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Abstract

White matter microstructure is affected by immune system activity via the actions of
circulating pro-inflammatory cytokines. Although white matter microstructure and
inflammatory measures are significantly heritable, it is unclear if overlapping genetic
factors influence these traits in humans. We conducted genetic correlation analyses
of these traits using randomly ascertained extended pedigrees from the Genetics of
Brain Structure and Function Study (N = 1862, 59% females, ages 18-97 years;
42 + 15.7). White matter microstructure was assessed using fractional anisotropy
(FA) calculated from diffusion tensor imaging (DTI). Circulating levels (pg/mL) of pro-
inflammatory cytokines (IL-6, IL-8, and TNFa) phenotypically associated with white
matter microstructure were quantified from blood serum. All traits were significantly
heritable (h? ranging from 0.41 to 0.66 for DTI measures and from 0.18 to 0.30 for
inflammatory markers). Phenotypically, higher levels of circulating inflammatory
markers were associated with lower FA values across the brain (r= —.03 tor = —.17).
There were significant negative genetic correlations between most DTI measures
and IL-8 and TNFa, although effects for TNFa were no longer significant when
covarying for body mass index. Genetic correlations between DTl measures and IL-6
were not significant. Understanding the genetic correlation between specific inflam-
matory markers and DTl measures may help researchers focus questions related to

inflammatory processes and brain structure.
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1 | INTRODUCTION

The human brain is composed of structural networks that support
brain function via white matter fiber connections (Kanai & Rees, 2011),
making white matter microstructure essential to complex cognition
(Kennedy & Raz, 2009; Madden et al., 2008), development (Barnea-Goraly
et al,, 2005; Giedd et al., 1999; Koenis et al., 2018; Nagy, Westerberg, &
Klingberg, 2004), plasticity (Hofstetter, Tavor, Moryosef, & Assaf, 2013;
Zatorre, Fields, & Johansen-Berg, 2012), and successful aging (Gunning-
Dixon, Brickman, Cheng, & Alexopoulos, 2009; Gunning-Dixon &
Raz, 2000). White matter microstructure is influenced by several factors,
especially those associated with increased innate inflammatory activity
(Porter, Leckie, & Verstynen, 2018). Inflammation affects white matter
microstructure via elevating levels of circulating pro-inflammatory cyto-
kines, which increase blood-brain barrier permeability (Stolp et al., 2009;
Stolp, Dziegielewska, Ek, Potter, & Saunders, 2005; Varatharaj & Galea,
2017) and can trigger inflammatory processes in the brain (Konsman, Par-
net, & Dantzer, 2002). Subsequent neuroinflammation has cascading
effects that activate microglia (Sankowski, Mader, & Valdés-Ferrer, 2015),
which contribute to white matter pathology in the form of volume reduc-
tions and loss of oligodendrocyte precursor cells (Li et al, 2017;
McDonough, Lee, & Weinstein, 2017; Stolp et al., 2009). Local white mat-
ter damage can, in turn, send cytokine-mediated signals back to the
periphery (Chen, Castro, Chow, & Reichlin, 1997; Chen & Reichlin, 1998;
Romero, Kakucska, Lechan, & Reichlin, 1996), resulting in a reciprocal rela-
tionship between white matter microstructure and immune responses.

Evidence of these molecular interactions is observable in vivo using
fractional anisotropy (FA) from diffusion tensor imaging (DTI), a sensitive
but nonspecific marker of white matter microstructure (Alexander, Lee,
Lazar, & Field, 2007). For example, prenatal exposure to high maternal
serum levels of pro-inflammatory cytokines is associated with lower FA
values at birth and disrupted white matter development throughout the
first year of life (Rasmussen et al., 2018). In adulthood, higher levels of cir-
culating cytokines are also associated with lower FA values along with
age-related cognitive decline (Bettcher et al, 2014; Lim, Krajina, &
Marsland, 2013). Furthermore, increased circulating levels of pro-
inflammatory cytokines are associated with reduced FA in several disor-
ders including schizophrenia (Najjar & Pearlman, 2015; Prasad, Upton,
Nimgaonkar, & Keshavan, 2015), bipolar disorder (Benedetti et al., 2016),
Parkinson's disease (Chiang et al., 2017), lipid metabolism disorders (Ryan
etal., 2017), and tuberculosis meningitis (Yadav et al., 2010), possibly indi-
cating joint impacts on a variety of illnesses.

