. Assessing the genetic determinants of white
matter therefore critically depends on the signal-to-noise-
ratio of the neuroimaging technique used to assess the
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phenotype. If the generated images are influenced too much
by factors other than white matter, existing associations might
not be detected or non-existing associations might erroneously
be assumed. The most commonly used imaging method to
assess white matter microstructure is diffusion tensor imaging
(DTTI) [23]. DTI allows for both in vivo tractography of spe-
cific fiber tracts [24] and the quantification of white matter
microstructure by determining the so-called fractional anisot-
ropy (FA) [25, 26]. FA is seen as a measure of microstructural
properties of white matter [27, 28] and is often assumed to
reflect myelination. However, it has been shown that elevated
degrees of diffusional anisotropies in highly organized fiber
arrangements of compact white matter structures, such as the
genu of the corpus callosum, do not necessarily correspond to
elevated myelin content [29]. Instead, high FA more likely
reflects the highly organized directionality of fiber bundles
in these areas or strongly restricted diffusion in the interstitial
space between the myelinated axons [29]. In general, recent
research indicates that FA in white matter reflects not only
myelin, but is determined by a multitude of influences, includ-
ing axon diameter and packing density, axon permeability, and
fiber geometry [28-31].

One non-invasive imaging method that may give a more
accurate measure of myelin within white matter, and therefore
might be a better neuroimaging method to use in PLPI studies
than conventional DTI, is myelin water fraction (MWF) imag-
ing [7, 29, 32-40]. MWF imaging is based on a MR sequence
measuring the transversal relaxation time 75. In short, the water
signal in the brain is constituted of three MR visible components
at 3T: a long T2 component (>2 s) that is caused by cerebro-
spinal fluid (CSF), an intermediate T2 component (70—100 ms)
affiliated with the intracellular and extracellular water (IE), and a
short T2 component (10-30 ms) rising from water confined
between the myelin bilayers [7]. Based on these values, the
myelin water fraction can be determined for each voxel and
can then be visualized in a myelin water fraction brain map.

MWF imaging has been validated in a study correlating
MWEF with a quantitative histopathologic measure of myelin
density (Luxol fast blue myelin staining) in postmortem brain
samples obtained from multiple sclerosis patients [41].
Overall, MWF showed a strong positive correlation with the
Luxol fast blue staining, indicating that MWF is indeed a valid
measure of myelin density in the human brain. Further vali-
dation also comes from a recent aging study [42].

The aim of the current study was to examine the effects
of genetic variation in PLPI, a myelin-related gene, on
white matter microstructure as assessed by myelin water
fraction (MWF) imaging in the whole brain. As PLP! en-
codes for proteolipid protein 1, the predominant compo-
nent of myelin, we hypothesized that genetic variation in
PLP] should be linked to differences in MWF. As PLPI
has previously been related to hemispheric asymmetries
[13] and white matter microstructure is asymmetrically
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organized on both the whole-brain level [1, 43] as well as
in regard to specific tracts, e.g., the superior longitudinal
fasciculus connecting the parietal and frontal lobes [44],
we also specifically investigated this factor.

Methods
Participants

A cohort of 246 healthy adults (116 females and 130 males)
were tested. Participants’ ages ranged from 18 to 69 years,
with a mean of 25.4 years. Most participants were university
students, and all participants were of Caucasian descent for at
least two generations, the majority of them being German. All
participants had no history of psychiatric or neurological dis-
orders and matched the standard inclusion criteria for MRI
examinations. Information on their state of health was part
of the demographic questionnaire and was therefore self-
reported by the subjects. Of the 246 participants, 237 were
right-handed and 19 were left-handed, as measured by the
Edinburgh Handedness Inventory [45]. Self-reports ensured
that participants were genetically unrelated to one another.
The study was approved by the local ethics committee of the
Faculty of Psychology at Ruhr University Bochum. All par-
ticipants gave their written informed consent and were treated
in accordance with the Declaration of Helsinki.

Genotyping

All participants contributed oral mucosa samples collected
with buccal swabs. The QIAamp DNA kit (Qiagen, GmbH,
Hilden, Germany) was used to isolate DNA from the exfoli-
ated cells. Both polymerase chain reaction (PCR) and restric-
tion fragment length polymorphisms (RFLP) were carried out
to genotype the selected gene. Further details and primer se-
quences are available upon request. Previously, we found as-
sociations between myelin gene variation and interhemispher-
ic integration [3]; from this, we focused on genotyping two
different PLP1 single nucleotide polymorphisms (SNPs): the
synonymous exchange rs1126707 (c.609T>C [p.Asp203=])
and the intronic variation rs521895. ESEFinder [46] and
RESCUE-ESE [47], both integrated in Alamut® Visual
2.8.1, were used to evaluate splicing regulatory elements.

Neuroimaging

All imaging data were acquired at the Bergmannsheil hospital
in Bochum (Germany) using a Philips 3T Achieva whole-
body MRI scanner with a 32-channel head coil.

