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Common risk alleles for schizophrenia within the major
histocompatibility complex predict white matter microstructure
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Recent research has highlighted the role of complement genes in shaping the microstructure of the brain during early
development, and in contributing to common allele risk for Schizophrenia. We hypothesised that common risk variants for
schizophrenia within complement genes will associate with structural changes in white matter microstructure within tracts
innervating the frontal lobe. Results showed that risk alleles within the complement gene set, but also intergenic alleles,
significantly predict axonal density in white matter tracts connecting frontal cortex with parietal, temporal and occipital cortices.
Specifically, risk alleles within the Major Histocompatibility Complex region in chromosome 6 appeared to drive these associations.
No significant associations were found for the orientation dispersion index. These results suggest that changes in axonal packing -
but not in axonal coherence - determined by common risk alleles within the MHC genomic region – including variants related to
the Complement system - appear as a potential neurobiological mechanism for schizophrenia.
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INTRODUCTION
Schizophrenia is a highly polygenic heritable disorder, with a
heritability estimated around 80% by twin studies [1]. The most
recent genome-wide association study (GWAS) from the Psychia-
tric Genetics Consortium [2] identified just over 300 significant
independent SNPs associated with schizophrenia, enabling the
calculation of polygenic risk scores (PRS; i.e. an estimate of an
individual’s cumulative common genetic liability [3]) that robustly
associate with brain phenotypes in population samples, endorsing
the impact of common allele risk for schizophrenia on brain’s
neuroanatomy [4].
Little mechanistic interpretation of the above association

between schizophrenia PRS and neuroanatomy is possible,
though, given that the genome-wide approach to the PRS
calculation reflects the effects of genetic variation on hundreds
or thousands of genes involved in many different biological
processes. We have previously argued that focusing on gene-set
PRS would allow a richer mechanistic interpretation of the results
based on the ontology of the genes included in the PRS, as well as
preventing a potential dilution of the associations due to the
inclusion in the same score of associated risk variants along many
other variants with null effects, or even with opposite direction of
effect, over the same brain phenotype [5].
Recent research has shown the complement system to play a

key role in neuronal proliferation, migration and pruning during
early brain development [6, 7], and variation within complement
genes (the most compelling evidence pointing at C4) to be
associated with increased risk for schizophrenia [8, 9], with a
putative mechanism being overactivation of this system resulting

in excessive synaptic pruning [10]. Schizophrenia has long been
conceptualised as a disorder of brain dysconnectivity, notably
affecting the connectivity of the frontal lobe [11, 12]. Recent
diffusion tensor imaging research has shown widespread differ-
ences across white matter tracts in people with schizophrenia
compared with control participants [13]. We postulate these to be
linked observations, that is, perturbed complement function is
causally related to white matter microstructural abnormalities in
schizophrenia.
In this study we aimed to investigate whether common variant

risk for schizophrenia within complement genes is associated with
microstructural changes as indexed by axonal packing and
coherence in association white matter tracts innervating the
frontal cortex. We hypothesised that the previously reported
association between schizophrenia genome-wide PRS and axonal
density [4] will be mostly driven by genic signals as opposed to
intergenic signals, and that within those, common alleles within
complement genes will be the main drives of the association. We
do not predict any associations with orientation dispersion.

METHODS
Sample
Participants were drawn from the UK Biobank cohort. Participants were
excluded if self-reported to had received a diagnosis, or if clinical
records were available, of substance dependency (including alcohol),
psychosis (including bipolar disorder), learning disability or neurode-
generative conditions. Only unaffected participants of British and Irish
genetic ancestry, unrelated up to 2nd degree relatives and for whom
Neural Orientation and Dispersion Density Imaging (NODDI) [14] data
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were available at the time of analyses, were retained for the study
(n= 32,637).
All participants provided informed consent to participate in UK Biobank.

Ethical approval was granted to the UK Biobank project by the North West
Multi-Centre Ethics committee. Data were released to us after application
project reference 17044.