While white matter microstructure, as quantified by DTI, and circulat-
ing pro-inflammatory cytokines are related at the phenotypic level, part of
their relationship could be genetically mediated. Inflammation is typically
conceptualized as a reaction to both acute and chronic environmental stim-
uli, but basial and reactionary cytokine levels are at least partially under
genetic control (De Craen et al., 2005; Livshits, 2006; Sas et al., 2012). DTI
white matter measures are, likewise, heritable (Kochunov et al., 2010;
Kochunov et al., 2015; Kochunov et al., 2016), raising the possibility that
shared genetic factors could impact both traits. Establishing partially over-

lapping genetic influences between white matter microstructure and innate

inflammatory responses is an important first step in understanding possible
common biological mechanisms between these two seemingly disparate
phenotypes. In other contexts, genetic correlation analyses have been suc-
cessful for conceptualizing diagnostic specificity, particularly in neurological
versus psychiatric disorders (Anttila et al., 2018), genetic links between
depression and educational attainment (Peyrot et al., 2015), as well as joint
genetic influences on brain volume and cognition (Posthuma et al., 2003).
We performed two types of quantitative genetic analyses in order
to: (a) verify that DTl and inflammatory traits were heritable in our
sample; and (b) estimate the shared variance attributable to overlapping
genetic influences. Traits included global and regional FA measures of
white matter microstructure from DTl and circulating measures of three
commonly assayed pro-inflammatory cytokines that are negatively
associated (phenotypically) with FA (IL-6, IL-8, and TNFa; Benedetti
et al., 2016; Prasad et al., 2015; Rasmussen et al., 2018). We hypothe-
sized that both DTI and inflammatory traits are negatively phenotypi-
cally correlated and significantly heritable as in previous studies. We
also hypothesized that there would be significant genetic correlations

between them.

2 | MATERIALS METHODS

2.1 | Participants

Participants were from the Genetics of Brain Structure and Function
Study, a subset of individuals recruited for the San Antonio Family
Study. Recruitment details for this sample has been described else-
where (McKay et al., 2014; Olvera et al., 2011); in short, participants
were required to be of Mexican-American ancestry and part of a large
extended family living in the San Antonio Area. One thousand eight
hundred and sixty-two (N = 1862) individuals were included in our
analyses (1105 females; age range 18-97 years; mean age (SD): 42.0
(15.7); 96 families total; family size range: 1-174; mean family size
19.3). All participants provided written informed consent in accor-
dance with the institutional review board at the University of Texas

Health Science Center, San Antonio and Yale University.

2.2 | DTI data acquisition and processing

MRI scanning was performed on a Siemens 3 T Trio scanner with a phase-
array head coil at the Research Imaging Institute at the University of Texas
Health Science Center at San Antonio (UTHSCSA). A single-shot, single
refocusing spin-echo, echo-planar imaging sequence was used to acquire
diffusion weighted images. Parameters for the diffusion sequence were as
follows: spatial resolution 1.7 x 1.7 x 3.0 mm, TE/TR = 87/8000 m:s,
FOV = 200 mm, 55 isotropically distributed diffusion weighted directions,
two diffusion weighting values, b = 0 and 700 s/mm? and three b =0
(nondiffusion-weighted) images. Sequence parameters, including number
of diffusion directions, number of bO images, and b-value magnitudes
were selected via an optimization procedure that accounted for the diffu-
sivity of the cerebral white matter and T2 relaxation times (Jones,
Horsfield, & Simmons, 1999).
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Diffusion images were processed using FMRIB's Software Library
(FSL; Smith et al., 2004). Preprocessing of diffusion weighted images
included brain extraction (Smith, 2002), correction for subject motion
and eddy currents (Andersson & Sotiropoulos, 2016), and diffusion
tensor fitting resulting in individual FA maps. Preprocessed FA maps
were then fed into the standard Tract-Based Spatial Statistics (TBSS)
pipeline implemented in FSL (Smith et al., 2006). As part of the pipe-
line, preprocessed FA maps were aligned to the FMRIB58_FA tem-
plate using nonlinear registration (Andersson, Jenkinson, & Smith,
2010). An average FA image was then calculated and thinned using an
applied threshold of FA > 0.2 to create an average FA skeleton, which
represents the center of white matter tracts common to all subjects.
Each subject's aligned FA data was then projected onto the skeleton,
resulting in one skeleton image per subject containing voxels with FA
values across the brain within the skeleton boundaries.

