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Abstract

Extensive evidence supports the role of the immune system in modulating brain function and behaviour. However, past studies
have revealed striking heterogeneity in behavioural phenotypes produced from immune system dysfunction. Using magnetic
resonance imaging (MRI), we studied the neuroanatomical differences among 11 distinct genetically-modified mouse lines
(n=371), each deficient in a different element of the immune system. We found a significant and heterogeneous effect of immune
dysfunction on the brains of both male and female mice. However, by imaging the whole brain and using bayesian hierarchical
modelling, we were able to identify patterns within the heterogeneous phenotype. Certain structures -- such as the corpus
callosum, midbrain, and thalamus -- were more likely to be affected by immune dysfunction. A notable brain-behaviour
relationship was identified with neuroanatomy endophenotypes across mouse models clustering according to anxiety-like
behaviour phenotypes reported in literature, such as atered volume in brains regions associated with promoting fear response
(e.g., the lateral septum and cerebellum). Interestingly, genes with preferential spatial expression in the most commonly affected
regions are also associated with multiple sclerosis and other immune-mediated diseases. In totd, our data suggest that the
immune system modulates anxiety behaviour through well-established brain networks.
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Introduction

The immune system plays an important role in brain-behaviour
interactions. Immune dysregulation within the maternal-fetal
environment is associated with an increased risk of central nervous
system (CNS) disorderg[1-3]. In particular, maternal illness during
pregnancy has been linked with increased rates of impaired
neurodevelopment and disorders such as autism spectrum disorder[4],
schizophrenig[5], and multiple sclerosig[3]. Several cytokines have been
shown to play arole in mediating the neurobehavioral consequences of
infection including interleukin (IL)-6, -17, and -2[6-8]. Given that
immune disruption in early life can produce long-term changes in
neuronal function, it is important to study how the immune system
influences the brain.

Mice have been used to investigate how the immune system modulates
brain structure and behaviour. Altering expression of genes involved
with production of cytokines (such as IL-6[9], IL-10[10], and IL-
18[11]) and cell-mediated adaptive immune response (such as
Ighm[12], CD4[13], CDg[14], Ragl[15], and Rag2[16]) is associated
with changes in anxiety behaviours. The modulation of anxiety is also

observed when altering other components of the immune system. Male
Nos2 mutant mice showed a statigtically significant anxiety-like
phenotype in the elevated plus maze (EPM)[17]. Kit male mutants,
which are mast cell-deficient, have a greater anxiety-like phenotype in
both OFT and EPM[18].

Immune system effects on the brain and, ultimately, behaviour are
heterogenous and multifaceted. Existing studies generally examine
immune system activationgmutations and brain regions or behaviours
in isolation, thereby sacrificing the ability to observe broader patterns
that may explain the observed heterogeneity. Structural magnetic
resonance imaging (MRI) is a useful methodology for studying
relationships between genetics, brain regions, and behaviour with
several studies demonstrating a strong link between the volume of brain
structures and organism behaviour[19, 20]. As structural MRI has the
benefit of whole brain coverage without the constraint to identify
regions-of-interest ahead of time, it alows identification of novel,
unanticipated phenotypes in mouse models of human disease. For
example, we previously showed using ex vivo MRI that mice lacking all
functional T cells demonstrated a loss of sexual dimorphism in many
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brain regiong12]. We corroborated this finding with a loss of sexual
differentiation in activity-related behaviors, highlighting the importance
of T cells for the development of sex differences in neuroanatomy and
behavior. However, such studies remain rare and the brain effects of
alterations in other elements of the immune system are unknown. High-
throughput data acquisition and analysis of structura MRI allows for
investigation of similarities and differences across a range of immune
system mutations.

Thus, here we used whole brain MRI to explore the effect of immune
system mutations on the brains of male and female mice. We imaged
the brains of 11 genetically-engineered mouse lines, each deficient in
different elements of the immune system, using a standard pipeline for
specimen preparation, data acquisition, and image registration. Brain
structure was highly susceptible to immune dysfunction and we found
regional variations in this susceptibility. The most susceptible regions
tended to express genes associated with immune-mediated diseases. We
also identified that strains with similar anxiety behavioural phenotypes
displayed analogous neuroanatomical effects. Lastly, we identified
candidate brain regions and networks that may be involved in
modulating the anxiety behaviours seen in mouse models of immune
dysfunction.