Anatomical Imaging For the purpose of segmenting brain
scans into gray and white matter as well as for the

identification of anatomical landmarks, a T1-weighted high-
resolution anatomical image was acquired with a 3D-
Inversion prepared Turbo Field echo—3D-IR-TFE
(MPRAGE) using the following parameters: TR =8.2 ms,
TE =3.7 ms, flip angle = 8°, inversion delay (min TI delay) =
617.7 ms, TFE shot duration = 1487 ms, 220 slices, matrix
size = 240 x 240, and voxel size=1 % 1 x | mm. The acquisi-
tion time of the anatomical image was 6 min.

Myelin Water Imaging We utilized a previously published 3D
multi-echo gradient spin echo (3D ME-GRASE) sequence
with refocusing angle sweep [29, 32] using the following pa-
rameters: TR = 800 ms; TE = 10, 20, 30, ..., 320 ms (32 echoes
at 10 ms echo spacing); 60 slices; partial Fourier acquisition in
both phase encoding directions; parallel imaging SENSE =
2.0; matrix size=112 x 112; resolution=2 x 2 x 2 mm; and
a total acquisition time of 8 minm.

Analysis of Data from Anatomical Imaging We used published
surface-based methods in FreeSurfer (http://surfer.nmr.mgh.
harvard.edu, version 5.3.0) to reconstruct the cortical
surfaces of the T1-weighted images. The details of this proce-
dure have been described elsewhere [48, 49]. The automatic
reconstruction steps included skull stripping, gray and white
matter segmentation, and reconstruction and inflation of the
cortical surface. These processing steps were carried out for
each individual participant. The resulting segmentations were
controlled slice by slice, and any inaccuracies caused by the
automatic processing were manually corrected if necessary.
We selected a set of 33 brain regions per hemisphere to be
examined with regard to asymmetries in myelination. We uti-
lized an automatic segmentation procedure in FreeSurfer [50,
51] to delineate these regions within the white matter (Fig. 1).
First, the reconstructed cortical surface was segmented into
cortical gray matter regions following a gyral/sulcal-based
parcellation procedure [52]. Second, corresponding white
matter regions were defined by labeling each white matter
voxel according to the nearest cortical gray matter voxel with-
in a distance limit of 5 mm [50]. This resulted in 33 white
matter regions corresponding to the 33 gyral-labeled gray mat-
ter regions. Third, in order to analyze the myelination of over-
all lobes, white matter regions were aggregated based on the
cortical lobes constituted by their gray matter counterparts
(occipital, temporal, parietal, frontal, and cingulate cortex).
This aggregation followed a scheme described in [52].
Finally, the whole set of masks, delineating the overall white
matter, its lobe regions, and the 33 brain regions defined by
the Desikan-Killiany Atlas [52], was linearly transformed into
the native space of myelin water images.

Analysis of Data from Myelin Water Imaging We created pa-

rameter maps representing the myelin water fraction (MWF)
for each voxel (Fig. 1) from the 3D ME-GRASE sequence by
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T1-weighted anatomical scan

White matter segment

Brain segmentation with 33 regions per hemisphere
based on the Desikan-Killiany parcellation scheme
(T1 space)

Fig. 1 Methodological sequence for the estimation of myelin water
fraction within white matter regions. First, T1-weighted anatomical im-
ages were partitioned into two segments including the overall cortex and
white matter of the brain, respectively. Second, the white matter segment
was further partitioned into 33 regions per hemisphere based on the
Desikan-Killiany Atlas implemented in FreeSurfer. White matter regions
adjacent to the same cortical lobe were aggregated in order to create
additional masks covering larger portions of white matter. Third,

means of an in-house algorithm written in MATLAB (version
8.5.0.197613 (R2015a), The MathWorks Inc., Natick, MA).
Multi-echo decay curves were analyzed on a voxel-wise base
using multicomponent T2 analysis with concurrent correction
for stimulated echo contamination of decay curves resulting
from B1 inhomogeneity and imperfect refocusing pulses as
outlined in [32].

The multi-echo (ME) decay curve was obtained for each
voxel from the 3D ME-GRASE images and transformed
into a continuous T2 distribution using a regularized non-
negative least squares (NNLS) approach [42]. An extended
phase graph algorithm was used to account for possible
stimulated echoes due to non-ideal refocusing pulse flip
angles [32, 53].

@ Springer

GRASE scan (32 echos in steps of 10 ms)

300 ms 310 ms 320 ms

Myelin-water fraction in white matter segment

Linearly registered brain segmentation
(GRASE space)

2R

parameter maps of myelin water fraction were computed by analyzing
the multi-echo GRASE scans with an in-house MATLAB algorithm.
Fourth, the whole set of masks, delineating the overall white matter, its
lobe regions, and a total of 66 regions (33 in the left and 33 in the right
hemisphere) as defined by the Desikan-Killiany Atlas, was linearly trans-
formed into the native space of myelin water images. Fifth, mean values
of myelin water fraction were computed for both overall white matter and
each white matter region as defined by the set of masks