Schizophrenia polygenic scores
Genotyping was performed by UK Biobank using Affymetrix UK Axiom
arrays. Further to UK Biobank’s processing [15] we excluded SNPs with
MAF < 5% and HWE p-value < 10−6. Correlated SNPs were clumped using
r2 ≤ 0.1 and a physical distance of 1 Mb, retaining those SNPs most
associated with the disorder based on corresponding summary statistics
for the latest schizophrenia GWAS from the Psychiatric Genetics
Consortium (PGC3) [2] after excluding participants also included in UK
Biobank. PRS were calculated on Plink2.0 using consecutive p-value
thresholds of 1 × 10−5, 1 × 10−4, 1 × 10−3, 0.01, and 0.1 and weighted with
the effect sizes from the GWAS summary statistics mentioned above. PRS
were adjusted for the first 15 principal components and genotype array,
and standardised.
Four PRS were initially calculated: Genome-wide, Genic, Intergenic and

Complement. The Genome-wide PRS included any SNPs with an associated
p-value equal or smaller to the p-threshold applied, as conventionally
defined in PRS research studies. This was then split into its genic and
intergenic compartments. In the Genic PRS we restricted SNP selection to
those located within 35 kb upstream and 10 kb downstream from genes
detailed in the GENCODEv31 human gene set [16] (this score also included
SNPs within the Complement genes). The same procedure was applied to
the Complement PRS but restricted to genic SNPs within a comprehensive
list of Complement genes [17] (Supplemental Table 1). SNPs outside the
Genic boundaries were used to calculate the Intergenic PRS. Clumping of
SNPs was always performed within each set (i.e., Genome-wide, Genic,
Complement, Intergenic). Due to the complex linkage disequilibrium
structure within the Major Histocompatibility Complex (MHC) region, we
additionally computed all the above PRS after excluding this section of the
genome (chr6:25-35 Mb). The number of SNPs included in each PRS is
presented in supplemental Table 2.

Brain phenotypes
Derived measures available from UK Biobank of weighted-mean for
intracellular volume fraction and orientation dispersion obtained via
Neurite Orientation Dispersion and Density Imaging (NODDI) [14] were
used. Intracellular volume fraction is proposed to index axonal density in
white matter (i.e. packing and myelination of fibers contained within white
matter tracts), whereas orientation dispersion quantifies the bending and
fanning of axons and therefore can be considered an index of axonal
coherence within white matter; both these metrics being components of
the more traditional measure of fractional anisotropy, allowing a finer-
grain approach to white mater micro-structure. To avoid the effects of
outliers potentially resulting from noisy data or deficient tractography,
values exceeding ±3 SD from the group mean in any of these measures
were excluded from the analyses. The averaged left and right hemispheres
axonal density and orientation dispersion were finally calculated for the
main association tracts innervating the frontal cortex: cingulum-cingulate
gyrus part (CG), inferior fronto-occipital fasciculus (iFO), superior long-
itudinal fasciculus (sL) and uncinate fasciculus (Unc).

Analyses
Separate linear regression analyses with brain phenotypes as outcome and
PRS as main predictor were run for each white matter tract. We included
sex, age and scan site as covariates into each regression model. We report
the β values and their associated two-tailed p-value as effect size indices of
the association between the standardised outcomes and predictors.
Despite the PRS calculated at different threshold levels are not
independent from each other, we chose to apply a stringent approach
to multiple testing (i.e., Bonferroni correction) within each hypothesis
tested in this study.
As a complementary approach to evaluate the robustness of our main

PRS-based results, we analysed local patterns of genomic correlation
between schizophrenia and axonal density using LAVA v0.1.0 [18] on the R
statistical computing environment v4.3.0. Axonal density GWAS were ran
on the same UK Biobank sample used for PRS association analyses
(Supplementary Methods). Summary statistics from these GWAS were
processed by LAVA together with Schizophrenia summary statistics from

PGC3 [2], leaving 3.8 M overlapping SNPs for analysis. The LAVA algorithm
was then ran as described in its parent publication [18]. Briefly, the local
heritability of all phenotypes was first evaluated on a list of 2495 quasi-
independent loci, generated by partitioning the genome in ~1Mb blocks
with minimal between-block LD. Loci in which the local heritability of both
schizophrenia and at least a brain phenotype survived a Bonferroni-
corrected p-value threshold of p < 2.004 × 10−4 (0.05/2495) were then
evaluated for pairwise local genomic correlations (rg). Statistical signifi-
cance for the computed local rg was also adjusted via the Bonferroni
correction. As the MHC region is represented in this list of loci by 22 LD
blocks, we also performed separate univariate and bivariate tests for all
phenotype combinations with it defined as a single block.