Results

Immune dysfunction affects male and female neuroanatomy

A significant effect of strain was observed on the volumes of nearly all
brain structures (Figure 1A) and this effect was similar for male and
female mice (Supplementary Figure 6). While the effect of strain was
highly significant, the magnitude and direction of these effects showed
a great deal of heterogeneity (Figure 1B for females, Supplementary
Figure 5 for males, Supplementary Table 4 for complete list). For
example, mutants lacking cytokines IL-6, IL-10, and IL-18 had a
similar phenotype of larger cerebellum compared to wild-type.
However, they differed in phenotypes of the left frontal association
cortex with IL-10 being smaller than wild-type, and IL-6 and IL-18
being larger.

To find important patterns through these heterogeneous effects, a
bayesian hierarchica model (BHM) was fitted to the neuroanatomy
data. Consistent with the frequentist analysis (Figure 1A), all brain
structures had a high probability of having moderate effect-size
magnitudes (95% credible interval exceeded 0.50 for al structures).
However, certain structures were particularly sensitive to srain and had
a high chance of having large effect-sizes (Figure 2A). For example, the
Midbrain (Figure 2B), Corpus callosum (Figure 2C), Dorsal striatum
(Figure 2D), and Thalamus (Figure 2E) al had among the highest
probabilities of having large effect-sizes across the 11 drains
evaluated.

Neuroanatomical differences among strains cluster by anxiety
phenotype

Given immune strains had heterogeneous neuroanatomical phenotypes,
we investigated whether clustering these phenotypes could reveal
important underlying biology. Because prior literature has shown that
immune deregulation causes heterogeneous anxiety-like behaviours
(summarized in Supplementary Table 3), we assessed whether strains
with a similar neuroanatomical endophenotype clustered by anxiety
behaviour. We found that mutant strains with similar anxiety
behavioural phenotypes had similar neuroanatomical endophenotypes
(Figure 3A inset). This association is particularly driven by strains with
increased anxiety behaviours, as visualised in a network plot (Figure
3A). We then assessed which brain structures in particular drive this
association with anxiety behaviour. Nearly every structure had at least a
moderate effect-size of anxiety (Figure 3B); the culmen and lateral
septum were plotted as representative structures (Figure 3C). As the
Cxcr2 mutant strain did not have a documented anxiety phenotype, we
assumed this strain had no anxiety-like behaviours for this analysis;
repeating this analysis excluding this strain resulted in similarly strong
grouping by anxiety phenotype.

Affected neuroanatomy has preferential spatial expression of genes
associated with immune-mediated disease

We sought to link the neuroanatomical findings with immune
dysfunction by comparison with gene expression patterns from the ABI
gene expression atlag41]. For this purpose, a region-of-interest (ROI)
was defined from the MRI results by selecting the set of 25 structures
with the highest median effect-size magnitude (shown in Figure 4C first
row). Spatial gene expression analysig43, 44] was used to identify
genes that were preferentially expressed within this ROl using a fold-
change measure (average expression in ROl divided by average
expression in the brain). Using the DisGeNet[46] and NCBI[45]
databases, we then identified diseases in which these preferentially
expressed genes have been implicated. Many of the disease terms with
significant enrichment have known or suspected immune-mediated
pathophysiology; such as Parkinson Disease (p<10® FDR<10™),
Alzheimer's disease (p<10®FDR<10®), and multiple sclerosis (MS)
(p<10* FDR=0.016).