A 1.02 regularization factor was used during the fitting pro-
cedure to increase robustness of the ill-posed fitting problem and
assure smooth T2 amplitude distributions. T2 distributions were
created using 101 logarithmically spaced exponential decay base
functions for the echo decay with T2 values ranging from 0.01 to
2 s. From the T2 distributions, the myelin water fraction (MWF)
was calculated for each voxel as the signal integral fraction
between 10 and 40 ms relative to the total T2 distribution inte-
gral (area under the curve). Example MWF parameter maps
masked for white matter are depicted in Fig. 1. As a further step
and as described above, the white matter masks defined from the
T1-weighted anatomical scans were linearly transformed into
the native space of the myelin water images to compute MWF
coefficients for different masks across the whole white matter.
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Statistical Analyses

The dependent variable used in the present study was the myelin
water fraction (MWF) for the whole brain, five lobes, and 33
areas (as per the Desikan parcellation scheme) [50, 52]. Based
on our previous analyses [3], a codominant effect for each poly-
morphism was assumed for all current statistical analyses. Thus,
all genotype groups were analyzed separately. For both of the
PLPI SNPs, separate 5 (genotype) x 2 (hemisphere) repeated-
measures ANOVAs were conducted. Genotype was used as the
between-subjects variable (Greenhouse-Geisser corrected). As
the PLPI gene is located on the X chromosome, there are two
genotypes for males and three genotypes for females. Since we
were interested in investigating the hemispheric differences in
myelination for the whole brain, lobes, and the 33 areas, we
used the individual hemispheres (left and right) as the within-
subjects variable. Head size was integrated into the analyses as a
covariate, as we found a difference in average head size between
male (M =579, SD=1.4) and female (M =55.4, SD=1.6)
participants, f44) = 13.0, p <0.001, which could possibly indi-
cate a difference in average brain size. Although linkage dis-
equilibrium (LD) analyses showed moderately strong LDs be-
tween the two PLPI SNPs for both male (»r=—0.43, p <0.001)
and female (r=—0.42, p<0.001) participants, we continued
our analyses using Bonferroni correction to correct for multiple
comparisons. All significant effects are indicated as surviving
Bonferroni correction for the number of SNPs multiplied by the
number of brain regions (2 X 39 =78; o= 0.000641).

Results
Genotype Distributions
For SNPs on the X chromosome, females carry two copies but

males carry only one copy. Therefore, genotype percentages
were calculated separately for male and female participants.

Fig. 2 Average MWF for the
right (orange) and the left (blue)
hemisphere for the different lobes

Cingulate cortex
Occipital lobe
Parietal lobe
Whole brain
Frontal lobe

Temporal lobe

Altogether, 70.3% of males carried the common T geno-
type and 29.7% the C genotype. For females, 55.1% were
genotyped homozygous TT, 37.3% heterozygous CT, and
7.6% homozygous CC. For male participants, the MAF for
PLPI 11126707 was 0.30, and 0.26 for female participants,
resulting in a combined MAF of 0.28. The MAF reported for
this SNP in dbSNP (https://www.ncbi.nlm.nih.gov/projects/
SNP/) is 0.29, and therefore, the MAF observed in our
cohort is in line with what would be expected in the
population.

In the case of PLPI rs521895, 69.8% of males carried
the common G genotype and 30.2% the A genotype. For
females, 50.4% were genotyped homozygous GG, 42.7%
heterozygous AG, and 6.8% homozygous AA. For male
participants, the MAF for PLPI rs521895 was 0.30, and
0.28 for females, resulting in a combined MAF of 0.29,
which is roughly in line with the reported MAF of 0.38
in the general population.

While submitting the sequence surrounding the two SNPs
to the splicing regulatory analysis servers ESEFinder [44] and
RESCUE-ESE [45], only ESEFinder predicted anything for
rs1126707 (c.609T>C [p.Asp203=]). That prediction is that
¢.609C creates a new SF2/ASF binding motif (score 3.02),
which raises the interesting possibility of impact on the regu-
latory level rather than the protein level.

Neuroimaging Results
Hemispheric Asymmetries in MWF

In order to examine general hemispheric differences in MWF
across all areas, including the whole brain and lobes,
Bonferroni-corrected paired-samples ¢ tests were conducted.
We found a significant rightward difference in MWF between
the left and right hemispheres across the whole brain (£245) =
—36.36, p <0.0001) as well as for all four lobes (all #245,>—
6.08, all p’s<0.0001) and the cingulate cortex (f245)=—

o

0.02 0.04 0.06 0.08 0.1 0.12

Mean Myelin Water Fraction

m Right Hemisphere  m Left Hemisphere
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23.71, p<0.0001). That is, right hemisphere MWF was sig-
nificantly greater than left hemisphere MWF for these areas
(see Fig. 2).

For the 33 investigated areas, we also conducted
Bonferroni-corrected paired-samples ¢ tests to examine gener-
al hemispheric differences in MWF. Most areas demonstrated
a significant difference in MWF between the left and right
hemispheres (all #245)>—3.73, all p’s <0.0001). The non-
significant exceptions were the frontal pole (f245)=0.43, p =
0.67) and the paracentral area (45, = 0.56, p = 0.58). All sig-
nificant hemispheric differences were rightward except for the
cuneus, superior frontal, and medial orbitofrontal areas, which
were leftward (see Fig. 3).