Average FA was calculated for the whole skeleton and 11 white
matter tracts using the intersection between the average FA skeleton
and the John's Hopkins University (JHU) white matter tractography
atlas (Hua et al., 2008). The JHU atlas contains 20 tracts, although
we calculated bilateral FA measures by averaging the right and left

Average FA Skeleton

FIGURE 1

hemispheres except for the Forceps measures. We chose to use
bilateral measures because genetic correlations between right and left
measures of the same regions were approximately 0.90, indicating little
unique genetic information determining right versus left FA measures.
Tracts included the anterior thalamic radiation (ATR), cingulum bundle
(CgC), cingulum hippocamal part (CgH), corticospinal tract (CST),
forceps major (FMa), forceps minor (FMi), inferior fronto-occipital
fasciculus (IFOF), inferior longitudinal fasciculus (ILF), superior longitudi-
nal fasciculus (SLF), superior longitudinal fasciculus temporal part (tSLF),

and the uncinate fasciculus (UF; See Figure 1).

2.3 | Measurement of inflammatory markers

Serum-based measures of IL-6, IL-8, and TNFa were isolated from
participant's blood drawn via a venipuncture procedure after 12 hrs of
fasting. Circulating cytokine levels were quantified using a Milliplex
MAP Human Adipokine Magnetic Bead Panel 2-Endocrine Multiplex
Assay (HADK2MAG-61 K) and were run on a Luminex 100 instrument.
Ten percent of samples were run in duplicate on separate plates.

Intra-assay coefficients of variation were <10% for all markers.

BATR HMCgC HMCgH [ CST
FMi [IFOF JILF | SLF

=\ F}
tSLF | UF

Skeletonized White matter tracts. Image shows the average FA skeleton (left) and the 11 skeletonized white matter tracts (right)

used in the quantitative genetic analyses. Skeletonized data are overlaid on the average FA image created during DTI preprocessing and are in
MNI space. ATR, anterior thalamic radiation; CgC, cingulum cortex; CgH, cingulum hippocampus; CST, corticospinal tract; FMa, forceps major;
FMi, forceps minor; IFOF, inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus; tSLF,
superior longitudinal fasciculus temporal part; UF, Uncinate fasciculus [Color figure can be viewed at wileyonlinelibrary.com]
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Minimum detectable concentration (pg/mL) was 0.2, 0.3, and 0.3 for
IL-6, IL-8, and TNFa, respectively.

2.4 | Experimental design and analysis

Traits of interest for the quantitative genetic analyses (heritability and
genetic correlations) were 12 DTI-derived FA measures (whole-skeleton
average and individual tracts) and circulating levels of three pro-
inflammatory cytokines (IL-6, IL-8, and TNFa). All quantitative genetic
analyses were performed in SOLAR v8.1.1 (Almasy & Blangero, 1998),
which employs maximum likelihood variance decomposition methods to
determine the relative importance of genetic and environmental influ-
ences by modeling the covariance among family members as a function
of genetic proximity. Before each analysis, an inverse-normal transfor-
mation was applied to DTl and inflammatory measures. Covariates com-
mon to all analyses included age, age squared, sex and their interactions
(age x sex and age squared x sex). Two motion estimates calculated dur-
ing DTl motion correction, the average amount of movement from the
first volume and the average amount of movement from the previous
volume, were used as covariates for DTl measures only. Given the
known relationship between both circulating cytokine levels and FA and
obesity (Bettcher et al., 2013; Verstynen et al., 2013), models were run
with and without body mass index (BMI) as a covariate. For significant
genetic correlations between cytokines and FA, we also test the effect of
covarying for other cytokine measures as the levels of circulating cyto-
kines are correlated (Li et al., 2016). This may provide information about
the level of independence of a particular cytokine's effect on genotypic
correlations with white matter.