Asthereis strong evidence that MSis an immune-mediated disease[49],
we decided to explore it further. Consistent with the previous
enrichment analysis, genes associated with MS tended to have higher
expression in brain regions sensitive to immune dysfunction (Figure
4A). We aso clustered the expression patterns of MS-associated genes
in the ROI through the course of postnatal development[47] and found 4
main clusters of genes. Two clusters had low expression in adulthood
with expression peaks in early life: Cluster 1 had a peak a ~P4 and
Cluster 2 peaked later ~P14. The other two clusters had high expression
in adulthood: Cluster 3 had high expression starting from ~P14 and
Cluster 4 starting from ~P56 onward.


https://doi.org/10.1101/2021.06.14.448406
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.14.448406; this version posted June 15, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Fernandes et al., 14 Jun 2021 — preprint copy - BioRxiv

Overall Strain Effect

[

(

[y

K

*

¢
#

D *
.

3y

Y )
5
h h

¢
#

K

¢
I

. 2
J

(8
%

i

b
g_‘
-
b

%

Figure 1: Immune system mutations have a highly heterogeneous effect on mouse brain anatomy. (A) Nearly all brain structures
showed a significant effect of strain evaluated using F-statistics from ANOVA. (B) The directional effect in females of the various mutant
strains relative to the wild-type strains is visualized using t-statistics and shows a heterogeneous neuroanatomical phenotype. Regions
larger or smaller in mutants relative to wild-type are given maroon-pink and blue-turquoise colours, respectively, if effects are <5%FDR.
Saturated colours represent effects <0.01% FDR.
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Figure 2: Brain regions showed variations in susceptibility to volume changes due to immune system mutations. (A) The
probability of a brain region having a large effect-size magnitude in mutant strains. Probability distributions of effect-sizes (x-axis) for
various structures -- (B) Midbrain, (C) Corpus callosum, (D) Dorsal striatum, (E) Thalamus -- across the different mutant strain (y-axis), for
both female (F) and male (M) mice. Vertical dashed lines represent effect sizes of +1, and probability distribution within this interval is
shaded grey. Integrating the area of the probability density outside this interval (pink) provides the probability that immune system
mutations result in a large effect-size magnitude. These four structures had the highest probability of large effect-size magnitude.
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Figure 3: Mutant strains with similar anxiety behavioural phenotype have similar neuroanatomy endophenotypes. For each pair of
strains, dissimilarity of endophenotypes was assessed using Hellinger distance and visualized using a network (thicker edges imply
greater similarity). (A) Strains with increased anxiety behaviours (red nodes) had similar endophenotypes and clustered together in the
network. A similar pattern was seen for unchanged anxiety behaviours (dark purple), but not decreased anxiety behaviour (blue). Cxcr2
anxiety phenotype is not known and assumed unchanged (light purple). The inset plot shows that pairs of strains (represented as crosses)
with similar anxiety phenotype had similar neuroanatomy endophenotypes (p<0.01 from permutation testing). (B) The effect size (3% for
the anxiety grouping was computed for each structure. The green colour bar represents at least medium effect sizes and saturates for
large effect sizes. (C) The Culmen and Lateral septum were chosen as representative examples to illustrate large effect-size for anxiety
grouping. The 95%-credible-interval of predicted volume for each strain (gray bars) and anxiety phenotype (coloured bars) are shown.
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Figure 4: Brain regions susceptible to immune system mutations have preferential spatial expression of genes involved with
multiple sclerosis (MS). The top 25 brain structures with highest effect-size magnitudes are shown in C (first row) and constitute the
region-of-interest (ROI). For all genes in the mouse genome, preferential spatial expression was assessed using a fold-change measure
(i.e. gene expression signal in ROI relative to the whole brain). (A) Genes associated with MS (solid line) had significantly higher
expression in the ROI compared to the genome (two-sided KS test D=0.05,p<0.10®). (B) MS genes showed 4 different clusters of temporal
expression within the ROI. Shaded region represents the 95% credible interval. (C) A representative example from each cluster was
chosen to visualize gene expression signals within the ROl over the course of neurodevelopment. Each example was closest to its
respective cluster’s centroid.
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Discussion

Using neuroanatomical imaging with MRI, we confirm significant and
widespread effects of the immune system on the mouse brain using a
selection of immune-related genetically-engineered mouse lines. Our
results are consistent with other studies. For example, Ragl mutants
did not have a gross brain morphology phenotype detectable in 5um
coronal sections taken through the dorsal hippocampus[15]. Our
analysis also showed no significantly altered neuroanatomy in the
dorsal hippocampus of Ragl mutants. We found thalamic changes in
mast cell-deficient Kit mutants, which is consistent with mast cells
migrating along blood vessels of the hippocampus and fimbria during
postnatal development and penetrating into the thalamus, where they
remain throughout adulthood[50].