Isthmus cingulate
Precentral
Paracentral
Pericalcarine
Posterior cingulate
Precuneus
Postcentral
Transverse temporal
Lingual

Caudal middle frontal
Superior parietal
Lateral occipital
Cuneus

Pars opercularis
Caudal anterior cingulate
Supramarginal

Banks superior temporal sulcus
Inferior parietal

Pars triangularis
Fusiform

Superior frontal
Rostral anterior cingulate
Superior temporal
Lateral orbitofrontal
Rostral middle frontal
Middle temporal
Inferior temporal
Pars orbitalis
Parahippocampus
Medial orbitofrontal
Frontal pole
Entorhinal

Temporal pole

o

0.02 0.04 0.06

Association Between Genetic Variation and Neuroimaging
Results

The results of all analyses investigating the effects of genetic
variation on hemispheric asymmetries in MWF for the whole
brain, lobes, and cingulate cortex are presented in Table 1, and
Table 2 for the 33 areas. Further detailed analyses of all sig-
nificant effects are described in the following subsections.

PLP1 rs1126707

For the whole brain, lobes, and cingulate cortex, we found no
significant main effects of hemisphere (all F7s(; 240, < 8.7, all

o
o
[5)
o
[

0.12

o
i
N

0.16 0.18

Mean Myelin Water Fraction

m Right Hemisphere

m Left Hemisphere

Fig. 3 Average MWF for the right (orange) and the left (blue) hemisphere for the different brain areas
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Table 1 The association between
genetic variation in PLPI and
hemispheric asymmetries in
MWF for the whole brain, the
four lobes, and the cingulate
cortex

4005

Area SNP ME genotype ME hemisphere Interaction
Whole brain PLPI 151126707 p=0.39 p=097 p=0.006

PLP] rs521895 p=0.58 p=0.01 p=0.01
Occipital lobe PLPI rs1126707 p=078 =093 p=05

PLP] 1521895 p=043 p=097 p=024
Temporal lobe PLPI 1s1126707 p=0.33 p=0.40 p=0.12

PLPI 1521895 p=0.81 p=0.36 p=024
Parietal lobe PLPI 11126707 p=048 p=031 p=0.0000006

PLP] 1s521895 p=0.59 p=021 p=0.000002
Frontal lobe PLPI 151126707 p=02 p=0.64 p=0.06

PLP] 1s521895 p=0.72 p=0.69 p=0.54
Cingulate cortex PLPI 11126707 p=0.64 p=0.003 p=0.13

PLP] 1s521895 p=0.81 p=0.008 p=0.015

Significant effects are shown in italics, after Bonferroni correction and the addition of head size as a covariate

p’s>0.003) or genotype (all F7s¢4240y) < 1.47, all p’s>0.2).
There was a significant interaction effect in the parietal lobe
(Fla240) =9.19, p <0.0001) surviving Bonferroni correction
(see Fig. 4a). For the remaining 33 areas, we found no signif-
icant main effects of genotype (all F7s4 240y <2.24, all p’s >
0.066). However, there was a significant main effect of hemi-
sphere for the medial orbitofrontal (F(; 249y =22.66, p <
0.0001) and rostral anterior cingulate (F(; 240y =29.41, p <
0.0001) both surviving Bonferroni correction. There was also
a significant interaction effect in the supramarginal gyrus
(Fa240) = 6.46, p <0.0001), surviving Bonferroni correction
(see Fig. 4b).

To further investigate the interaction between hemisphere
and genotype in the parietal lobe and supramarginal gyrus, we
performed Bonferroni-corrected independent-samples ¢ tests
between the left and the right hemisphere for each genotype.
For the parietal lobe, across all genotypes, there were signifi-
cant differences in MWF between the left and right hemi-
spheres (all p’s <0.0001). This interaction effect is shown in
Fig. 4a. In general, all genotypes showed a rightward MWF
asymmetry, for both males and females. Within males, the
strongest asymmetry in terms of absolute numbers was ob-
served for the T genotype (right hemisphere MWF, 0.119; left
hemisphere MWF, 0.102; difference, 0.0169), over the C ge-
notype (right hemisphere, 0.114; left hemisphere, 0.0994; dif-
ference, 0.0145). In females, the strongest asymmetry was
observed for the TT genotype (right, 0.114; left, 0.101; differ-
ence, 0.0129), followed by the CT genotype (right, 0.113; left,
0.999; difference, 0.0127) and the CC genotype (right, 0.115;
left, 0.107; difference, 0.008).

For the supramarginal gyrus, across all genotypes, there
were significant differences in MWF between the left and
right hemispheres (all p’s <0.0001). This interaction effect is
shown in Fig. 4b. In general, all genotypes showed a right-
ward MWF asymmetry, for both males and females. Within
males, the strongest asymmetry in terms of absolute numbers

was observed for the T genotype (right, 0.112; left, 0.0893;
difference, 0.0224), over the C genotype (right, 0.106; left,
0.0889; difference, 0.0181). In females, the strongest asym-
metry was observed for the CT genotype (right, 0.105; left,
0.0866; difference, 0.0182), followed by the TT genotype
(right, 0.106; left, 0.0889; difference, 0.0174) and the CC
genotype (right, 0.108; left, 0.0939; difference, 0.0142).