RESULTS
As starting point we tested the replication of previously published
results showing the association of genome-wide PRS for schizo-
phrenia with axonal density. As expected, we found significant
negative associations between this PRS and axonal density across
most p-thresholds in all tracts, except for Unc. However, only in
the case of sL some of the associations surpassed the Bonferroni
correction threshold (Table 1). No consistent associations were
found for orientation dispersion except for a moderate increased
orientation dispersion in CG (Table 1).
To test our main hypothesis, we investigated the associations

of genic, intergenic and complement PRS with axonal density.
The genic and intergenic PRS were negatively associated with
axonal density in all tracts analysed. All but one association
involving genic PRS felt short of the Bonferroni significant
threshold, whereas intergenic PRS showed strong associations
with all tracts, with over half of the tests remaining significant
after Bonferroni correction. Restricting the genic PRS to variants
within the complement gene-set resulted in generally larger
effect sizes across all tracts with half of the tests remaining
significant after Bonferroni correction (Fig. 1 & Supplementary
Table 3). To examine whether complement and intergenic PRS
were independent predictors of axonal density from each other
and genic PRS, we ran regression analyses simultaneously
entering these three PRS into the model. Results confirmed that
complement and intergenic PRS were predictive of axonal
density independently of each other, both predicting axonal
density’s variability beyond that explained by genic PRS
(Supplementary Table 4).
On inspection of the list of signals included in the above

intergenic and complement PRS ordered by their contribution to
the total score, SNPs within the extended MHC region of
chromosome 6 showed to accumulate among the top signals
(Supplemental Table 5). Due to the complex linkage disequili-
brium structure within this region, we recalculated the genic,
intergenic and complement PRS after excluding the MHC region.
The associations of the complement-MHC PRS with axonal density
were considerably attenuated, and none were significant after
Bonferroni correction. The associations of intergenic-MHC PRS
were also attenuated to a degree, but nevertheless remained a
significant predictor of axonal density (Table 2).
To further examine the role of the MHC region in axonal

density, we calculated a schizophrenia PRS-like score based on
the four SNPs within the extended MHC region that had been
originally reported by the PGC3 [2] to have conditionally
independent evidence for association with SZ (i.e., rs13195636,
rs8192589, rs9461856, rs9368789). This PRS-like score was
strongly associated with axonal density (Table 3). Individually,
the risk allele count for rs13195636 and rs8192589 were also
significantly associated with axonal density in all association
tracts (Table 3), but not the risk allele count of the other two
SNPs. A regression analysis including the risk allele counts for
both rs13195636 and rs8192589 into the same regression model
showed both SNPs to independently predict reduced axonal
density in most tracts (Supplemental table 6).
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Table 1. Genome-wide polygenic risk scores for schizophrenia calculated at 5 progressive p thresholds, and their association (beta[p]) with axonal
density in association tracts.

CG iFO sL Unc

Axonal density

SZ PRS

0.1 −0.008 (0.13) −0.009 (0.08) −0.014 (0.008) 0.001 (0.85)

0.01 −0.012 (0.03) −0.015 (0.006) −0.018 (0.0007) −0.006 (0.28)

0.001 −0.010 (0.05) −0.013 (0.01) −0.015 (0.006) −0.006 (0.26)

0.0001 −0.016 (0.003) −0.012 (0.02) −0.016 (0.004) −0.006 (0.23)

0.00001 −0.014 (0.01) −0.016 (0.003) −0.017 (0.002) −0.008 (0.11)