Analysis of the heterogeneous structura findings for association with
behavioural phenotypes revealed important insights and suggests that
neuroanatomical endophenotypes cluster strongly with anxiety-like
behavioural phenotypes. Previous use of mouse models has revealed
several neural circuits associated with producing anxiety behaviourg[51,
52], but it is not known which of these neural circuits are responsible
for driving anxiety behaviours in models of immune dysfunction. We
found that dlterations in sructure of the lateral septum and
hypothalamus cluster with anxiety. These brain regions are part of the
septohypothalamic circuit, whose activation can promote persistent
anxiety[53]. We also found that changes in parts of the cerebellum and
the midbrain were correlated with anxiety. The cerebellum is connected
to many brain regions and there is emerging evidence that it is an
important link between the fear- and anxiety-related brain networkg54].
In particular, its connection to the midbrain has been shown to be
essential for unconditioned freezing behaviour in rodentg55]. Further
investigation of these brain networks may prove useful in understanding
how the immune system affects anxiety behaviours. Interestingly,
anxiety disorders are a notable comorbid condition in neurological
disorders associated with immune dysfunction. For example, anxiety
disorders are three times more prevalent in MS patients than in the
general population[56]. The prevalence of anxiety disorders in
Parkinsons' is 31%[57].

Our analysis of anxiety was limited by the requirement that we trest
anxiety behaviours as ordinal levels, rather than as a spectrum, as the
current available literature does not consistently employ the same
behavioural assays or report sex differences. Nonetheless, we believe
we have identified an important link between immune system
dysregulation and anxiety, and hope future studies can gather more
consistent behavioural data for both sexes. Initiatives like the
International  Mouse Phenotyping Consortium (IMPC) could be
tremendously useful as they would have consistent behavioural assays
for every single-gene mutation in the mouse. This would allow future
studies to not only investigate the association between immune
mutations and anxiety, but other behaviours as well.

Immune dysfunction plays an important role in many neurological
disorders, but the impact of the immune system is difficult to study
because the etiology is highly polygenic. For example, MS is associated
with over 1000 genetic risk variantg[46], but many of these variants are
found in proximity to genes with known immune function (ex. major
histocompatibility complex on chromosome 6p21.3)[58]. Although
requiring further validation, our data provide a potential new avenue for
examining the basis of these interactions. By studying neuroanatomy of
several mouse models, our methodology may be useful in finding
patterns underlying polygenic immune dysfunction. The corpus
callosum, thalamus, striatum, and midbrain were amongst the most-
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affected sructures across all mouse models, which reflects neurological
findings in autoimmune disorderg59-62]. While there were many
mouse genes preferentially expressed in these brain regions, several of
these genes are homologous to human genes associated with MS. This
finding suggests that expression patterns of M'S genes could be followed
through neurodevelopment to identify when their expression peaks,
pointing to possible developmental time-windows for further study. In
addition to MS, other diseases suspected to be immune-mediated also
showed enrichment in preferentially-expressed genes, such as
Parkinson’[63] and Alzheimer's disease[64]. Our data supports the
hypothesis that, while there are many genetic variants associated with
immune system dysregulation, certain brain regions may be more
sensitive to aterations in the immune system. Thus, further study of
mouse models with targeted immune system mutations could uncover
potential insights regarding neurological symptoms in polygenic
immune-mediated disorders.