PLP1 rs521895

For the whole brain, lobes, and cingulate cortex, we found no
significant main effects of hemisphere (all /s 240, <7.15, all
p’s>0.008) or genotype (all F’s¢ 240, <0.96, all p’s>0.43).
There was a significant interaction effect in the parietal lobe
(Fa.240) = 6.48, p <0.0001) surviving Bonferroni correction.
For the remaining 33 areas, we found no significant main
effects of genotype (all F’swu 240y <2.16, all p’s>0.074).
However, there was a significant main effect of hemisphere
for the medial orbitofrontal (£ 249y =22.63, p <0.0001) and
rostral anterior cingulate (F(; 2409y =27.57, p <0.0001) both
surviving Bonferroni correction. There was also a significant
interaction effect in the postcentral area (Fi4240) =5.37, p =
0.0004) surviving Bonferroni correction.

To further explore the hemisphere by genotype interaction
in the parietal lobe and postcentral area, we performed
Bonferroni-corrected independent-samples ¢ tests between
the left and the right hemisphere for each genotype. For the
parietal lobe, across all genotypes, there were significant dif-
ferences in MWF between the left and right hemispheres (all
p’s<0.0001). This interaction effect is shown in Fig. 5a. In
general, all genotypes showed a rightward MWF asymmetry,
for both males and females. Within males, the strongest asym-
metry in terms of absolute numbers was observed for the A
genotype (right hemisphere MWF, 0.116; left hemisphere
MWEFE, 0.0984; difference, 0.0174), over the G genotype (right
hemisphere, 0.119; left hemisphere, 0.103; difference,

@ Springer



4006

Mol Neurobiol (2019) 56:3999-4012

Table 2  The association between genetic variation in PLP/ and hemispheric asymmetries in MWEF for the 33 investigated brain areas

Area SNP ME genotype ME hemisphere Interaction
Banks superior temporal sulcus PLPI rs1126707 p=021 p=056 p=0.18
PLPI rs521895 p=0.6 p=0.62 p=0.7
Caudal anterior cingulate PLPI 1s1126707 p=0.58 p=0.024 p=0.05
PLPI rs521895 p=0.11 p=0.04 p=0.019
Caudal middle frontal PLPI 151126707 p=0.5 p=0.79 p=0.1
PLPI 1s521895 p=032 p=0.79 p=0.081
Cuneus PLPI 151126707 p=0.61 p=028 p=0.19
PLP] 1s521895 p=042 p=03 p=0.55
Entorhinal PLPI 11126707 p=043 p=097 p=0.77
PLPI 1s521895 p=031 p=0.77 =036
Frontal pole PLPI 1s1126707 p=0.26 p=0.77 p=05
PLP] 1s521895 p=022 p=0.79 p=0.99
Fusiform PLPI 151126707 p=0.68 p=0.039 p=043
PLPI rs521895 p=0.33 p=0.053 p=0.19
Inferior parietal PLPI 151126707 p=039 p=0.002 p=0.001
PLPI rs521895 p=0.82 p=0.003 p=0.016
Inferior temporal PLPI 151126707 p=0.54 p=0.35 p=0.28
PLPI 1s521895 p=0.72 p=038 p=0.61
Isthmus cingulate PLPI 1s1126707 p=0.57 p=0.83 p=0.085
PLPI 1s521895 p=0.88 p=056 »=0.009
Lateral occipital PLPI 1s1126707 p=0.62 p=0.26 p=04
PLPI 15521895 p=0.64 p=039 p=0.14
Lateral orbitofrontal PLPI 151126707 p=0.032 p=0.96 p=0.46
PLPI 1s521895 p=0.66 p=0.79 p=025
Lingual PLPI 151126707 p=09 =096 =039
PLPI rs521895 p=0.56 p=097 p=0.13
Medial orbitofrontal PLPI rs1126707 p=0.11 p=0.000003 p=0.96
PLPI rs521895 p=0.84 p=0.000003 p=0.71
Middle temporal PLPI rs1126707 p=0.46 p=0.34 p=0.97
PLPI 1521895 p=07 p=0.19 p=042
Parahippocampal PLPI 151126707 p=0.68 p=05 p=0.01
PLPI 1s521895 p=0.61 p=056 p=0.073
Paracentral PLPI 151126707 p=0.07 p=0.001 p=0.26
PLP] 1s521895 p=0.074 p=0.001 p=0.63
Pars opercularis PLPI 151126707 p=041 p=0.007 p=04
PLPI rs521895 p=0.69 p=0.003 p=021
Pars orbitalis PLPI 151126707 p=0.033 p=0.038 p=0.058
PLP] 1s521895 p=0.49 p=0.028 p=0.57
Pars triangularis PLPI rs1126707 p=0.11 p=0.02 p=042
PLPI 1521895 p=053 p=0.016 p=028
Pericalcarine PLPI 11126707 p=0.85 p=0.6 p=0.61
PLPI 1s521895 p=03 p=0.61 p=037
Postcentral PLPI 11126707 p=0.59 p=0.71 p=0.003
PLPI 1s521895 p=0.53 p=0.69 p=0.0004
Posterior cingulate PLPI 1s1126707 p=0.52 p=0.58 p=0.12
PLPI 1s521895 =093 p=0.66 p=0.027
Precentral PLPI 151126707 p=0.32 p=0.17 »=0.004
PLPI 15521895 p=035 p=0.1 p=0.007
Precuneus PLPI 151126707 p=0.66 p=0.17 p=0.011
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Table 2 (continued)
Area SNP ME genotype ME hemisphere Interaction
PLPI 1521895 p=031 p=0.17 p=0.17
Rostral anterior cingulate PLPI 151126707 p=0.066 p=0.0000001 p=0.29
PLPI 1s521895 p=095 p<0.0001 p=033
Rostral middle frontal PLPI 151126707 p=041 p=0.19 p=0.017
PLPI 1s521895 p=046 p=036 p=04
Superior frontal PLPI 151126707 p=0.56 p=043 p=0.006
PLPI 1s521895 p=022 p=029 p=0.13
Superior parietal PLPI 151126707 p=043 p=0.64 p=0.01
PLPI 1s521895 p=0.6 p=031 p=0.001
Superior temporal PLPI 151126707 p=03 p=025 p=0.26
PLP] 1s521895 p=0.56 p=032 p=022
Supramarginal PLPI 151126707 p=044 p=0.19 p=0.000059
PLPI 1s521895 p=0.76 p=0.08 p=0.001
Temporal pole PLPI 1s1126707 p=0.66 p=048 p=0.045
PLPI 15521895 p=022 p=046 p=043
Transverse temporal PLPI 151126707 p=0.38 p=0.83 p=031
PLPI 1521895 p=0.78 p=0.68 p=0.12