Orientation dispersion

SZ PRS

0.1 0.006 (0.26) 0.009 (0.1) −0.002 (0.66) 0.010 (0.06)

0.01 0.014 (0.01) 0.009 (0.10) −0.007 (0.21) 0.008 (0.12)

0.001 0.014 (0.01) 0.009 (0.08) −0.001 (0.88) 0.008 (0.14)

0.0001 0.016 (0.004) 0.009 (0.08) −0.006 (0.29) 0.013 (0.01)

0.00001 0.014 (0.01) 0.007 (0.22) 0.003 (0.61) 0.016 (0.004)

CG Cingulum-cingulate gyrus part, iFO Inferior fronto-occipital fasciculus, sL Superior longitudinal fasciculus, Unc Uncinate fasciculus.
Bonferroni corrected (20 tests) significant associations highlighted in bold.

Fig. 1 Association (Beta) between polygenic risk scores for schizophrenia (genic, complement and intergenic) and axonal density in
cingulum-cingulate gyrus part (yellow), inferior fronto-occipital fasciculus (red), superior longitudinal fasciculus (dark blue) and uncinate
fasciculus (light blue). The asterisk indicates significant Beta values at a Bonferroni corrected threshold of 0.00083. White matter tracts in this
figure have been reproduced from a single participant using ExploreDTI (http://exploredti.com) for visual illustration purposes only.
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To examine the association of schizophrenia risk within
complement genes located in the MHC region with axonal
density, and since none of the four SNPs highlighted above is
located within them, we calculated the schizophrenia gene-
based PRS for C2, C4A, C4B and CFB separately and added
together into a single risk score using the same method as
before. The added risk of those four genes, as well as all

individual gene PRS but that of C4A showed strong negative
association with axonal density in all tracts analysed (Table 4). A
further regression model in which all four PRS were included to
account for the interrelationship among them, resulted in C2
maintaining the strongest associations with axonal density in all
tracts, albeit only the association with CG axonal density
survived Bonferroni correction (Supplemental tables 7 & 8).

Table 2. Genic, Complement and Intergenic schizophrenia polygenic risk scores after removing the MHC regions (chr6:25-35 Mb) calculated at 5
progressive p thresholds, and their association (beta[p]) with axonal density in association tracts.

CG iFO sL Unc

Genic PRS

0.1 −0.005 (0.39) −0.007 (0.18) −0.015 (0.006) 0.001 (0.79)

0.01 −0.005 (0.37) −0.008 (0.13) −0.012 (0.03) −0.003 (0.61)

0.001 −0.008 (0.15) −0.007 (0.21) −0.011 (0.05) −0.003 (0.57)

0.0001 −0.012 (0.02) −0.007 (0.17) −0.011 (0.04) −0.003 (0.54)

0.00001 −0.010 (0.07) −0.008 (0.12) −0.010 (.07) −0.003 (0.63)

Complement PRS

0.1 0.005 (0.38) −0.002 (0.68) <0.001 (0.95) 0.001 (0.92)

0.01 0.006 (0.26) −0.001 (0.89) <0.001 (0.93) 0.003 (0.53)

0.001 −0.009 (0.14) −0.010 (0.05) −0.010 (.05) −0.008 (.13)

0.0001 −0.010 (0.07) −0.008 (0.14) −0.011 (.04) −0.011 (.04)

0.00001 −0.008 (0.11) −0.007 (0.19) −0.010 (.07) −0.012 (.02)

Intergenic PRS

0.1 −0.008 (0.13) −0.007 (0.21) −0.008 (0.15) −0.001 (0.82)

0.01 −0.011 (0.03) −0.016 (.002) −0.018 (0.001) −0.008 (.12)

0.001 −0.012 (0.02) −0.016 (.002) −0.015 (0.007) 0.009 (0.09)

0.0001 −0.019 (0.0003) −0.020 (0.0002) −0.020 (0.0003) −0.016 (0.003)

0.00001 −0.017 (0.002) −0.020 (0.0002) −0.019 (0.0004) −0.016 (0.003)

CG Cingulum-cingulate gyrus part, iFO Inferior fronto-occipital fasciculus, sL Superior longitudinal fasciculus, Unc Uncinate fasciculus.
Bonferroni corrected (60 tests) significant results are highlighted in bold.