First, heritability estimates (h?) of DTI and inflammatory measures
were calculated using the polygenic command in SOLAR. Heritability is
the proportion of variance within a trait that is explained by additive
genetic factors and is estimated by partitioning the phenotypic covariance
matrix into genetic and environmental components as h? = 62 /(62 + 62),
where oé represents additive genetic variance and ag represents ran-
dom environmental effects. The covariance matrix, Q, is composed of
the n x n kinship matrix (R) and an n x n identity matrix (I) as follows:
Q= 2Ra§ + IO'E. Tests of heritability are performed using standard likeli-
hood ratio tests in which the In likelihood of the null model (where the
focal variance component is forced to be zero) is compared to that of
the alternative model (where the focal variance component is explic-
itly estimated from the data). Twice the difference in these In likeli-
hoods yields a likelihood ratio test statistic that is asymptotically
distributed as a 50:50 mixture of a chi-square variate with one degree
of freedom and a point mass at zero. Second, bivariate polygenic ana-
lyses were performed in order to estimate the genetic correlations
between DTI and inflammatory measures. Genetic correlations esti-
mate how much of the variance shared between two traits is due to
shared genetic variance and is based on decomposing the phenotypic
variance as follows: pp, = pgV(h?)V(h%,) + peV(1 — h2)V(1 — h?y), where
h21 and h22 are the heritabilities of the two traits, py is the genetic cor-
relation, and p. is the environmental correlation. Significance of corre-

lations are tested by comparing the In likelihood for two restricted

models (with either pg or pe constrained to 0) against the In likelihood
for the model in which these parameters were estimated. Genetic cor-
relations that are significantly different from O indicate that the two
traits are influenced by shared genetic effects (Almasy, Dyer, &
Blangero, 1997).

False discovery rate (FDR) (Benjamini & Hochberg, 1995) was
used in all quantitative genetic analyses to account for false positives
due to multiple testing. For heritability analyses, corrections were
applied within BMI condition (with or without BMI as a covariate) and
within trait type (inflammatory marker or DTI). For genetic correla-
tions, corrections were applied within BMI condition (with or without
BMI as a covariate), within marker (IL-6, IL-8, or TNFa), and within rho

estimate (pp, pg, OF pe).

3 | RESULTS

Descriptive statistics for each trait in the quantitative genetic analyses
are reported in Table 1. Sample sizes in Table 1 reflect all available
data for a given variable. Because BMI is associated with circulating
cytokines and FA, we also report phenotypic and genotypic correla-
tions between each trait and BMI. There were significant phenotypic
correlations between BMI and IL-6, TNFa, and some white matter
tracts. There were only significant genetic correlations between BMI
and IL-6.

All DTI and inflammatory traits were significantly and moderately
heritable (FDR corrected p < .05), with h? ranging from 0.41 to 0.66
and 0.18 to 0.30 respectively (See Table 2). Estimates remained signif-
icant when BMI was included as a covariate, although BMI was a sig-
nificant covariate in the h? model for 2 out of 12 DTI measures (CgH
and FMi) and 2 out of 3 inflammatory markers (IL-6 and TNFa).

Results of the genetic correlation analyses are shown in Table 3
and summarized in Figure 2. Phenotypic correlations between DTI
and inflammatory measures were negative and significant with the
exception of the correlation between CgH and IL-6. Genetic correla-
tions were also negative, but significance varied across inflammatory
markers and covariate inclusion. IL-8 levels were significantly and
moderately genetically correlated with whole-skeleton FA and FA in
most individual tracts, regardless of whether BMI was included as a
covariate in the bivariate model. TNFa was similarly genetically corre-
lated with whole-skeleton and tract-level FA, but these associations
were no longer significant when covarying for BMI. While genetic
correlations between TNFa and FA measures were slightly reduced
when including BMI as a covariate, this reduction was not significant
(see Table S4). Lastly, there were no significant genetic correlations
between any DTI measures and IL-6 with or without including BMI as
a covariate. Cytokine levels were phenotypically correlated in our
analysis (see Table 4), suggesting that genetic correlations should be
tested in a model where other cytokines are considered as covariates.
When adding IL-6 and TNFa as covariates in the bivariate model
including whole-skeleton FA and IL-8 (the only model to show
unequivocal significant genetic association), genetic correlations were

reduced but remained significant (IL-8: pg = —.23, p = .04).
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TABLE 1 Descriptive statistics for traits used in the quantitative genetic analyses
- & Range Correlation with BMI

BMI (kg/m?), n = 1,635 31.6 7.4 63 oo (p) e ()