Significant effects are shown in italics, after Bonferroni correction and the addition of head size as a covariate

0.0156). In females, the strongest asymmetry was observed
for the GG genotype (right, 0.112; left, 0.0996; difference,
0.0129), followed by the AA genotype (right, 0.112; left,
0.1; difference, 0.0122) and the AG genotype (right, 0.114;
left, 0.102; difference, 0.012).

For the postcentral area, across all genotypes, there were
significant differences in MWF between the left and right
hemispheres (all p’s < 0.008). This interaction effect is shown
in Fig. 5b. In general, all genotypes showed a rightward MWF
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asymmetry, for both males and females. Within males, the
strongest asymmetry in terms of absolute numbers was ob-
served for the A genotype (right, 0.126; left, 0.11; difference,
0.0164), over the G genotype (right, 0.13; left, 0.115; differ-
ence, 0.0149). In females, the strongest asymmetry was ob-
served for the GG genotype (right, 0.123; left, 0.111; differ-
ence, 0.0125), followed by the AG genotype (right, 0.124;
left, 0.114; difference, 0.0101) and the AA genotype (right,
0.121; left, 0.114; difference, 0.00659).
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Fig. 4 Average MWF in relation to PLPI rs1126707 genotype for the parietal lobe (a) and the supramarginal gyrus (b). Error bars show standard error
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Fig. 5 Average MWF in relation to PLP1 1s521895 genotype for the parietal lobe (a) and the postcentral gyrus (b). Error bars show standard error

Age Effects

As age has been shown to affect brain structure and brain
myelin content, we re-analyzed the four significant analyses
with age as a covariate. For the PLPI rs1126707 SNP, the
genotype by hemisphere interaction remained significant for
the parietal lobe (F4 239, = 9.545; p < 0.0001) as well as for the
supramarginal gyrus (F4»39,=6.738; p<0.0001). For both
analyses, the main effect of age also reached significance (pa-
rietal lobe: F(; 239y = 28.612, p < 0.0001; supramarginal gyrus:
F(12399=27.105, p<0.0001). For the PLPI rs521895 SNP,
the genotype by hemisphere interaction remained significant
for the parietal lobe (£4 239y = 6.736; p < 0.0001) as well as for
the postcentral gyrus (F4239)=5.397; p<0.001). For both
analyses, the main effect of age also reached significance (pa-
rietal lobe: Fj 239)=28.342; p<0.0001; postcentral gyrus:
F(1,239) =26.43 1, p< 00001)

These effects show that age has an effect on MWF, but
does not specifically affect the relation between PLP1 and
hemispheric asymmetries. However, it also needs to be
noted that the large majority of our sample was younger
than 40, and only 14 participants were older than 40. Thus,
for proper aging research on MWF, a sample with a much
bigger group of older adults needs to be tested before any
final conclusions can be drawn.

Discussion

The aim of the present study was to investigate hemispheric
asymmetries in white matter as assessed by myelin water
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fraction (MWF) imaging and study its association with genetic
variation in the myelin-associated gene PLP].