Table 3. Association (beta[p]) with axonal density in association tracts of four quasi-independent risk SNP for schizophrenia within the MHC region
and of their added risk.

CG iFO sL Unc

Added risk −0.019 (0.0003) −0.028 (2*10−6) −0.027 (7*10−7) −0.023 (1*10−5)

rs13195636 −0.026 (9*10−7) −0.030 (2*10−8) −0.026 (1*10−6) −0.027 (3*10−7)

rs8192589 −0.018 (0.0008) −0.030 (2*10−8) −0.029 (1*10−7) −0.023 (1*10−5)

rs9461856 −0.009 (0.07) −0.012 (0.02) −0.001 (0.84) −0.013 (0.01)

rs9368789 0.013 (0.01) 0.009 (0.10) 0.013 (0.01) 0.007 (0.22)

Risk variant rs13195636 (A), rs8192589 (G), rs9461856 (G), rs9368789 (C).
CG Cingulum-cingulate gyrus part, iFO Inferior fronto-occipital fasciculus, sL Superior longitudinal fasciculus, Unc Uncinate fasciculus.
Bonferroni corrected (20 tests) significant results are highlighted in bold.

Table 4. Association (beta[p]) of schizophrenia polygenic risk score for each Complement gene located in the MHC region separately with axonal
density in association tracts.

n SNPs CG iFO sL Unc

Added risk −0.019 (0.0003) −0.028 (2*10−7) −0.027 (7*10−7) −0.023 (1*10−5)

C2 2 −0.024 (1*10−5) −0.033 (5*10−10) −0.030 (2*10−8) −0.025 (3*10−6)

C4A 1 −0.001 (0.92) −0.006 (0.24) −0.002 (0.70) −0.005 (0.36)

C4B 3 −0.022 (4*10−5) −0.032 (2*10−9) −0.030 (2*10−8) −0.024 (8*10−6)

CFB 2 −0.020 (0.0001) −0.031 (4*10−9) −0.028 (1*10−7) −0.024 (1*10−5)

n SNPs number of SNPs included in the PRS after clumping.
CG Cingulum-cingulate gyrus part, iFO Inferior fronto-occipital fasciculus, sL Superior longitudinal fasciculus, Unc Uncinate fasciculus.
Bonferroni corrected (20 tests) significant results are highlighted in bold.
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Due to the unexpected significant associations obtained
with intergenic PRS and to further explore whether the
intergenic PRS–MHC association with axonal density was a
diffuse or regionally concentrated, we calculated an intergenic
PRS at its most predictive p-threshold (< 0.0001) for each
autosome separately (in the case of chromosome 6 after
excluding the MHC region). Intergenic SNPs within chromo-
some 19 predicted axonal density across all tracts, whereas
intergenic PRS for chromosome 4 associated with axonal
density in iFO and sL, and for chromosome 1 with GC and Unc.
All the intergenic signal from chromosome 6 was explained by
SNPs within the MHC region (Table 5). To ascertain whether
the intergenic associations found were independent of genic
signals, we calculated genic PRS for chromosomes 1, 4 and 19
and ran the regression analyses above adding both intergenic
and genic PRS as predictors in the same model. For
chromosome 1, most the variance in axonal density was
explained by genic PRS, and the previous associations with
intergenic PRS were no longer significant. For chromosomes 4
and 19, the intergenic PRS associations remained significant
independently of genic PRS, that showed weak associations
(Supplemental table 9).
As predicted based on previous results and our hypotheses, we

did not find any robust associations across p-value thresholds
between genic, complement or intergenic PRS for schizophrenia
and orientation dispersion within any of the white matter tracts
examined (Supplementary Table 10).
Local genomic correlation results from LAVA confirmed the