In summary, we imaged the neuroanatomy of 11 different mouse
mutants, each deficient in particular components of the immune system.
By using a consistent high-throughput protocol for data acquisition and
analysis, we characterized the diverse effects of immune dysregulation
on the brain and identified patterns underlying this heterogeneity. The
observed neuroanatomical differences in the mouse models of immune
dysfunction are clustered by their anxiety phenotype, recapitulating
known brain networks implicated in modulating anxious behaviours.
Interestingly, exploratory analysis of gene expression shows that the
brain regions that are most affected by immune dysfunction have
preferential spatial expression of genes associated with MS and other
immune-mediated diseases.

Materials and Methods

Mice

The study consisted of 371 mice (Table 1) from 11 different
genetically-engineered strains obtained from Jackson Labs (JAX, Bar
Harbor, ME). These strains were chosen as they encapsulate the
different components of the immune system (Supplementary Figure 1),
thereby letting us study the effect of these components on brain
anatomy. Homozygous mutant mice were used for study purposes. All
breeding colonies were maintained using the homozygous x
homozygous mutant mating scheme with two exceptions: Cxcr2 colony
was maintained using a heterozygous x heterozygous scheme due to the
fragility of homozygotes[21], and Rag2 experimental mice were
ordered directly from JAX. Genotypes were determined from tail
biopsies using real-time PCR (probes available from Transnetyx,
Cordova, USA or Dr. J Foster, McMaster University, Hamilton,
Canada) or fur colour in the case of the Kit strain. The control group
consisted of C57BI/6J mice and Cxcr2 wild-type littermateq22]. On
P65+3 (meantmax range), mice were sacrificed for fixation. The
weight, nose-to-rump length, and post-fixation organ weight are
reported in Supplementary Table 1 and Supplementary Figure 2.

Fixed brain samples were prepared for MRI using a previously
described fixation protocol[23]. Briefly, mice were perfused with
ProHance® (gadoteridol, Bracco Diagnostics Inc., Princeton, NJ), and
4% paraformaldehyde (PFA) and then decapitated. Brains (kept within
the skull) were separated from other tissue, alowed to postfix in a
solution with PFA, ProHance®, and sodium azide (sodium trinitride,
Fisher Scientific, Nepean, ON) at 4°C until imaging at 7-8 weeks
postmortem[24].
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Name Strain Allele Type Jackson Labs | Number of
Stock no. Female (F) and
Male (M) mice

CD4 B6.129S2-Cd4™mMe/ g Targeted 002663 15F/15M
(Null/Knockout)

CD8 B6.129S2-Cdgad™M/J Targeted 002665 15F/17M
(Null/Knockout)

Cxcr2 B6.129S2(C)-Cxcr2™Mwmy 3 Targeted 006848 15F/15M
(Null/Knockout)

Ighm B6.129S2-1ghm™<9"/J Targeted 002288 15F/15M
(Null/Knockout)

IL-6 B6.12952-116™KP/ 3 Targeted 002650 15F/15M
(Null/Knockout)

IL-10 B6.129P2-1110"™C9"/ Targeted 002251 16F/15M
(Null/Knockout)

IL-18 B6.129P2-1118™Ak/g Targeted 004130 16F/15M
(Null/Knockout)

Kit B6.Cg-Kit"""/HNihrJaeBsmGlliJ | Spontaneous 012861 15F/15M

Nos2 B6.129P2-Nos2™-2/J Targeted 002609 15F/15M
(Null/Knockout)

Ragl B6.129S7-Rag1™™Mom/J Targeted 002216 16F/14M
(Null/Knockout)

Rag2 B6(Cg)-Rag2™-1c9"] Targeted 008449 15F/15M
(Null/Knockout)

WT C57BL6/J - 000664 15F/15M

WT (littermate B6.12952(C)-Cxcr2™Mwmy - 006848 5F/5M

controls of Cxcr2)

Table 1: Information on strains used in this study
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Image acquisition and registration

A multi-channel 7.0-T MRI scanner with a 40 cm diameter bore (Varian
Inc, Palo Alto, CA) was used to acquire 40-micron-isotropic
anatomical images of 16 brains concurrently[25] in one 14-hour
imaging session, with the following scan parameters: T2W 3D FSE
cylindrical k-space acquisition sequence, TR/TE/ETL=350ms/12mg/6,
two averages, FOV/matrix-size=20x20x25mm/504x504x630[26]. To
quantify the anatomical differences between images, al 373 brain
images were registered together using a previously described
procedure{27]. Briefly, the mni_autoreg[28], ANTS[29], and
pydpiper[30] toolkits were used to warp images to a consensus average.
The MAGeT[31] pipeline was then used to automatically segment each
of the 373 brain images into 336 structures using previously published
segmentationg[32—36] in order to determine structure volumes.