First, we systematically assessed hemispheric asymmetries
in MWF across the whole brain. We found that for the whole
brain, there was a rightward asymmetry in MWF, suggesting a
higher content of myelin in the right hemisphere than in the
left. This finding is in line with a xenon-133 inhalation study
that investigated differences in the distribution of gray and
white matter between the left and right hemisphere [43]. In
36 right-handed male undergraduate students, Gur et al. [43]
found a higher ratio of gray to white matter in the left hemi-
sphere than in the right, and a higher ratio of white to gray
matter in the right hemisphere than in the left. Gur et al. [43]
concluded that in absolute terms, there is likely more white
matter in the right hemisphere and more gray matter in the left
hemisphere. These findings were later confirmed by a large-
scale neuroimaging study by Chiarello et al. [54], who found
that in a sample of 100 men and 100 women, participants had
on average 2% more white matter in the right hemisphere than
in the left. The strongest MWF asymmetries were found in the
cingulate cortex and parietal lobe, followed by the temporal
lobe, frontal lobe, and occipital lobe.

We also investigated MWF asymmetries in 33 separate
brain areas following the Desikan parcellation scheme [50,
52]. Here, we found both leftward and rightward MWF
asymmetries, with rightward asymmetries being more promi-
nent than leftward asymmetries. Significant leftward
asymmetries were located in the cuneus, superior frontal,
and medial orbitofrontal areas. Leftward MWF asymmetry
in the medial orbitofrontal cortex might correspond to left-
ward asymmetry of the uncinate fasciculus as reported by
DTI studies [22, 55]. The uncinate fasciculus is a white matter
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tract that connects the anterior temporal lobe with the
orbitofrontal cortex and has been implicated in language and
emotion [56]. For the cuneus and superior frontal cortex, there
do not seem to be direct equivalents in DTI studies investigat-
ing hemispheric asymmetries. In general, our findings do not
show a substantial overlap with FA-based studies on hemi-
spheric asymmetries in white matter [57, 58]. In general, those
show a larger amount of leftward FA asymmetries than the
leftward MWF asymmetries that we found in our study. This
highlights the importance of using MWF imaging for
neurogenetic studies on myelin gene function, as these differ-
ences might have been caused by the fact that FA in white
matter reflects not only myelin, but is influenced by a number
of other factors, including axon diameter and packing density,
axon permeability, and fiber geometry [28-31].

Due to its strong correspondence with histological studies,
the MWF technique therefore seems to be the most suitable
non-invasive in vivo method to use in human studies, partic-
ularly when characterizing the quantity and integrity of axonal
sheaths in a myelin-specific manner [38]. Although other MR
methods do exist to address the integrity of white matter (such
as magnetization transfer [59], diffusion anisotropy [25], or
neurite orientation dispersion; NODDI) [60, 61], these
methods tend to be more strongly influenced by other factors
than myelin content [38, 62, 63].

To the best of our knowledge, there are no previously pub-
lished papers investigating MWF asymmetries at the brain
area level in healthy adults, and therefore, this study is the first
to do so. However, O’Muircheartaigh et al. [64] recently pub-
lished a study investigating MWF asymmetries in a sample of
108 typically developing children aged between 1 and 6 years.
Unlike our study, these authors did not use predetermined
brain regions for the asymmetry analysis, but conducted a
voxel-wise comparison and then determined clusters with sig-
nificant asymmetries. Subsequently, the brain areas covered
by these clusters were ascertained. Similar to our results,
O’Muircheartaigh et al. [64] found both leftward and right-
ward MWF asymmetries, but with a somewhat more leftward
bias than in our study. Overall, clusters showing significant
rightward asymmetry were located in the extreme capsule, the
white matter underlying lateral motor cortex, and the ventral
frontal cortex. Clusters showing significant leftward MWF
asymmetry were located in the anterior caudate and thalamus,
medial frontal cortex, posterior parietal lobe, and the arcuate
fasciculus. These differences between the study by
O’Muircheartaigh and our work can be partly explained by
methodological differences, but are probably mostly due to
developmental changes in white matter, as this continues to
develop up until middle adulthood [65, 66].

In a second step, we investigated the association between
the two PLP1 SNPs, rs1126707 and rs521895, and hemi-
spheric asymmetries in MWF for the whole brain, lobes, cin-
gulate cortex, and 33 separate brain areas. Overall, the

genotype distributions for our sample were in line with the
expected population frequencies based on the dbSNP data-
base. We found that both SNPs showed significant associa-
tions with hemispheric asymmetries in MWE.

For PLPI 151126707, we found a significant hemisphere-by-
genotype interaction for both the parietal lobe on the lobe level
and the supramarginal gyrus on the area level. The
supramarginal gyrus is located in the parietal lobe. Thus, it can
be assumed that the association between the alleles of this poly-
morphism and MWF asymmetries in the parietal lobe is driven
by this area. Bonferroni-corrected post hoc tests showed that all
rs1126707 genotypes showed significant rightward MWF
asymmetries in the parietal lobe. In absolute MWF values, males
with the common T allele showed stronger MWF asymmetries
in the parietal lobe than males with the rare C allele. For females,
the homozygous TT genotype carrier showed the strongest
asymmetries, followed by the heterozygous CT genotypes and
rare homozygous CC genotypes. Women with the CC genotype
had the overall weakest asymmetries in absolute terms, even
when compared with the males with the C genotype. Thus, the
rare 151126707 C allele seems to lead to decreased MWF
asymmetries in the parietal lobe.