Inflammatory markers (pg/mL), n = 1,817
IL-6 3.86 16.70 588.89 0.27 (8.8 x 1072+ 0.41 (.002)*
IL-8 3.34 5.06 98.32 —-0.03 (0.27) 0.03(.78)
TNFa 2.51 1.92 2322 0.13 (1.4 x 1079%)* 0.05 (.64)

DTI measures (FA), n = 1,320
Whole skeleton 0.46 0.03 0.26 —0.05 (0.14) —-0.19 (.03)
Anterior thalamic radiation (ATR) 0.50 0.04 0.34 —0.02 (0.56) —0.21 (.05)
Cingulum bundle (CgC) 0.61 0.05 0.33 0.003 (0.92) —-0.13(.17)
Cingulum hippocampal part (CgH) 0.45 0.06 0.60 0.19 (5.4 x 107°%)* 0.01 (.94)
Corticospinal tract (CST) 0.62 0.04 0.49 0.02 (0.54) —0.10 (.27)
Forceps major (FMa) 0.68 0.05 0.38 —0.06 (0.07) -0.21 (.02)
Forceps minor (FMi) 0.57 0.05 0.35 —0.09 (0.006)* —0.17 (.06)
Inferior fronto-occipital fasciculus (IFOF) 0.53 0.04 0.33 —0.07 (0.03) —0.25(.01)
Inferior longitudinal fasciculus (ILF) 0.51 0.03 0.35 —0.02 (0.53) —0.24 (.01)
Superior longitudinal fasciculus (SLF) 0.51 0.04 0.28 —0.08 (0.009)* -0.23 (.01)
Superior longitudinal fasciculus temporal part (tSLF) 0.58 0.04 0.37 —0.01 (0.79) —-0.11 (.29)
Uncinate fasciculus (UF) 0.52 0.05 041 —0.002 (0.95) -0.13 (.21)

Note: Inflammatory markers are serum-based measures of IL-6, IL-8, and TNFa. DTI measures are bilateral FA values obtained from averaging the right and
left hemispheres (excluding the forceps major and minor) of tracts in the JHU white matter atlas. Table shows mean, standard deviation, and range for each
measure included in the quantitative genetic analyses. Genetic correlation analyses were used to estimate the phenotypic and genetic correlations
between each measure and BMI. Reported p-values are uncorrected (FDR corrected p-values are listed in Table S1).

*Significant correlation with BMI, FDR corrected p < .05.

4 | DISCUSSION
White matter microstructure and innate inflammatory responses are
associated both phenotypically and genetically. At the phenotypic
level, we found negative correlations between FA and circulating pro-
inflammatory cytokine levels, consistent with prior reports (Bettcher
et al, 2014; Lim et al., 2013; Rasmussen et al., 2018). By observing
significant genetic correlations, we demonstrated that at least a por-
tion of these phenotypic associations is due to shared genetic control
of cerebral white matter FA and circulating levels of pro-inflammatory
cytokines.

Like their phenotypic correlations, genetic correlations between
FA and circulating pro-inflammatory cytokines were primarily nega-
tive, which could result from several scenarios. One, is that the same
gene or genetic factor positively influences one phenotype and
negatively influences another. Genome-wide association (GWA)
analyses could identify these genes or variants. There are several
GWA studies of FA (Elliott et al., 2017; Lopez et al., 2012; Sprooten
et al., 2013, 2014) and inflammatory measures (Ahola-Olli et al., 2017,
Emilsson et al., 2018; Folkersen et al., 2017; Kim et al., 2012; Larsen
et al,, 2013; Li et al., 2016; Sun et al., 2018). While these analyses suc-
cessfully identify loci underlying individual variation in these traits,
they fail to identify variants common to both. Furthermore, most

significant associations from these studies are related to variations in

IL-6, which was not genetically correlated with white matter measures
in our study. It is likely that more targeted approaches or larger sam-
ple sizes will be necessary to find shared variants between specific
cytokines and white matter FA rather than independent GWA ana-
lyses of these traits. Another possibility is that the same genetic factor
acts on a third trait, which has opposing effects on two phenotypes. A
likely candidate may be the genes that regulate pro-inflammatory
nuclear factor (NF)-kB, a transcription factor that is activated by
inflammation. Upon activation, (NF)-kB induces cytokine gene expres-
sion, which contributes to circulating cytokine levels (Baker, Hayden, &
Ghosh, 2011). It also appears to play an integral role in CNS reactive
astrogliosis, which contributes to axon loss when inflammatory pro-
cesses are not resolved (Saggu et al., 2016). Still another possible
explanation is that different variants are responsible for the opposing
effects on two phenotypes, but these variants are in linkage disequi-
librium with each other.