Frequentist Statistics

All  satistical analyses were conducted using the R software
environment[37—39]. The two wild-type control strains were pooled for
analyses as there were no significant differences between them. For
each structure, volume was fit using a linear model with predictors of
sex, strain, and their interactions; and partial F-test was used to assess
significance. To determine direction of the strain effect, fitted
coefficients were converted to t-statistics. Multiple comparisons were
corrected using false-discovery-rate (FDR)[40].

Bayesian Statistics

Structure volumes were Z-transformed to standardize the volume data
An anatomical hierarchy[41] was used to reduce the number of
structures (Supplementary Figure 3) by computing bayes-factors for the
linear models’ residuals (examples shown in Supplementary Figure 4).
Pruning the hierarchy (bayes-factor thresholded to 100) resulted in 95
bilateral brain structures.

A bayesian hierarchical model (BHM) was used to explore the effects
of strain on neuroanatomical volumes of all 95 structures. It contained
global and structure-specific predictors of sex, strain, and their
interaction, and individual-specific intercept (priors given in
Supplementary table 2). Stan[42] was used to fit the BHM (4 chains,
2500 sampling iterations each). The pogterior distribution was used to
compute the effect-size (d) marginalised over individual mice by
subtracting the predicted volume (as a Z-score) of each mutant strain
from the wild-type strain. For each structure, the probability of
mutations resulting in large effect sizes (defined as |d>1) was
computed.

The posterior also provided the distribution of neuroanatomy phenotype
as beta-values for each structure and strain (referenced to wild-type).
Hellinger distance was used to assess dissimilarity of neuroanatomy
phenotype between each pair of strains. Strains were annotated with
anxiety phenotype based on existing literature (increased, decreased, or
unchanged; summarised in Supplementary table 3). To assess whether
strains with similar anxiety phenotype have lower Hellinger distances,
permutation testing was performed (10° iterations). Permutation tests
were repeated excluding Cxcr2 (in which no anxiety phenotype has
been reported in the literature) and including Cxcr2 on the assumption
that the phenotype should be assigned ‘unchanged’, with similar results
for both tests. To determine the effect of anxiety for each structure, the
posterior was sampled 10° times to generate volume distributions for all
structures and mice. For each sample, a linear model (predictors of sex,
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anxiety, and their interaction) was fitted and anxiety effect size (%) was
calculated.

Preferential gene expression and disease enrichment analysis

Using previously published methodg[43, 44] and the Allen Brain
Institute (ABI) gene expression atlag/41], we explored the relationship
between brain regions with altered volume and gene expression.
Determined by the BHM, the top 25 brain structures with the highest
absolute effect-size (i.e. all structures with |d[>1) constituted the region-
of-interest (ROI) for this analysis. Preferential gene expression was
evaluated using a fold-change measure: average gene expression in ROI
divided by average gene expression in the brain.

Mouse genes were annotated with human diseases using two databases:
the NCBI database[45] (mapping mouse genes into homologous
humans genes) and DisGeENET database[46] (annotating human genes
with associated diseases). For disease enrichment analysis, the target set
was the top 4000 genes with the highest preferential expression and the
background set was al homologous genes. Significance was assessed
using hypergeometric tests with false-discovery-rate correction. Similar
results were seen with target sets of the top 3000 and 5000 genes. When
assessing significance of shifts in probability density, the Kolmogorov—
Smirnov (KS) test was used. To investigate gene expression patterns
through development, the ABI developmental gene expression atlag[47]
was registered to the consensus average. Developmental gene
expression data was clustered using k-means and the number of clusters
determined using the elbow-method[48].

End Matter

Notes
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