relevance of the MHC region in carrying the association between

common risk for schizophrenia and axonal density. Eight of the 22
LD blocks across this region showed significant bivariate associa-
tions between schizophrenia and all phenotypes, with local genetic
correlations ranging between rg=−0.523 and rg=−1. Additional
significant associations were seen in regions from chromosomes 4,
5, 10, 17 and 22 (Supplementary table 11). Assessing the MHC as a
single LD block also yielded significant bivariate estimates for all
phenotype comparisons (CG: rg=−0.348 [−0.623, −0.116]
p= 0.005; iFO: rg=−0.520 [−0.745, −0.325] p= 7.35 × 10−7; sL:
rg=−0.406 [−0.616, −0.206] p= 7.26 × 10−5; Unc: rg=−0.468
[−0.825, −0.214] p= 4.58 × 10−4).

DISCUSSION
In this study we compared the performance of a genome-wide PRS
for schizophrenia against PRS restricted to genic, intergenic and
complement gene-set variants in predicting axonal density and
orientation dispersion in white matter association tracts innervat-
ing the frontal cortex. We show the complement gene-set PRS and
the intergenic PRS to be the best predictors of axonal density,
while no strong associations between any PRS and orientation
dispersion were found. We further showed most of the comple-
ment signal to be driven by SNPs within the extended MHC region
in chromosome 6. Significant local genomic correlation between
schizophrenia and all axonal density phenotypes, potentially
indicative of pleiotropic genetic variation, was also found in this
region by directly analysing GWAS results using the LAVA method.
Several previous attempts to investigate the association

between liability to schizophrenia indexed by PRS and

Table 5. Associations (beta[p]) between autosome intergenic polygenic risk scores for schizophrenia calculated at p threshold <0.0001 and axonal
density in association tracts.

CG iFO sL Unc

Chromosome

1 −0.17 (0.001) −0.011 (0.03) −0.013 (0.01) −0.017 (0.002)

2 −0.003 (0.52) 0.001 (0.92) −0.005 (0.39) 0.003 (0.61)

3 −0.006 (0.28) −0.005 (0.39) −0.008 (0.14) −0.004 (0.39)

4 −0.007 (0.21) −0.014 (0.009) −0.017 (0.002) −0.008 (0.12)

5 0.002 (0.73) −0.006 (0.24) −0.005 (0.39) −0.001 (0.88)

6 −0.025 (0.000003)$ −0.029 (4*10−8)$ −0.024 (0.000009)$ −0.027 (5*10−7)$

6 - MHC −0.007 (0.19) −0.005 (0.34) −0.002 (0.76) −0.010 (0.05)

7 −0.010 (0.07) −0.004 (0.47) −0.004 (0.51) −0.006 (0.27)

8 0.004 (0.41) 0.008 (0.13) 0.008 (0.13) 0.009 (0.09)

9 −0.010 (0.06) −0.009 (0.10) −0.014 (0.01) −0.006 (0.22)

10 0.001 (0.83) 0.006 (0.28) 0.005 (0.34) 0.004 (0.47)

11 −0.007 (0.22) −0.002 (0.67) −0.005 (0.39) −0.004 (0.48)

12 −0.008 (0.16) −0.009 (0.08) −0.008 (0.14) −0.008 (0.15)

13 −0.001 (0.91) 0.006 (0.23) 0.003 (0.60) 0.004 (0.47)

14 0.002 (0.76) −0.005 (0.32) −0.003 (0.57) 0.001 (0.87)

15 −0.002 (0.66) −0.008 (0.15) −0.005 (0.39) −0.003 (0.56)

16 0.006 (0.24) 0.002 (0.73) 0.002 (0.70) −0.001 (0.79)

17 −0.002 (0.72) 0.003 (0.63) < 0.001 (0.96) 0.001 (0.84)

18 −0.005 (0.38) 0.001 (0.92) −0.002 (0.70) −0.001 (0.83)

19 −0.015 (0.006) −0.019 (0.0004) −0.018 (0.001) −0.018 (0.0009)

20 −0.003 (0.63) −0.004 (0.41) .001 (0.80) 0.001 (0.83)