Genetic correlations also differed across the three circulating pro-
inflammatory cytokines measured. FA across the white matter skeleton
showed significant genetic overlap with IL-8 and TNF«, although for
TNFa this relationship was dependent on covarying for BMI. In contrast,
FA showed no evidence for genetic overlap with IL-6 in our sample. IL-6,
IL-8, and TNFa are pro-inflammatory cytokines with different roles in
the body's response to inflammation and could, therefore, impact white

matter microstructure via different genetic mechanisms. Both IL-6 and



RODRIGUE ET AL.

WILEY-_L“#

TABLE 2 Heritability (h?) estimates for traits with and without BMI as a covariate

Age/sex

Covariates h? (se), p-value

Inflammatory markers

IL-6 0.18 (0.05), p = —=2.0 x 107°¢
IL-8 0.30 (0.05), p = —4.0 x 107
0.23(0.05),p = —1.4 x 107

TNFa

DTI measures

Whole skeleton 0.60 (0.06), p = 8.1 x 10732
ATR 0.41(0.06), p = 1.3 x 10723
CgC 0.54 (0.06), p = 2.5 x 10722
CgH 0.41(0.07),p=5.6 x 1073
CST 0.55 (0.06), p = 6.7 x 1072¢
FMa 0.64 (0.06), p = 4.8 x 103!
FMi 0.58 (0.06), p = 7.1 x 107%°
IFOF 0.56 (0.06), p = 4.0 x 1023
ILF 0.53 (0.06), p = 1.8 x 10722
SLF 0.66 (0.06), p = 1.5 x 10%°
tSLF 0.44 (0.06), p = 4.1 x 107*¢
UF 0.49 (0.07),p=1.7 x 107

Age/sex/BMI
h? (se), p-value, BMI p-value

0.18 (0.05), p = 2.4 x 107°%, BMI p = 5.9 x 1072
0.25(0.05), p = 2.3 x 1078 BMIp = .28
0.25(0.05), p = 2.9 x 1077, BMI p = 1.26 x 107%7*

0.56 (0.06), p = 8.8 x 10724 BMI p = .59
0.33(0.07), p = 1.4 x 107°, BMI p = .87
0.53(0.07),p =3.5x 10", BMI p = .37
0.40 (0.08), p = 5.6 x 107°7, BMI p = 3.5 x 10~ 3=
0.50 (0.06), p = 3.0 x 10~ BMI p = .18
0.60 (0.07), p = 1.7 x 1072%, BMI p = .38
0.57 (0.06), p = 1.4 x ~2% BMI p = .03*
0.51(0.07),p = 1.8 x 10", BMI p = .20
0.48 (0.07),p = 6.3x 10", BMIp = .66
0.60 (0.07), p = 8.4 x 10722, BMI p = .08
0.40 (0.07), p = 4.4 x 1073, BMI p = .84
0.44 (0.07),p =3.3x 1073 BMIp = .56

Note: Heritability estimates (h?) for circulating levels of inflammatory markers and bilateral tract FA measures with and without BMI as a covariate in the
model. Estimates listed are from the full polygenic model, which included all covariates: age, age?, sex and their interactions, motion parameters for DTI
measures, and BMI where indicated. All estimates were significant before and after correction for multiple comparisons using FDR. Reported p-values are
uncorrected (corrected p-values are listed in Table $2). Significance of BMI as a covariate in the h? model and its respective p-value is also reported. ATR,
anterior thalamic radiation; CgC, cingulum bundle; CgH, cingulum hippocampal part; CST, corticospinal tract; FA, fractional anisotropy; FMa, forceps major;
FMi, forceps minor; IFOF, inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus; tSLF, superior

longitudinal fasciculus temporal part; UF, uncinate fasciculus.
*BMI was significant as a covariate in the model at p < .05.