In line with this result, Bonferroni-corrected post hoc tests
showed that all rs1126707 genotypes showed significant right-
ward MWF asymmetries in the supramarginal gyrus. As with
the parietal lobe, males with the T allele had stronger
asymmetries than males with the C allele. For female partici-
pants, the strongest asymmetries were observed for the CT
genotypes, followed by the homozygous TT and CC geno-
types. With respect to heterozygous females, it should be noted
that most loci on the X chromosome are subject to X inactiva-
tion in females, meaning that only one allele from each pair of
alleles is expressed [67]. However, the inactivated allele in each
cell is selected at random. Therefore, it is unknown which of the
two alleles is expressed in heterozygous females. Nevertheless,
women with the CC genotype showed the overall weakest
asymmetries of all participants. Thus, in line with our overall
parietal lobe findings, the rare rs1126707 C allele seems to lead
to decreased MWF asymmetries in the supramarginal gyrus.

Therefore, we conclude that the rare C allele is associated
with a reduction in hemispheric asymmetries. This association
between the rare C allele and reduced hemispheric asymmetry
has also been observed in a study involving the dichotic listen-
ing task, which is used to assess language lateralization
[68—71]. Moreover, individuals with the rare rs1126707 C al-
lele have been shown to have altered interhemispheric process-
ing compared to other individuals [3]. While we can only spec-
ulate why we found a specific effect for the supramarginal
gyrus, it is striking that the white matter underlying this area
is a part of the superior longitudinal fasciculus (SLF). The SLF
is a large white matter tract connecting the frontal and parietal
lobes that has been implicated in visuo-spatial attention and
shows a strong rightward structural asymmetry [44]. This
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asymmetry is one of the strongest rightward structural white
matter asymmetries that have been observed in DTI studies
[44]. Therefore, it makes sense that genetic variation in a
myelin-related gene like PLP] affects the structure of this area.

For PLP/1 rs521895, we also found a significant hemisphere-
by-genotype interaction for both the parietal lobe on the lobe
level and the postcentral gyrus on the area level. The postcentral
gyrus is located in the parietal lobe. Thus, it can be assumed that
the association between genetic variations in PLPI rs521895
and MWF asymmetries in the parietal lobe is driven by this
area. Here, Bonferroni-corrected post hoc tests showed that all
rs521895 genotypes showed significant rightward MWF
asymmetries in the parietal lobe. However, in terms of absolute
MWF asymmetries, the association varies between male and
female participants. Here, males carrying the rare A allele
showed stronger MWF asymmetries than males with the G
allele. For females, the strongest asymmetry is associated with
the common homozygous GG genotype, followed by the ho-
mozygous AA genotype and the heterozygous AG genotype.
Bonferroni-corrected post hoc tests also showed that all
rs521895 genotypes showed significant rightward MWF
asymmetries in the postcentral gyrus. In line with the results
for the parietal lobe, males with the rare A allele showed stron-
ger asymmetries than males with the G allele. For females, the
strongest asymmetry was observed in the GG genotype, follow-
ed by the AG genotype and the AA genotype. Thus, for
1s521895, the rare A allele leads to reduced MWF asymmetries
in the parietal lobe and the postcentral gyrus for females, but not
for males. Furthermore, for the rs521895 SNP, we found a
specific effect for the postcentral area. As with the
supramarginal gyrus which was associated with genetic varia-
tion in the rs1126707 SNP, this brain area is located in the
parietal lobe. It has been related to somatosensory processing,
and like the supramarginal gyrus, the white matter underlying it
is part of the SLF.

The function of PLPI has not been fully established.
However, its implication in myelination and the fact that the
amino acid sequence of PLP has been highly conserved dur-
ing mammalian evolution [72] increases the probability that
PLPI sequence variation may impact white matter size or
structure, which in turn is likely to significantly affect brain
function. Unfortunately, it is not known whether the polymor-
phisms analyzed are functional. However, the results generat-
ed by ESE finder [46] indicated that the ¢.609C nucleotide of
the synonymous SNP 151126707 that induces no amino acid
change creates a new SF2/ASF binding motif (score 3.02).
However, the RESCUE-ESE program [47] did not show any
difference between the distribution of exonic splicing en-
hancers (ESE) motifs in the wild-type and the variant se-
quence. ESEs stimulate splicing and serve as binding sites
for various splicing factors, of which the best characterized
are the serine/arginine-rich proteins (SR proteins) [73].
Therefore, the C allele of SNP rs1126707 may lead to changes
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in the splicing pattern with functional consequences that could
potentially affect brain structure. Future studies should focus
on the exact nature of these potential functional consequences
of genetic variation in this allele. Moreover, future studies
should use other myelin-specific MRI measures than MWEF,
such as magnetization transfer imaging, mcDESPOT, and ra-
dial diffusivity [38], to investigate the neurogenetics of PLP].

Taken together, the results of the present study suggest the
existence of mostly rightward MWF asymmetries in the adult
human brain. Importantly, genetic variation in the myelin-
associated gene PLP] affects MWF asymmetries in the pari-
etal lobe. Potentially, these rightward structural asymmetries
are related to previously reported rightward structural
asymmetries in the SLF.
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