21 0.002 (0.75) −0.022 (0.75) −0.001 (0.78) 0.002 (0.70)

22 −0.005 (0.33) −0.003 (0.57) −0.001 (0.91) −0.003 (0.58)

6-MHC Chomosome 6 after excluding the MHC region, CG Cingulum-cingulate gyrus part, iFO Inferior fronto-occipital fasciculus, sL Superior longitudinal
fasciculus, Unc Uncinate fasciculus.
Associations with p < 0.01are highlighted in bold for easier identification; $Bonferroni corrected (88 tests) significant association.
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neuroanatomical brain markers have failed to produce any robust
results [19–22]. More recently, though, Stauffer et al. [4] reported
robust associations by combining the increased power of the
PGC3 [2] schizophrenia GWAS with the use of fine-grain measures
of microstructure such is neurite density. We have previously
proposed that restricting polygenic risk scores to gene-sets with a
putative relation to the brain marker of interest - as opposed to
the genome-wide approach - would enhance the discovery and
the mechanistic interpretation of the association between
common risk and brain phenotypes [5]. Here we develop this
idea further showing that restricted PRS as opposed to the
genome-wide PRS, clearly boosted the associations’ effect size
with axonal density in a-priori selected white matter tracts.
Despite further research is needed involving different brain
phenotypes and gene-sets before conclusions are drawn, previous
results from our group [5] along with the ones reported here
support our approach to restrict PRS calculations to homogeneous
groups of SNPs to maximise common variant risk associations with
brain phenotypes.
Recent research has underlined the role of the complement

system on neural development [6, 7], suggesting that an
overactivation may result in over-pruning of neural connexions
[10] during adolescence, that could explain the changes in
functional connectivity typically observed in schizophrenia [23]
and ultimately contribute to the presence of this disorder [8].
Expression of the C4A gene has been placed at the centre of this
association [8, 24], based on its potential role in targeting
synapses for microglial engulfment. However, C4A is not the only
complement component contributing to this process [10].
Previous research has also shown other complement genes to
associate with neuroanatomical changes (eg. CR1 with grey matter
volume in the entorhinal cortex, and SERPING1 with cortical
thickness in superior frontal cortex) [25, 26]. Our results showed
that complement PRS was a strong predictor of axonal density,
supporting the role of common risk variants for schizophrenia in
shaping the microstructure of white matter tracts affecting frontal
cortex’s connectivity. Further analyses showed this signal to be
driven by SNPs within the MHC region, with no signal remaining
significant outside this region. The complex linkage disequilibrium
structure within this region challenges our ability to determine
whether this association is driven by SNPs within complement
genes, SNPs outside these genes, or a combination of both. We
probed SNPs within this region that have conditionally indepen-
dent evidence for association with schizophrenia, and identified
two as strong independent predictors of axonal density (i.e.
rs13195636 and rs8192589). None of these, though, are located
within complement genes. The former is an intergenic variant
closest to ZNF184 and the latter is an intronic variant mapped to
NOTCH4. Interestingly, both these genes have recently been
associated with levels of complement proteins in serum [27, 28],
and therefore it is possible that their mechanism of association
with axonal density is via the modification of the activity of the
complement system. We also probed the four complement genes
located within the MHC region (i.e. C2, C4A, C4B and CFB) via
schizophrenia PRS restricted to SNPs within each of them. We
found strong significant associations with axonal density in all of
them but C4A. Admittedly, and likely due to both local and long-
range linkage disequilibrium within the region, the PRS calculated
for these four genes were highly correlated, which could have
confounded our results. In our data, the C2 PRS was the best
predictor of axonal density for all tracts, but no firm conclusions
regarding the causal SNP for these associations can be drawn from
our results. It is also important to highlight that previous evidence
for C4A has centred around differences in expression due to
structural variations in C4 (copy number and insertion of an
endogenous retrovirus [HERV]) [8], whereas our study focused on
the potential effects of carrying a single risk SNPs for schizo-
phrenia within this gene, regardless of its structural form. It is