TNFa are early players in the inflammatory response and initiate a broad
spectrum of processes. IL-6 induces B-cell differentiation into antibody
producing cells, hematopoiesis, and stimulation of acute phase proteins
(Heinrich, Castell, & Andus, 1990), whereas TNFa influences monocyte
recruitment and T-cell proliferation (Strieter, Kunkel, & Bone, 1993). IL-8
has a more specific function as a chemotactic cytokine that recruits
phagocytotic neutrophils to the sight of inflammation (Baggiolini, Walz, &
Kunkel, 1989; Bickel, 1993). It also has an effect on neutrophil degranula-
tion, which results in the release of cytotoxins that can cause tissue dam-
age (Nathan, 2006; Smith, 1994). Our observation of common genetic
factors influencing FA and IL-8 and, to some extent, TNFq, but not IL-6,
suggests an intriguing level of specificity. This specificity was further
supported for IL-8, whose relationship to whole-skeleton FA could not
be fully accounted for by other cytokine measures. However, it is also
possible that the pattern of results here reflect methodological or mea-
surement differences between the various pro-inflammatory cytokines,
as described below.

For example, we failed to find a significant genetic association
with IL-6, but this result should be interpreted with caution. The range
of IL-6 measures in our sample was substantially larger than the other
two cytokines measured. This could be the result of actual variation in

the sample (potentially due to environmentally important variation) or

an increase in measurement error. If the latter is the case, this could
have contributed to our lack of findings. Furthermore, failure to find a
significant genetic correlation between FA and IL-6 could reflect the
low heritability estimate of IL-6, which was the least heritable of the
three cytokines measured. Given that IL-6 was still significantly phe-
notypically correlated with FA measures, it is also possible that the
impact of IL-6 on white matter microstructure is more under the influ-
ence of environmental rather than genetic factors, although we did
not observe a significant environmental correlation between IL-6 and
whole-skeleton FA.

BMl is often associated with reduced white matter microstructure
(Ryan et al., 2017; Spieker et al., 2015; Stanek et al., 2011) and higher
circulating levels of IL-6, IL-8, and TNFa (Bruun,
Kristensen, & Richelsen, 2002; Bruun, Verdich, Toubro, Astrup, &
Richelsen, 2003; Straczkowski et al., 2002), making it an important

factor to consider in genetic correlation models. Indeed, in our sample

Pedersen,

BMI was phenotypically correlated with IL-6, TNFa, and a few white
matter tracts and genetically correlated with IL-6. Release of pro-
inflammatory cytokines from adipose tissue contributes to elevations
in cytokine serum levels, producing a chronic inflammatory state (Fain,
2006; Makki, Froguel, & Wolowczuk, 2013), which could be responsi-

ble for white matter alterations. Genetic correlations between FA and
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This could indicate a more complex relationship between BMI and IL-8
and could explain why BMI had no effect on any of our IL-8 genetic
models.

Inflammatory activity drives levels of circulating pro-inflammatory
cytokines, which fluctuate in response to acute insults, like infection
or injury, and/or chronic disruptions in homeostasis and tissue func-
tion (Cohen et al., 2012; Gouin, Glaser, Malarkey, Beversdorf, &
Kiecolt-Glaser, 2012; Hotamisligil, 2017; Scrivo, Vasile, Bartosiewicz, &
Valesini, 2011). This gives inflammatory processes wide berth to
impact brain structure, evidence of which is reflected in both early
development and adulthood (Bettcher et al., 2013, 2014; Favrais
et al., 2011; Jiang, Cowan, Moonah, & Petri Jr., 2018; Lim et al., 2013;
Rasmussen et al., 2018) and in health and illness (Benedetti et al.,
2016; Chiang et al., 2017; Najjar & Pearlman, 2015; Prasad et al.,
2015; Yadav et al., 2010). Our study aimed to evaluate common
genetic influences on white matter microstructure, as measured by
DTI, and markers of inflammation, as measured by circulating pro-
inflammatory cytokines in humans. Despite significant phenotypic
correlations between all DTI measures and inflammatory markers, sig-
nificant genotypic correlations were variable across markers and only
readily identifiable for IL-8. Identifying genetic correlations between
white matter microstructure and immune markers is the first step in
characterizing common biological mechanisms underlying both traits.
Further determining what parts of the immune response are geneti-
cally related to alterations in brain structure could provide insight into
the complex interplay between central and peripheral nervous sys-
tems. Such insights may then point to possible pathways to disease
and help in the development of more targeted treatments for many
disorders in which white matter microstructure and immune function

are altered.
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