noteworthy, that a previous study also using complement PRS
(excluding C4 SNPs from its calculation) found hippocampal
volume to be associated with this score, but not with C4A
predicted expression [29]; although structural variation within C4A
has shown to be associated with changes in cortical surface area
and thickness [24]. No previous study, though, had included white
matter microstructure measures.
We also report an association between intergenic PRS for

schizophrenia and axonal density, that we showed to be
independent from genic and complement PRS. This intergenic
association appeared stronger for chromosome 6 when divided by
autosome, and explained by variants within the MHC region, as it
was the case for complement PRS. However, in this case there was
a significant amount of variance of axonal density also explained
by SNPs outside this region. We report the intergenic PRS for
chromosomes 4 and 19 to also associate to axonal density in
different tracts (more strongly for chromosome 19), suggesting a
potentially relevant role of intergenic regulatory factors. Future
research should aim to replicate this finding and further
investigate intergenic regions, which contain the majority of
GWAS loci discovered in complex traits, to shed light into their
potential influence on axonal density through regulatory
mechanisms.
There are limitations to the interpretation of our results. Due

to the complex linkage disequilibrium structure in the MHC
region, where our main results are found, we cannot identify
(i.e. “fine-map”) putative causal SNPs within this region driving
the association with axonal density. Therefore, we cannot be
conclusive on the role of complement genes included in this
region or even prioritise specific genes. This is a common
problem for results based on the MHC region in genetic
association studies, which likely requires specialised sequencing
protocols and bioinformatic analyses [30], and thus is not one
that we can resolve here. Due to the nature of our study, we
cannot link the reduction in axonal density associated with
schizophrenia risk to over-pruning processes, and these could
be explained by many other biological processes also happen-
ing early in development (e.g. neural proliferation and migra-
tion) or later in life (neural degeneration). Likewise, reduced
axonal density in the context of NODDI could be indicative of
different subjacent neurobiological alterations (e.g. thinner
axons or lower myelination) that we cannot disentangle here.
Future research using large samples with longitudinal data,
targeting younger population and/or applying different ima-
ging techniques that can offer deeper insights into the
microstructure of white matter tracts (e.g., g-ratio [31]) and
reproducibility of the findings reported here are needed.
Previous research has shown widespread alterations in white
matter tracts in participants with schizophrenia [13], in order to
reduce the number of statistical tests and based on the
dysconnectivity theory for schizophrenia, we have only included
here association tracts innervating the frontal cortex; future
research should also offer a wider picture of potential
associations between complement PRS and white matter
microstructure across the brain. Tentatively, though, we have
analysed 2 further association tracts that do not innervate
frontal cortex: the inferior longitudinal fasciculus and the
posterior/parahippocampal cinculum. As can be seen in
supplemental table 12, axonal density in the inferior long-
itudinal fasciculus shows very similar associations with genic,
complement and intergenic schizophrenia PRS to the other
tracts analysed here; however, axonal density in the posterior/
parahippocampal cingulum does not seem to show any strong
associations with any of these 3 schizophrenia PRS, suggesting
that these associations do not generalise across all white matter
tracts in the brain. Finally, due to the recruitment bias in UK
Biobank [32] and the methods applied, our sample only
included healthy white Europeans between 45 and 81 years of
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age, limiting our ability to extrapolate our results to the general
population.
In conclusion, the results of this study show a significant

association between common risk variants for schizophrenia
contained within the MHC region in chromosome 6 and reduced
axonal density in association white matter tracts innervating the
frontal cortex, that could provide with a neuroanatomical basis for
the differences in functional connectivity previously reported in
the literature for patients [23] and individuals at high risk [33, 34].
Moreover, our results point towards a potential role of comple-
ment genes within this region in affecting axonal density,
suggesting other potential mechanisms than risk variants within
C4A, although further research is needed in this regard. Finally,
potential regulatory intergenic signals within and outside the MHC
region also showed to significantly associate with axonal density
in the white matter tracts examined.

DATA AVAILABILITY
Data used in this study is publicly available and can be obtained via UK Biobank upon
application from https://www.ukbiobank.ac.uk/enable-your-research.
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